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20 Abstract

;; This study investigates the role of carbon-to-phosphorus (C/P) ratios in shaping microbial
23 community dynamics and polyhydroxyalkanoates (PHA) production in sequencing batch
24 reactors (SBR) fed with volatile fatty acids. Three conditions, characterized by fixed organic

25 loading rates but varying C/P ratios (Run 1 = 170 Cmol Pmol'; Run 2 = 235 Cmol Pmol;

25 Run 3 = 400 Cmol Pmol';), were tested to explore their impact on PHA accumulation,
8 biomass growth, and reactor stability. Results indicate that the moderate phosphorus
29 limitation of Run 2 achieves the best overall performance, with a PHA volumetric productivity

30 of 2.02 g PHA L™ d™* and process stability. Conversely, higher C/P ratio increased the
31 storage yield but lowered the productivity (1.55 gPHA L h''), compromising sludge

;i settleability and reactor stability, indicating impaired microbial functionality. Full-length
34 16S/18S rRNA gene sequencing using PacBio technology enabled high-resolution profiling
35 of microbial communities, revealing ecological shifts across conditions. Run 2 exhibited the
36 highest bacterial and eukaryotic diversity, featuring multiple PHA-accumulating bacteria
i; (mainly Sphaerotilus, Leadbetterella, and uncultured Rhodobacteraceae) and a well-
39 structured eukaryotic community dominated by k-strategist bacterivorous protists, e.g.
40 Rhogostoma (Rhizaria) and Vorticella (Ciliophora, Oligohymenophorea) and predatory
41 protozoa, e.g. Tokophrya (Ciliophora, Suctoria). In contrast, Sphaerotilus dominated under
g suboptimal conditions and may be linked to bulking. These results suggest that eukaryotic
14 diversity may support system stability through selective predation. Transmission electron
45 microscopy (TEM) further confirmed the presence of intracellular PHA granules and
46 polyphosphate reserves, reinforcing the connection between nutrient limitation and adaptive
47 microbial strategies. Overall, these findings highlight the critical role of the C/P ratio in
48 shaping the performance of mixed microbial cultures, demonstrating that a well-balanced
ég nutrient supply can enhance PHA production while maintaining microbial community
51 stability. The results contribute to optimizing the selection process for mixed microbial
52 cultures, offering valuable insights into the impact of carbon-to-nutrient ratios in the feeding
o3 strategy.

54

55

56 Keywords
57 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV); Metabarcoding; Microbiota; TEM

58 evaluation of PHA and poly-P granules; Double substrate limitation; Eukaryotic community
22 profiling and dynamics

61

62

63

64

65


https://www2.cloud.editorialmanager.com/jema/viewRCResults.aspx?pdf=1&docID=205071&rev=1&fileID=4622647&msid=90257b02-6cdc-4746-9387-2109792997ab
https://www2.cloud.editorialmanager.com/jema/viewRCResults.aspx?pdf=1&docID=205071&rev=1&fileID=4622647&msid=90257b02-6cdc-4746-9387-2109792997ab

O JdJo b W N

OO U UTUTUTUT UTOTUTOTE BB DB D DDA DNWWWWWWWWWWNONNNNNONNONNNNNE R R R R e
O WNFRFO VWO AJdOAT D WNRPOWO®WIANUTBWNROWOW® dJAUdWNRFROW®W -JdJAUBd WNROWOW-JO U WN B O WO

Highlights

1. Progressive phosphate limitation decreases PHA-accumulating bacteria
abundance.

2. Optimal C/P for MMC selection fed my mixed streams identified as 235 Cmol
Pmol".

3.1 C/P = 235 fosters > 80% PHA-bacteria and higher productivity (2.02gPHA L'
d).

4. Optimized C/P balanced eukaryotic predation improving community
biodiversity.
5. pH is a sensitive indicator of metabolic shifts and process optimization.
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1. Introduction

Environmental and social pressures from extensive plastic use and organic waste
mismanagement are driving the research for more sustainable approaches (Lambert and
Wagner, 2017; Rhodes, 2018; Viaroli et al., 2024). Conventional petroleum-based plastics
persist in aquatic ecosystems, contributing significantly to pollution, while growing volumes
of organic waste overburden conventional disposal systems (Cucina, 2023; Rossi et al.,
2022). Circular economy strategies, specifically circular bioeconomy frameworks, aim to
integrate resource recovery and waste valorization into economic systems (Castagnoli et
al., 2024b; Giordano et al., 2024), with anaerobic digestion (AD) playing a key role by
generating biogas and producing volatile fatty acids (VFAs) (Valentino et al., 2021). These
VFAs - primarily acetate, propionate, butyrate and valerate - are crucial precursors for the
synthesis of polyhydroxyalkanoates (PHAs) (Mannina et al., 2020).

PHAs, including poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), work as
intracellular carbon and energy reservoirs in microorganisms; their production hinges on
nutrient levels, particularly nitrogen and phosphorus (Li et al., 2023; Pardelha et al., 2014).

While pure-culture processes guarantee highly uniform polymers, they require sterile
conditions and refined substrates, limiting their sustainability (De Donno Novelli et al., 2021).
Mixed microbial cultures (MMCs) offer a circular-economy alternative by directly valorising
waste streams (Wei and Fang, 2021; Zhang et al., 2024). Moreover, systems relying on one
or a few selected strains tend to be unstable, particularly in open systems, where
contamination and environmental variability are difficult to control (Gibson et al., 2024). In
contrast, more complex ecosystems, i.e. with a higher biodiversity, are generally more
resilient to external stressors and fluctuations, making them better suited for long-term,
robust production processes under non-sterile, variable conditions (Wang et al., 2021).
Indeed, recent studies have shown that imposing a feast-famine ratio < 0.33 combined with

a short solids retention time (3-5 d) and balanced C:N:P reliably enriches PHA-storing
bacteria, irrespective of inoculum origin (Colombo et al., 2017; Mannina et al., 2020; Papa
et al., 2022).

Phosphorus plays a fundamental role in cellular growth and energy metabolism,

regulating the transition between growth and storage phases. Nutrient regulation is critical
for the selection of MMCs (Montiel-Jarillo et al., 2017). In particular, a moderate limitation of
P can enhance PHA accumulation by redirecting carbon flux toward intracellular storage,
whereas an excessive restriction can impair cellular functions (Deng et al., 2017; Tu et al.,
2019; Valentino et al., 2015). In many real-world waste streams, implementing nitrogen
limitation presents both technical and economic challenges, as low ammonium-nitrogen
concentrations are difficult to remove (Han and Zhou, 2022). Conversely, phosphorus can
be effectively precipitated from solution using metal salts, making phosphorus limitation a
more feasible approach (Aguilar-Pozo et al.,, 2024). Consequently, the carbon-to-
phosphorus (C/P) ratio emerges as a key parameter, where elevated values favor PHA
accumulation but, if excessively high, can lead to reduced microbial activity (Montiel-Jarillo
et al., 2017; Tu et al., 2019; Zhu et al., 2018). While previous studies have suggested that
phosphorus availability also influences polymer composition (Luo et al., 2019; Valentino et
al., 2015), there is still a lack of research on how specific C/P ratios drive microbial
community dynamics and reactor performance, particularly in systems operating with real
or simulated waste-derived substrates (Shen and Zhou, 2016).

