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A B S T R A C T

The products of an advanced sewage sludge fermentation process can be used to generate polyhydroxyalkanoates 
(PHAs), precursors of bioplastics considered excellent candidates for replacing petroleum-derived plastics. The 
aerobic