Eukaryotic communities, particularly protozoa and fungi, play significant, yet often
overlooked, roles in PHA-based processes. Protozoa can regulate bacterial populations
through predation (Getty et al., 2021; Madoni, 2011), influencing overall reactor stability,
while certain fungi can either synthesize PHA (Liu et al., 2021; Thu et al., 2023; Wu et al.,
2017) or degrade it (Lee et al., 2005). Investigating their functional roles provides deeper
insights for designing control strategies and enhancing resource utilization.
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Building on this context, the present study hypothesizes that adjusting the C/P in a semi-
open system significantly affects not only PHA yields and polymer composition but also
reactor stability by selectively shaping the microbial community. Previous studies examining
phosphorus limitation in PHA production predominantly evaluated simplified conditions,
using single-carbon substrates (mostly acetate) and generally focusing on direct correlations
between phosphorus availability and PHA accumulation (Korkakaki et al., 2017; Valentino
et al., 2015; Wen et al.,, 2010). These studies provided foundational knowledge,
demonstrating that moderate phosphorus limitation can boost intracellular PHA storage,
whereas severe phosphorus scarcity often reduces microbial metabolic functionality and
reactor stability (Montiel-Jarillo et al., 2017; Schmid et al., 2021). Yet little is known about
how mixed-culture communities reorganize under phosphorus stress when they are fed
realistic, VFA-rich waste streams, nor about the specific intracellular reserves they deploy.
To address this gap we employed a multidisciplinary study approach that combines high-
throughput community profiling with transmission electron microscopy (TEM) investigations.
This approach allowed us to follow the MMC’s evolutive dynamics and to uncover the
characteristics of traits such as PHA granules, poly-phosphate storage bodies, and lipid
reserves which are indicative of microorganisms operating under feast-and-famine
phosphorus limitation. This is not the first time that a TEM analysis is used to study MMCs,
but previously, it was only dealing with an unselected co-culture MMCs in shake flasks
(Munir and Jamil, 2018).

Therefore, our study introduces the following two substantial innovations compared to
previous research:

1. a synthetic substrate containing a balanced mixture of four volatile fatty acids
(acetate, propionate, butyrate, valerate) to closely replicate real fermentation
digestate, unlike studies using acetate alone, and the production of PHBV;

2. acomprehensive microbial community molecular profiling across bacteria,
eukaryotes, and fungi using full-lenghth 16S rRNA, 18S rRNA, and ITS sequencing,
illuminating complex ecological dynamics under phosphorus limitation in
combination with the first ultrastructural characterization of feast-and-famine MMCs
with special focus on intracellular PHA and poly-phosphate storages, and lipid
reserve.

By operating sequencing batch reactors (SBRs) under carefully controlled conditions that
maintain a sludge retention time (SRT) longer than the hydraulic retention time (HRT), this
research aimed to provide practical, scalable insights within the PHA production. By
clarifying how the C/P ratio modulates microbial selection, storage physiology, and reactor
stability, this work supplies actionable design criteria for scaling waste-derived PHBV

production.
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2. Materials and methods

2.1 Sequencing batch reactor

A fully aerobic reactor (5.0 L working volume) was operated to enrich a PHA-accumulating
mixed microbial community. The reactor was inoculated with activated sludge from the
municipal wastewater treatment plant in Viareggio (Italy) and aerated at 0.8 vvm during the
reaction phase, which maintained a completely aerobic environment at an organic loading
rate of approximately 2.75 g COD L' d™". Three substrate conditions with different C/P were
tested sequentially over the course of about three months. Following each change in
substrate composition, the system was run for at least seven SRT to achieve steady-state
conditions. A 12-hour cycle was adopted, comprising the following phases: (i) feeding (5 min,
2.3 L), (ii) reaction (feast and famine), (iii) sedimentation (30 min), (iv) supernatant discharge
(15 min, 1.74 L), (v) stirring and biomass discharge (5 min, 0.5 L), and (vi) idle (5 min). All
phases were aerated except for sedimentation, supernatant and sludge discharges, yet
dissolved oxygen (DO) always exceeded 3 mg L™, ensuring aerobic conditions.

Operating at 25 °C and maintaining a pH that was monitored (but not externally

controlled), the reactor was set to a SRT of 3.3 days and an HRT of 1.0 day. A synthetic
substrate, tracing dark fermentation effluent of food waste (Albini et al., 2019), was prepared
weekly to ensure reproducibility. This substrate contained acetic, propionic, valeric, and
butyric acids at concentrations of 0.49, 0.28, 0.57, and 0.65 g L™, respectively,

supplemented with NH,CI (0.312 g L™). Three different KH,PO, concentration (0.068,
0.053,and 0.038 g L™"in Runs 1, 2, and 3, respectively) were employed to achieve distinct
C/P ratios - approximately 170, 235 and 400 Cmol Pmol-'. These ratios were strategically
selected based on previous literature suggesting that moderate phosphorus limitation
(around 150-250 Cmol Pmol-1) enhances PHA accumulation by optimizing carbon flux
towards storage without compromising microbial community stability, while higher ratios
(>300-400 Cmol Pmol") explore the threshold at which extreme limitation might impair
microbial activity and reactor performance. The pH of the feeding solution (7-8) was
adjusted with NaOH. Allythiourea (0.069 g L™") was added to inhibit nitrification. The detailed
micronutrient composition of the feeding solution is provided in section 1 of the
supplementary material. Routine analyses included measurements of COD, ammonia,
phosphate, and PHA at the end of the famine phase (daily), while cycle-specific studies (e.g.,
VFA profiles, COD, and nutrient concentrations during the active phase) were conducted

biweekly to capture reactor performance without compromising biomass concentration.

2.2 Accumulation reactor

PHA accumulation in fed batch reactor were conducted at each run conclusion, on the
day following the cycle analysis. Biomass was transferred to a 400 mL, well-aerated fed-
batch vessel following the same configuration adopted in mixed-culture studies by Korkakaki
etal. (2017) and Valentino et al. (2015). The reactor was pulsed with a VFA mixture identical
to the SBR feed but devoid of nitrogen and phosphorus. Pulse timing was governed by real-
time DO signals, and the total carbon added was adjusted to match the C-to-biomass ratio
used in the selection step (Colombo et al., 2017).

All tests were performed in duplicate at room temperature (25 °C), with no pH control, an
aeration rate of 2.5 vvm, and continuous magnetic stirring at 300 rpm. Each test started after
20 minutes ventilation without feeding and was stopped once DO levels stabilized after a
substrate pulse, and to minimize biomass variability, the same procedure was repeated on

two consecutive days. Biomass was collected from the SBR at the end of the famine phase
and transferred to the test reactor. Samples for total and volatile suspended solids (TSS,
VSS), COD, ammonium-nitrogen (N-NH,*), phosphate (P-PO,*"), and PHBV were taken at

both the start and end of each test.
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2.3 Analytical methods used for parameter detection
The DO and pH were measured using a Mettler Toledo InPro6000 and a InPro4260i

probe. Data acquisition and aeration control were managed via a cRIO 9030 controller

(National Instruments, USA) running custom LabVIEW® software. Analyses of filtered liquid
samples (0.45 pm) for soluble COD (sCOD), N-NH,*, P-PO,*", TSS, and VSS followed
standard methods (Bridgewater et al., 2017). Total and specific VFAs were quantified by gas

chromatography (Agilent 7890B, USA), as outlined in Baldi et al. (2019). Individual VFAs

were converted to COD based on stoichiometric oxidation and to moles by their molar
weights.

TSS and VSS were determined by filtering through 0.45 pum glass fiber filters, drying at
105 °C for 24 hours, and then combusting at 550 °C for 4 hours. For PHBV analysis, well-

mixed samples were taken from the reactor, preserved with a few drops of 10% sulfuric acid

(pH 3-4) (Srivastava et al., 2024), centrifuged at 10,000 rpm for 20 minutes, and stored at -
20 °C. After lyophilizing, approximately 20 mg of dried biomass was hydrolyzed with 37%
HCl at 100 °C for 2 hours. The cooled mixture was supplemented with 1.5 mL of 1-butanol

and 0.05 mL of benzoic acid (internal standard) and incubated for 15 hours at 100 °C.

For gas chromatography (Agilent 7820A, HP-InnoWax column), 2.5 mL of hexane and 4
mL of ultrapure water were added to each sample, and the separated hexane layer was
filtered (0.45 pm) before injection. Helium served as a carrier gas; injector and detector
temperatures were 220 °C and 275 °C, respectively (Mannina et al., 2019).

Retention times for hydroxybutyric (HB) and hydroxyvaleric (HV) acids were calibrated

using standards, and PHA content was calculated as a percentage of TSS. The complete
protocol for PHBV analysis is reported in section 2 of supplementary material.

2.4 Calculations
The C/P ratio applied was calculated by dividing the C by the P feeding tank
concentrations and expressed as Cmol Pmol' Cavaillé et al. (2016).

The amount of stored PHA is calculated as the difference between the maximum (end of
feast) and minimum (end of famine) PHA concentration:
APHA = PHAend of feast - PHAend of famine (1)

The active biomass is determined as the difference between the volatile suspended solids
(VSS) and the PHA concentration at the same cycle time:

XA =VSS-PHA (2)
The specific PHA production rate during the feast phase is calculated as the ratio of stored
PHA to the cycle length (t) per unit of active biomass Xa:
qPfeast = APHA / t-Xa (3)
The specific substrate uptake rate during the feast phase is calculated as the ratio of VFA
consumed (AS) to the time required for its depletion (t) multiplied by Xa (Morgan-Sagastume
et al., 2010):
_queast =AS /tXa (4)
The specific proton uptake rate during the feast phase is the ratio of H* consumed (AH")
to the reference time (t) multiplied by Xa (Morgan-Sagastume et al., 2010):
gH*feast = AH* / teXa (5)
The storage yield during the accumulation phase is the ratio of stored PHA to VFA
consumed during the accumulation phase (Valentino et al., 2020) (Cmol basis):
Ypis?® = APHA / AS (6)
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The storage yield in the feast phase is the ratio of stored PHA to VFA consumed (ASteast)
during the feast phase (Cmol basis):
Yrssast = APHA / ASteast (7)

The process yield is calculated as the ratio of PHA at the end of the accumulation test to
the total substrate consumed (Castagnoli et al., 2024a) (feast + accumulation phases) (Cmol

basis):
Yeis = PHA / (ASacc + ASteast) (8)
The SRT is calculated as the ratio of solids in the reactor (TSS * WV) to the daily solids
output (2 cycles per day) from the supernatant and purged sludge:
SRT = (TSS ° WV) /2 (TSSsup ° Vsup + TSSsIudge ° Vsludge) (9)
Assuming a nitrogen content of 11.4% (w/w) in the biomass, the biomass yield is
calculated from the ammonia uptake (Chen et al., 2015) (Cmol basis, based on the
assumption that the biomass had a general composition of CH1.800.5No.2):

Yxis = AN/11.4% (10)
Carbon lost is calculated as 1 minus the sum of storage yield (Yris) and active biomass

yield (Ysss) for the respective phase (Cmol basis):
Ciost=1- (YP/S + YB/s) (1 1)
The volumetric productivity is calculated as the amount of PHA produced per unit of SBR
volume per unit of time (Valentino et al., 2020):
VP = PHA * 2 * Vsiudge / TV (12)

where PHA is the concentration of PHBV at the end of the accumulation test, Vsuage is the
volume of sludge purged, and TV is the sum of working volume of the selection reactor and

working volume of batch reactor.

2.5 Sample treatment and DNA extraction
Samples of activated sludge were collected from the inoculum and at the end of Run 1,

Run 2, and Run 3; three replicates were sampled in each case, for a total of 12 samples
(ASO01, AS02, AS03, S001, S002, S003, S101, S102, S103, SS12, SS22, SS32). For each
sample, DNA was extracted from 0.25 g of sludge using the QIAGEN DNeasy PowerSoil

(Qiagen, 2022), with a final elution volume of 100 pL. During each extraction session, an

extraction blank was processed to serve as negative control, for a total of 3 blanks. DNA
quantification was carried out using the Qubit™ dsDNA HS Assay Kit (Invitrogen™).

2.6 High-throughput 16S rRNA, 18S rRNA and ITS gene sequencing, and
bioinformatic processing

Aliquots of the DNA samples were sent to the sequencing company CD Genomics
(Shirley, NY, USA) for PCR amplification and PacBio full-length 16S/18S/ITS gene
sequencing (Callahan et al., 2019).

The primers used are:

o 27F (AGRGTTYGATYMTGGCTCAG) and 1492R
(RGYTACCTTGTTACGACTT) for 16S (Frank et al., 2008);

e NSF4/18 (CTGGTTGATYCTGCCAGT) and EukR
(TGATCCTTCTGCAGGTTCACCTAC) for 18S (Lovejoy and Potvin, 2011);

e TS1FKYO2 (TAGAGGAAGTAAAAGTCGTAA) and ITS4KYO1

(TCCTCCGCTTWTTGWTWTGC) for ITS (Toju et al., 2012).
All the extraction blanks failed the amplification, confirming that no detectable
contamination occurred during DNA extraction. 16S and 18S rRNA gene amplification was

7
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successful for all the samples, while ITS gene amplification succeeded only for samples
SS22 and SS32.

Primer-trimmed sequences delivered by the company were put through the DADA2
pipeline (Callahan et al., 2016) in R: quality filtering, dereplication, denoising and chimera
removal.

The resulting ASV (Amplicon Sequence Variant) tables were imported in QIIME2 v2022.2
(Bolyen et al., 2019) for taxonomic assignment. A Naive Bayes classifier was trained
(Pedregosa et al., 2011) for each molecular marker on the following reference databases:

e MiDAS 4 (v5.3) for 16S rRNA gene (Dueholm et al., 2022);
e EUKARYOME (v1.9) for 18S rRNA gene (Tedersoo et al., 2024);
e UNITE (v10) for ITS gene (Abarenkov et al., 2024).

Raw sequences, ASV sequences, abundance table and taxonomy have been deposited
in the NCBI GEO database (accession number GSE302519 for 16S rRNA gene,
GSE302520 for ITS, GSE302521 for 18S rRNA gene).

2.7 TEM samples preparation and analysis

Samples were fixed in 1.5-mL Eppendorf tubes and treated as in Chiellini et al. (2019). In
brief, all the solutions (including fixatives, ethanol, acetone, and diluted and pure Epon
Araldite embedding mixture - from now on referred to as “resin”) were directly added to the
tubes. At each step, samples were collected by centrifugation at 2,000 to 8,000 x g for 5
min, except after the step in diluted resin (see below), when the centrifuge speed was set at
8,000 - 10,000 x g; then, the supernatant was discharged, the next solution added, and the
pellet re-suspended carefully by pipetting and inverting the tubes several times. Samples
were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 45 min, rinsed in
0.1 M cacodylate buffer, and post-fixed in 1.5% osmium tetroxide in distilled water for 45 min
at room temperature. Then samples were dehydrated and embedded in resin. The blocks
were sectioned with an RMC PowerTome X ultra-microtome. Sections were placed on

copper grids and stained with uranyl acetate and lead citrate. Samples were explored using
a JEOL JEM-100SX transmission electron microscope. Furthers details are available in
section 3 of supplementary material.

2.8 Statistical Analysis
Weekly average environmental parameters were compiled and analyzed. Data normality
guided the selection of statistical methods, and outliers were detected via the interquartile

range and replaced with medians. A Kendall rank correlation matrix revealed significant
associations, while Principal Component Analysis reduced dimensionality by capturing most
of the dataset's variance effectively.

Microbial diversity was assessed using alpha (Shannon, Simpson) and beta (Bray-Curtis)
metrics, visualized via Principal Coordinate Analysis. Statistical tests included one-way
repeated measures ANOVA with Bonferroni post hoc for alpha diversity, PERMANOVA for
beta diversity, and SIMPER analysis to identify key taxa. Analyses were conducted in Python
and R. Complete details on the statistical pipeline are available in section 6 of the
supplementary material.
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3. Results

The inoculated activated sludge was subjected to a feast and famine pressure regime
aimed at inducing the development of PHA-accumulating biomass. Except for the first 12h,

where the feast phase lasted 273 minutes resulting in an F/F ratio of 0.61, subsequent cycles
maintained an F/F ratio < 0.33, meeting the selection requirement identified by Colombo et

al. (2017).

The applied selective pressure led to a rapid decrease in the solids’ concentration within
the reactor. Initially, the activated sludge exhibited a TSS concentration of 6.56 g/L with a
VSS/TSS ratio of 85%. After one week, the TSS concentration decreased to 3.33 g/L, and
further to 2.58 g/L after two weeks (measured consistently at the end of famine phase). This
concentration remained relatively stable throughout the duration of the experiment.

In Table 1 the main operative parameters for each run are reported.
Table 1: Operative parameters for each run.

Run 1 Run 2 Run 3
OLR (gCODL"d 2.75+0.16 2.77+£0.25 2.58 £0.16
)
C source Ac: 11%; Pr: Ac: 15%; Pr: Ac: 10%; Pr:
(COD basis) 13%; But: 53%; Val: | 13%; But: 53%; Val: | 18%; But: 53%; Val:
23% 18% 19%
Average C:N:P 100:6.6:0.6 100:6.6:0.4 100:6.3:0.2
C/P ratio 168 +4.13 235 +£6.37 407 £ 3.96
(Cmol Pmol)
Cycle length (h) 12 h
Average COD 220.8 £ 35.1 2417 +£41.9 278.0 £ 36.2
concentration
(End of famine,
mgL™")
Average N 28+1.2 7.3+6.6 7.4+£29
concentration
(End of famine,
mgL™")
Average P 7.3+5.2 0.8+0.6 0.0+0.1
concentration
(End of famine,
mgL™")
Average F/F ratio 0.26 £ 0.05 0.27 £0.09 0.27 £0.05
Active biomass 1.13 £ 0.02 1.73 £ 0.03 0.61+£0.04
(End of feast, gL
PHA 56.9+16 74.5+£0.8 87.1+16
concentration (End
of feast, mgL™")
PHA content 27.1+£04 21.4+0.2 51.8+0.9
(End of feast,
%PHA/TSS)
HV content 45 40 35
(End of feast,
%PHA)
SRT (real, d) 3.30+£0.08 3.54 £ 0.08 1.40 £ 0.07
Y pfeast 0.12+0.00 0.19+£0.00 0.17+£0.00
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Y xsSP" 0.25+0.01 0.16 £ 0.01 0.18 £ 0.02
Ypis2ce 0.53+0.00 0.68 £ 0.01 0.83 +£0.03
Yris 0.49 £ 0.00 0.50 £ 0.01 0.76 £ 0.03
VP (gL'd") 0.13+£0.00 0.20 £ 0.00 0.15+0.00
Yxis 0.25 £ 0.01 0.15+£0.01 -0.05 +0.00
Clost 0.22 £ 0.01 0.17 £ 0.01 0.22 £+ 0.02
HV content (End 37 36 35

of accumulation,

%PHA)

3.1 Analysis of parameters trends

Over three sequential runs, variations in carbon, nutrient availability, and operational
conditions led to distinct biomass behaviors and process performances (Figure 1). The first
run (Run 1) reached a stable phase approximately 25 days after inoculation of the activated
sludge, represented by stable DO and pH trends, absence of P at end of famine phase and
an F/F ratio of 0.26, resulting in dual carbon and phosphorus limitation.

Cycle characterization (Figure 1A) revealed relatively stable DO levels during the feast
phase, with a pronounced increase at minute 151 and F/F = 0.27. COD decreased linearly
following a brief plateau, while VFAs initially dropped rapidly and then more gradually.
Nitrogen declined consistently, ending at 2.3 mgN L™, and phosphorus depletion occurred
within 60 minutes. Intracellular PHA accumulation reached 14.24% PHA/TSS by minute 151,
then decreased by 3.48% in the subsequent hour, reflecting microbial growth and
maintenance catabolism. biomass was poorly sedimented, with an SVI =450.9 mL g™

Moving to the second run (Run 2), characterized by lower phosphorus availability, end of
famine COD and ammonium concentrations increased slightly (241.7 + 41.9 mgCOD L™
and 7.3 £ 6.6 mgN L™), while phosphorus stabilized at 0.8 £+ 0.6 mgP L. PHA levels
achieved an average concentration of 23.95%. Biomass removal in the supernatant grew to
0.30 £ 0.00 g L™ (11.0% of total biomass), with enhanced sedimentation (SVI = 319.4 mL
g') and a generally lighter biomass color. The F/F ratio reached about 0.33 early in the run,
then decreased and stabilized at 0.15 in the last week, averaging 0.27 overall. Cycle
analysis (Figure 1B) showed a more complex DO trend, with a slope change at minute 127
signaling feast conclusion, followed by another inflection around minute 300, signifying the
end of active growth. COD decreased in tandem with VFAs, while ammonium reached 2.15
mgN L™ at minute 360. Phosphorus dropped to =1 mgP L™" within the first 10 minutes, and
PHA peaked at 17.14% at minute 120 before being partially consumed (12.99%) in the
following two hours.

Finally, the third run (Run 3) intensified phosphorus limitation, maintaining phosphorus at
0.0 mgP L™ and driving substantial changes in biomass behavior. COD and nitrogen levels
were on par with previous runs (278.0 £ 36.2 mgCOD L™ and 7.4 + 2.9 mgN L™), while PHA
escalated from low initial values to 51.8% at the end of feast and a final concentration of
24.76% at the end of famine, corresponding to the higher end of famine concentration
measured. Biomass exhibited darker coloration and poor sedimentation (SVI = 689.0 mL g
1), with the supernatant reaching 1.33 + 0.03 g L™" of TSS (96.4% of total biomass). The F/F
ratio climbed steadily, exceeding 0.30 by the second week. Cycle data (Figure 1C) revealed
minor DO fluctuations, gradually declining to 3.66 mg L™ at minute 120. COD patterns
resembled Run 1, but VFA consumption was less synchronized with COD removal. Nitrogen
decreased at a slower pace (10.1 mgN L™ at minute 360), while phosphorus remained
undetectable. PHA began at 35.31% PHA/TSS, gained an additional 18.08% during the
feast, and dropped by 6.1% over the subsequent two hours.
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Figure 1: COD, VFA, N-NH4*, P-PO4%, PHBV, DO and pH trends during the cycle for Run 1 (A), Run 2 (B) and Run 3
(©.

3.2 Microbial community evolution according to molecular and TEM
analyses

The 16S metabarcoding analysis revealed clear shifts in bacterial community structure
as phosphorus (P) levels became increasingly limited, emphasizing the pivotal role of
nutrient availability in driving microbial selection. The inoculum exhibited the highest alpha
diversity (Shannon and Simpson indices), featuring no predominant taxa. During Run 1,
when P was moderately restricted, diversity dropped sharply, indicating that only specific
microorganisms adapted well to the new conditions. In Runs 2 and 3, partial diversity
recovery occurred alongside further reductions in P, suggesting that certain less abundant
taxa gained a competitive advantage under severe nutrient limitation.

Statistical analyses confirmed these patterns. A Repeated Measures ANOVA (p < 0.0001)
validated significant differences in alpha diversity across stages, with Bonferroni-corrected
pairwise tests indicating no statistical difference between Runs 2 and 3, suggesting that the
community had stabilized under harsh P limitation. Beta diversity analysis based on Bray-
Curtis dissimilarity provided a partially different picture, as shown in the PCoA (Figure 2B)
where PC1 (50.79% of variance) and PC2 (28.91%) show that all replicates cluster together
and Run 1 and Run 3 are characterized by the highest similarity. PERMANOVA further
confirmed that stage identity significantly explained community composition (F = 43.945, p
=0.001; R2=0.943).

SIMPER analysis identified the main taxa underpinning these shifts. Under higher P
availability in Run 1, Sphaerotilus prevailed, whereas Leadbetterella thrived in Run 2’s
moderate P restriction, and again Sphaerotilus (with contributions from Neomegalonema)
dominated in Run 3 under severe P scarcity. These results collectively highlight how P
limitation shapes both bacterial diversity and community assembly, selectively favoring PHA-
accumulating microorganisms while concurrently allowing secondary, stress-tolerant taxa to
emerge.
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microorganisms at supergroup level (3C) and genus level (3D).

* Unclassified genus

The relative abundance of the organisms over the three runs is shown in Figure 3. The
results of the microbiological characterization (Fig. 3A, B) revealed the predominance of

Proteobacteria, Bacteroidota, and Firmicutes within the inoculum (Fig. 3B). PHA-
accumulating bacteria accounted for 11.2% of the community, with Lysobacter, Zoogloea,

and Novosphingobium as the most represented genera.

The selective pressure induced by the experimental conditions altered the MMC
composition across the three runs. In Run 1, PHA-accumulating bacteria community was

dominated almost entirely by Sphaerotilus with a lower presence of Neomegalonema.
However, in the subsequent Runs 2 and 3, the microbial community varied both in
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percentage abundance and composition. Three uncultured genera of the family
Rhodobacteraceae (Fig. 3B) were detected, comprising up to 25.93% of the microbial
community in Run 2. While we acknowledge that not all Rhodobacteraceae members are
confirmed PHA-accumulators, we considered the most abundant representatives in our
system likely contributors to PHA accumulation. This assumption is supported by their
enrichment under selective operational conditions and by existing literature documenting
PHA synthesis in various Rhodobacteraceae genera, including Rhodobacter (Kranz et al.,
1997), Rhodovulum (Foong et al., 2019), Paracoccus and Rhodobaca (Muigano et al.,
2023), as well as recent studies highlighting PHA accumulation potential within this family
(Fujii et al., 2024; Grana et al., 2024; Liu et al., 2017; Martinez-Gutiérrez et al., 2018). This
interpretation remains provisional and highlights the need for future functional validation.
Additionally, in Run 2, the other abundant PHA-accumulating bacteria are represented by
Leadbetterella and Sphaerotilus; in Run 3, the abundance of Sphaerotius and
Neomegalonema increased while Leadbetterella’s one decreased to 1%.

18S rRNA sequencing was successful for all samples. Alpha diversity, measured by
Shannon and Simpson indices, was highest in the inoculum and progressively decreased
through Run 2, with a significant loss of biodiversity observed in Run 3 (Fig. 2C). Repeated
Measures ANOVA indicated very significant differences across stages (p < 0.0001), with
pairwise comparisons showing highly significant differences between Run 3 and all other
stages. Beta diversity analysis using a Bray-Curtis dissimilarity matrix and visualized through
PCoA revealed that PC1 and PC2 accounted for 45.11% and 40.5% of the variability,
respectively, with replicates clustering within stages and each stage being clearly distinct
(Fig. 2D). Runs 1 and 2 appeared more similar compared to other stages. PERMANOVA
confirmed that the variation between stages was significantly greater than within stages (F
=64.01, p = 0.001), with stages explaining 96.0% of the variation (R? = 0.960).

Taxonomic analysis revealed shifts in community composition over time (Fig. 3C, D). In
the inoculum, Rhogostoma (Rhizaria, Cercozoa), a genus of thecate amoebae feeding on
bacteria, was dominant (61.88%), followed by the Oomycota (Straminopiles, Gyrista), a
clade of Protozoa with fungi-like metabolism which include plant parasitic genera such as
Elongisporangium and Pythium. Sessilida (Alveolata, Ciliophora), a group of filter-feeding
protozoa growing on bacteria, accounted for 6.29% and included several perithrichous
genera such as Epistylis, Opercularia, Telotrochidium, and Vorticella. By Run 1, the
Oomycota disappeared, Rhogostoma’s abundance dropped to 3.24%, the Sessilida became
dominant, and the predatory suctorian ciliate Tokophrya emerged (2.40%). In Run 2,
Rhogostoma showed a notable recovery (25.20%), the Sessilida’s diversity decreased along
the relative abundance, with Telotrochidium matiense, Vorticella, and other Sessilida taxa
remaining prominent, while Tokophrya increased and a predatory flagellate belonging to
Colpodellida (Alveolata) emerged. Run 3 was marked by the disappearance of several
protozoan taxa including Rhogostoma and Tokophrya, while Telotrochidium matiense
dominated the community, and Colpodellida’s abundance remained stable. These results
highlight significant shifts in community structure and diversity across stages, influenced by

both environmental conditions and microbial interactions.

The fungal fraction relative to the total eukaryotic community declined from 2.8% in the
inoculumto 2.6% in Run 1, 1.2% in Run 2, and 0% in Run 3. In the inoculum, Rozellomycota
dominated at 2.7%. By Run 1, it dropped to 0.1%, while Basidiomycota and Ascomycota
each increased to 1.0%, with Blastocladioma appearing at 0.6%. In Run 2, Basidiomycota
(0.8%) remained predominant, and in Run 3, no fungi were detected.
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Notably, ITS gene sequencing with fungal specific primers was successful only for two
samples (SS22, SS32) from Run 3, revealing Cutaneotrichosporon jirovecii and Apiotrichum
domesticum (Trichosporonaceae), likely introduced via handling.

The analysis of the TEM processed samples provided several insights into the structural
features of the activated sludge used as inoculum and the MMC obtained at the end of Run
2. Figure 4 show TEM sections of the activated sludge (Figs. 4A-D) and the MMC (Figs. 4E-
H) samples. Unfortunately, no protists were detected in either of the two sample preparations
for TEM due to the freezing of the samples at the time of their collection.

A high degree of morphological heterogeneity of the bacteria of the inoculum was
observed under the TEM (Fig. 4A). Among others, nhumerous, roundish bacteria with a
double-membrane, approximately 1 um in diameter were observed, often containing 2-4
spherical refractive (white) inclusions, “200 nm in diameter each likely representing PHAs
based on their electron-lucent appearance (Fig. 4B-D); also, growing granule buds at the
membrane of the cell could be sometimes observed while mature PHA granules are in the
cytoplasm (Fig. 4C).

TEM analysis of the MMC showed the presence of both roundish and more elongated
bacteria (Fig. 4E), both characterized by a double membrane and the presence of white
intracellular inclusions. The elongated bacteria showed more abundant (2-6) and larger
(T300-500 nm in diameter each) refracting granules (Fig. 4F-H) consistent with the imposed
limitation, denoting a higher PHA-accumulating capacity. Moreover, denser granules, often
localized near vacuoles were observed; these electron-dense inclusions resembled
polyphosphates (poly-P) and suggested an intracellular phosphorus storage (Fig.
4A,B,G,H). All the observed intracellular inclusions, along with variations in electron density,
confirm the coexistence of multiple storage compounds within the microbial cells. The
predominance of PHA granules highlights carbon storage under feast conditions, while the
detection of electron-dense poly-P supports a role in phosphorus storage during feast
phase. Frequently, other roundish inclusions, namely drops of lipidic reserve, have been
observed in PHA-accumulating bacteria as well (Fig. 4C,D,F,G,H). Finally, some cell lysis
(Fig. 4G), filamentous structures (Fig. 4G), and flagella decorating the surface of PHA-
accumulating bacteria (Fig. 4C and Fig. S1) were sometimes observed; the occurrence of
flagella suggests the presence of motile bacteria.
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Figure 4: Transmission electron microscope (TEM) photographs of the prokaryotic cells included in the inoculum (A-D)
and the mixed microbial culture cells (E-H) at different magnifications. In B, note the growing granule buds at the membrane
of the cell and the mature PHA granules in the cytoplasm. Black arrows indicate PHA granules; black arrowheads indicate
Poly-P granules; white arrowheads indicate lipid reserve drops; white arrows indicate bacterial flagella and filamentous

structures; and double arrowhead indicates the lysed membrane of a cell. Scale bars: A-C, E-H,1 um; D, 0.1 um.
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3.3 PHA batch accumulation

VSS increased by 88% in Run 1, 127% in Run 2, and 29% in Run 3, highlighting the
efficiency of Run 2 in biomass production. Run 2 demonstrated the highest VFA assimilation
(67.27 mg L"), accompanied by enhanced phosphorus consumption (1.30 mgP L") and the
highest PHA production, with an intracellular PHBV production of 31.93 %PHA/TSS
corresponding to 95.49 mg L' of PHBV produced. Run 1 exhibited moderate VFA
assimilation (38.81 mg L") and phosphorus consumption (0.80 mgP L"), resulting in a lower
PHA production efficiency (14.06% TSS/PHA, 43.02 mg L' PHBV). Conversely, Run 3
displayed the lowest VFA assimilation (19.40 mg L") and no net phosphorus consumption
(due to a lack of phosphorous in the end of famine sludge), maintaining a low nitrogen
consumption (0.32 mgN L") and moderate PHA production (15.80% TSS/PHA, 33.90 mg L-
). The HB:HV ratio evolved during the runs, starting at 57:43 for Run 1 and 61:39 for both
Run 2 and Run 3, and stabilizing across runs at a final ratio between 63:37 and 65:35.

Run 3 is the only one characterized by the absence of growth, with a slight reduction of
Xa (-0.02 mg L-"). Different condition has been established for Run 1 and 2, where the active
biomass concentration growth respectively of 0.24 and 0.25 mg L.

Run 3 achieved the highest accumulation storage yield (0.83) and process yield (0.76),
indicating its better capacity for converting assimilated substrates into PHBV. However, Run
2 demonstrated the highest productivity (2.02 gPHA L' h-'), making it the most efficient run
in terms of polymer production, followed by Run 3 (1.55 gPHA L-"h-") and Run 1 (1.27 gPHA
L-Th1).

Regarding carbon path, Run 3 exhibited the highest storage yield (83%), significantly
surpassing Run 2 (68%) and Run 1 (53%). In fact, Run 3 experienced a negative carbon-to-
biomass conversion (-5%), indicating minimal active biomass growth, compared to 15% for
Run 2 and 25% for Run 1. This result aligns with Run 3's observed limited VSS increase
(29%) compared to Run 2 (127%) and Run 1 (88%), suggesting that most carbon was
directed toward PHA production rather than biomass synthesis. Ciost wWere consistent

between Run 1 and Run 3 (22%), with Run 2 exhibiting slightly lower losses (17%), further
demonstrating its overall efficiency.

3.4 Statistical Analysis

The correlation matrix (Figure 5A) shows pairwise Kendall’'s tau values among all
measured parameters, with warmer colors (reds) denoting positive correlations and cooler
ones (blues) indicating negative correlations. A noteworthy correlation appears between
feeding C/N and intracellular PHBV, suggesting that when the ratio of carbon to nitrogen
rises, microbial populations may divert more carbon into PHA storage. Another salient
pattern involves AH"’s negative correlation with pHmin, indicating that lower pH consumption
at the start probably induce higher proton depletion. OLR and pH fluctuation in the feeding
appear to have limited influence on other parameters, as their correlation values typically
stay below £0.5, signifying no pronounced co-variation with the broader dataset.

Turning to the PCA (Figure 5B), the first three principal components capture the majority
of variance. Specifically, PC1 explains 45.21%, PC2 21.85%, and PC3 16.06%, accounting
for around 83% of the overall variability. In the 3D score plot, each point corresponds to an
observation (i.e., a sampling point or time), while the red arrows represent the loadings of
individual variables across PC1, PC2, and PC3. The length and direction of each arrow
convey how strongly that variable contributes to each axis and how closely it aligns with
other variables.

In PC1, the most influential factors appear to be C/P, OLR, VSS, and pH. This component
thus reflects broad substrate composition aspects and the interplay of carbon load with P
availability. PC2 is driven largely by Tbio, pHmin, and AH*, among others, spotlighting the
operational environment in terms of temperature and pH shifts. These results, combined
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with the lower loads of other parameters not shown in the figure (e.g. F/F) suggest that PC2
captures the dynamic conditions associated with the selection and acclimation process.

Finally, PC3 encompasses N, P and COD, computing for the variability of the residual
concentration of feeding components at the end of the cycle.
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4. Discussions
The study demonstrates that variations in phosphorus availability and carbon utilization

significantly influence microbial community dynamics and PHA production. Phosphorus
limitation appears to trigger poly-P breakdown, releasing inorganic phosphate (Pi) into the
extracellular environment — a response that supports energy production and microbial
survival under nutrient stress (Acevedo et al., 2012; Zeng et al., 2019). In parallel, the
organic residue measured as COD is attributed to the combined metabolism of lipids and

PHAs during famine phases, serving as essential substrates for sustaining microbial activity
(Ota et al., 2016; Pande and Kost, 2017).

Furthermore, cellular lysis, as depicted in Figure 4G, along with predation, contributes to
the release of organic material and intracellular components into the surrounding

environment, processes that collectively impact both COD and phosphorus dynamics (Li
and Dittrich, 2019). These interlinked processes highlight the dynamic nature of microbial
metabolism, where intracellular reserve degradation, cell turnover, and predatory activities
play critical roles in shaping the reactor’s overall performance.

Statistical analyses provided further insights into these interactions. The Shapiro-Wilk test
indicated significant deviations from normality for several parameters, such as pH and TSS,
necessitating the use of non-parametric methods. A Kendall rank correlation analysis
revealed a positive relationship between the C/N ratio and PHBV concentrations (T = 0.64,
p < 0.01), emphasizing the importance of feed composition. Principal Component Analysis
further confirmed that the first three components, with PC1 linked to feed composition (C/N
and C/P ratios) and PC2 associated with ambient temperature and pH fluctuations,
accounted for 83.12% of the total variance, underscoring the multifaceted role of these
parameters in process performance.

4.1 Influence of C/P Ratio on Microbial Communities Dynamics

The experimental results reveal that the composition of the MMC is highly influenced by
the selective pressure imposed by the C/P ratio, which plays a crucial role in determining
metabolic pathways and shaping community structure. Under phosphorus-limiting
conditions, organisms such as Sphaerotilus, Leadbetterella, and members of the
Rhodobacteraceae were able to accumulate PHBV and potentially store polyphosphates,
confirming observations from previous studies (Acevedo et al., 2012; Grana et al., 2024;
Parrell et al., 2024; Serafim et al., 2002; Vermeer et al., 2023). In contrast, species such as
Plasticicumulans acidivorans, Azorizobium, Emticicia, and Xanthobacter - previously
observed under phosphorus-limiting conditions (Estévez-Alonso et al., 2022; Korkakaki et
al., 2017, 2016) - did not display an increase in abundance in the present experiment. This
discrepancy, despite their initial presence in the inoculum, may be attributed to the higher
SRT and the complexity of the substrate, which consisted of a mixture of four different VFAs
rather than solely acetate.

The gradual restriction of phosphorus did not markedly change the overall percentage
abundance of PHA-accumulating species; however, it did influence their composition and
structure. In Run 3, characterized by severe phosphorus limitation (C/P =407 Cmol Pmol™),
filamentous bacteria such as Neomegalonema and Sphaerotilus became more prevalent,

suggesting a survival advantage under extreme nutrient stress. Conversely, Run 2, with an
optimal C/P ratio of 235 Cmol Pmol™, demonstrated more efficient microbial selection
favoring biodiversity among PHA-accumulating bacteria. This observation aligns with

previous findings where a limited presence of filamentous bacteria was associated with

improved biomass performance (Guo et al., 2012, 2010). In this run, linear trends in PHBV
production and substrate consumption during the feast phase were evident, with higher yield
(Yrss™®Y) and reduced allocation of carbon to cellular structures, underscoring enhanced

metabolic efficiency (Lhamo and Mahanty, 2022; Pinto-Ibieta et al., 2021).
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During the famine phase, the microbial community primarily relied on intracellular PHA
reserves for growth, reinforcing the dominance of a robust PHA-accumulating population
(Nguyenhuynh et al., 2021). However, the delayed consumption of COD and elevated
residual COD levels in this phase indicate that secondary metabolic pathways produce
byproducts that diminish overall carbon utilization efficiency (Tu et al., 2019).

In contrast, Run 1, which operated under higher phosphorus availability (C/P = 168 Cmol
Pmol™), was dominated by Sphaerotilus. Although this dominance promoted effective PHA
production, it was accompanied by reduced microbial diversity—a factor that may
compromise the system’s resilience and long-term productivity. The prevalence of
Sphaerotilus has been linked to poor sludge settleability and bulking, which were indeed
observed in Run 1 (Burger et al., 2017; Ehlers and Turner, 2011).

Shifts in community structure were also mirrored by changes in extracellular polymeric
substances (EPS) characteristics. In Run 3, reductions in Rhodobacteraceae and
Leadbetterella, along with slight increases in filamentous bacteria such as Sphaerotilus and
Neomegalonema, corresponded with decreased sludge settleability and productivity.
Excessive phosphorus limitation appears to intensify microbial competition, redirecting
metabolic resources away from PHA synthesis toward less productive pathways. Supporting
this observation, Bahgat et al. (2025) reported that lower phosphorus concentrations
negatively impact the stability and quality of EPS, while Bahgat et al. (2023) noted that
roughly 20% of phosphorus in aerobic granular sludge is incorporated into EPS, affecting its
functional properties.

Filamentous structures observed around bacterial cells in Run 2 may have contributed to
EPS production and floc formation, crucial for maintaining system stability. This finding
aligns with previous work suggesting that excessive phosphorus limitation adversely affects
both sludge stability and microbial community dynamics (Meister and Blume, 2017; Suresh
et al., 2018).

The imp())sed feast-famine regime selectively enriched bacterial populations capable of
accumulating both PHA and polyphosphates. These intracellular reserves are essential for
metabolic adaptation under nutrient-limited conditions, conferring a competitive advantage
to microorganisms adept at managing internal resources (Acevedo et al., 2012; Zeng et al.,
2019). As the C/P ratio increased, competition among PHA-accumulating bacteria
intensified; however, this did not significantly impact the survival of conventional
heterotrophs that thrived on metabolic byproducts. When phosphorus limitation became
overly stringent, flamentous bacteria were favored - suggesting that moderate phosphorus
limitation promotes poly-P-accumulating bacteria, while severe limitation impairs flocculation
and gives an advantage to organisms capable of rapid phosphorus uptake.

The inoculum itself contained residual components, including several ASVs of metazoans
(Annelida, Arthropoda, Chordata, Cnidaria, Echinodermata, Nematoda, Rotifera). It is worth
mentioning that these ASVs could be related to the presence of these organisms (e.g. most
probably Nematoda and Rotifera) or to DNA remnants adsorbed to organic and inorganic
matter present in the inoculum (e.g. most likely Chordata and Echinodermata). DNA from all
these organisms were no longer detectable (< 0.01% relative abundance) after seven SRTs,
confirming their wash-out under the feast-famine/SRT selection regime (in case of living
organisms) or the degradation of their DNA. Fungal taxa identified through 18S sequencing
- such as Ascomycota, Basidiomycota, Blastocladiomycota, and Rozellomycota - were
present only in trace amounts.

The initial stability of the system was reflected by the low presence of early-stage
protozoans - such as small r-strategist bacterivores and crawling ciliates - and the
predominance of late-stage sessile ciliates like peritrichs (Telotrochidium, Vorticella) and the
cercozoan Rhogostoma. These eukaryotic organisms were not intentionally added but were
naturally present in the activated sludge inoculum and developed under the selective
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conditions of the reactor. It is worth noting that our data revealed a negative correlation
between the abundance of Rhogostoma, a thecate filose amoeba, and Sphaerotilus, a
filamentous bacterium associated with bulking and poor settleability. Although
Rhogostoma's feeding mechanism has not been directly characterized, its ecological pattern
suggests a potential role in regulating filamentous bacterial populations. Interestingly,
functionally similar shell-bearing protists of the order Arcellinida (Amoebozoa), have recently
been shown to use their theca as structural support for actin-mediated predation, enabling
them to perforate or break larger or filamentous prey (Dumack et al., 2024). The structure
of the ciliate community is a valuable indicator of wastewater treatment performance, as

sessile ciliates graze on suspended bacteria and particles while sparing flocculated bacteria,
and thecate amoebae feed on filamentous bacteria, thereby improving effluent quality
(Madoni, 2011; Pohl et al., 2021).

During Run 3, the system exhibited a marked loss of biodiversity, becoming dominated
almost exclusively by Telotrochidium matiense. The collapse of biodiversity is critical, as it
often correlates with reduced ecosystem resilience (Gibson et al., 2024, Wang et al., 2021).
The disappearance of Tokophrya (Chatterjee et al., 2023) - a sessile ciliate potentially
preying on Rhogostoma, which also vanished in Run 3 - further underscores the
destabilizing effects of severe phosphate limitation. Additionally, the increased abundance
of predatory flagellates from the Colpodellida group in Runs 2 and 3, likely linked to the
presence of sessile ciliates, highlights the complex predator-prey dynamics within the
system (Getty et al., 2021).

The fungal community was found to be low in abundance, consistent with findings from
studies under similar C/N conditions (Di Leto et al., 2025). The composition of other
eukaryotes, particularly the dominance of Alveolata, mirrored the bacterial community
structure at the phyla level. These results suggest that while the C/P ratio indirectly
influences eukaryotic communities by modulating the abundance of certain bacterial species
or affecting the SRT, the overall C:N:P ratio exerts a more direct effect on fungal abundance.
Moderate phosphorus limitation initially alters the fungal community composition, but further
nutrient restriction leads to a collapse of this fraction, indicating a critical threshold for fungal
survival.

Overall, the study highlights the pivotal role of the C/P ratio in modulating microbial
selection, metabolic pathways, and reactor performance. The interplay between phosphorus
availability, microbial diversity, EPS characteristics, and intracellular reserve cycling reveals
a dynamic equilibrium that underpins the metabolic flexibility and ecological complexity of
the MMC. This dynamic equilibrium is essential for understanding and optimizing bioprocess
performance, particularly in systems where nutrient limitation is used as a selective pressure
to enrich for functional microbial populations capable of efficient PHA accumulation and

polyphosphate storage.

4.2 Influence of C/P Ratio on Process Performance

Run 2 and Run 3 exhibited the most favorable conditions for PHBV accumulation.
Specifically, Run 2 demonstrated a higher yield (Yps®®t = 0.19) during the feast phase and
greater linearity during the accumulation phase, as depicted in Fig. 1. The pH profiles shown
in Figure 1 further elucidate these metabolic differences. In all three runs, pH rose during
the feast phase as proton uptake accompanied VFA conversion to PHBV, then dropped
when biomass growth dominated and CO,, acidified the broth. A second rise marked the end
of growth, with CO, stripping prevailing. The magnitude and rate of these shifts varied: Runs
2 and 3 displayed sharper fluctuations—consistent with stronger metabolic transitions—
whereas Run 1 followed a smoother, more gradual pattern. These findings align with the
work of Korkakaki et al. (2017), who identified phosphorus as a key factor in promoting linear
PHB accumulation. In Run 2, Pi released during the famine phase was not fully re-taken up
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in the subsequent feast, resulting in the residual =0.8 mg P L™'. Conversely, the less
restrictive conditions in Run 1 resulted in a greater allocation of carbon towards biomass
growth, leading to the highest growth yield among the three experimental runs (Yxss°" =
0.25).

During the accumulation phase, Run 3 demonstrated the highest efficiency (Yps?° =
0.83), primarily due to the complete depletion of residual phosphorus by the end of the
famine phase and the consequent inhibition of microbial growth. In contrast, Run 2 still
exhibited partial microbial growth (Yx;s = 0.15), indicating that some phosphorus remained
available. These findings suggest that a more stringent phosphorus limitation, ensuring its
full exhaustion by the end of the famine phase, is essential for maximizing the accumulation
phase. In this context, Run 1 proved to have the higher Yxis (0.25), confirming that nutrient
availability at the end of famine phase plays a crucial role in enhancing PHA accumulation
yields.

From an overall productivity perspective, Run 2 achieved the best performance due to its
higher biomass concentration, whereas the other runs exhibited comparable results.
Additionally, the proportion of HV at the end of the feast phase varied significantly among
the three runs but tended to stabilize by the conclusion of the accumulation phase. This
pattern suggests that PHV accumulation is influenced by the presence of nutrients in the
MMCs operating in Runs 1 and 2.

However, excessive phosphorus limitation in Run 3 led to poor biomass settling,
increased biomass concentration in the supernatant, and a drastically reduced SRT. These
issues compromised reactor stability and overall process performance, consistent with
previous studies that showed that extreme phosphorus limitation can impair microbial
function and biomass stability (Li et al., 2023; Sun et al., 2022).

In contrast, Run 2, with a C/P ratio of 235 CmolPmol', achieved a more balanced
performance by efficiently allocating carbon between PHA accumulation and biomass
growth. With this combination of high conversion and higher biomass concentration, Run 2

also achieves maximum volumetric productivity (2.02 g L-' d-'), making it the preferred
operating range in industrial scale-up. At laboratory scale this output corresponds to 2 kg
PHA m™ d™"; projected to a total of 10 m? pilot reactors operated at the same C/P and SRT,
the process would deliver =20 kg PHA d™.

The greater abundance of PHA-accumulating microorganisms in Run 2, coupled with
superior sludge settleability (as indicated by a significantly lower SVI), contributed to an
extended SRT and improved reactor stability. This outcome was further corroborated by the
Kendall correlation matrix, which revealed a strong negative correlation between C/P and
phosphate concentration (Tt = -0.73), reinforcing the hypothesis that maintaining balanced
phosphorus availability supports stable microbial activity and efficient carbon utilization.
Additionally, Run 2 exhibited lower Ciost compared to Run 3, further enhancing PHA
productivity. These findings underscore the significance of optimizing the C/P ratio to sustain
reactor stability and maximize PHA accumulation efficiency.

The analysis of Xa across all experimental runs revealed discontinuous growth patterns
throughout the cycle, which did not correspond to the linear uptake of ammonium. The
discrepancy between the measured and expected Xa values could likely be attributed to the
intracellular accumulation of polyphosphates and lipids. Under phosphorus-limiting
conditions, it is well known that certain bacteria can store phosphorus in the form of
polyphosphate granules (Chiou and Yang, 2008; Oliveira-Filho et al., 2020). A similar
phenomenon was observed by Stouten (2021) in mixed microbial cultures cultivated for
biopolymer production under phosphorus-limited conditions comparable to those in this
study. Furthermore, this behavior aligns with the significant phosphate uptake observed in
the cycle analysis, supporting the hypothesis that microbial polyphosphate storage played
a key role in phosphorus dynamics. Lipid drops observed in TEM sections could be likely
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produced as an alternative energy reserve form under nutrient-limited conditions
(Komaniecka et al., 2016). These findings reflect the metabolic adaptability and resilience
of the microbial community in response to selective pressures, consistent with the imposed
feast-famine regime.

The statistical analysis further validated the observation that a higher C/P ratio promotes
microbial selection, PHA accumulation, HV monomers fraction and improved biomass
settleability. Specifically, Run 2, which operated at a C/P ratio of 100:0.4, exhibited the most
favorable performance, emphasizing the importance of balanced nutrient availability in
facilitating the enrichment of PHA-accumulating bacteria. These findings align with previous
studies, such as Pinto-Ibieta et al. (2021) which suggest that an optimized nutrient balance
enhances substrate conversion efficiency and process stability in mixed microbial cultures.
However, excessive phosphorus limitation was shown to negatively affect microbial growth,
destabilize reactor operation, and induce rapid shifts in microbial community composition.
Based on experimental data and statistical modeling, the optimal C/P ratio for this system
was identified as 100:0.4 (235 Cmol Pmol™), with 250 Cmol Pmol™" as a reference value to
obtain a concentration of 0 at the end of the cycle. This ratio effectively minimized residual
phosphate levels at the end of the famine phase while ensuring sufficient nutrient availability
to support microbial growth and reactor stability. Moreover, these results indicate that, when
working with complex substrates that allow direct conversion of valeric and butyric acids,
the optimal C/P ratio is significantly higher than the values previously determined for acetate-
based systems, as reported by Korkakaki et al. (2017).

To further improve process efficiency, microbial selection should prioritize larger PHA-
accumulating bacteria with denser flocs and enhanced storage capacities. This strategy
aligns with existing evidence demonstrating that selective enrichment of PHA-producing
microorganisms not only enhances polymer production but also contributes to improved
reactor stability (Inoue et al., 2021).

5. Conclusions

This study demonstrates the pivotal role of the C/P ratio in shaping microbial community
dynamics, metabolic pathways, and overall PHBV production efficiency in sequencing batch
reactors. Among three scenarios, Run 2 (C/P = 235 Cmol Pmol™) delivered the highest
biomass growth (127% VSS increase) and higher PHA productivity (2.02 gPHA L™ h™).
Conversely, Run 3 achieved the highest accumulation and process yields (0.83 and 0.76,
respectively) but suffered poor settleability due to excessive phosphorus limitation,
compromising solids retention time. Run 1, with higher phosphorus content, yielded lower
PHA efficiency because carbon was diverted toward non-PHA pathways. These findings
underscore that balanced phosphorus availability is crucial for strong PHA production and
reactor stability. It is worth recalling that Run 2 was the only condition showing at the same
time a high biodiversity in bacteria and eukaryotes, a feature indicative of a stable and
resilient system. The possible role of protozoan selective predation in contributing to shaping
the bacterial community structure also warrants further experimental validation, as our
conclusions on this aspect are based on observed correlations. Nevertheless, the observed
negative correlation between Rhogostoma and filamentous bacteria aligns with the most
recent observations of the effects of testate amoebae on filamentous bacteria in wastewater

treatment plants (Baltes et al., 2025). Future work will optimize nutrient feeding, explore
metagenomics, refine operational conditions, and scale up for improved yields and resource
efficiency.

E-supplementary data of this word can be found in online version of the paper.
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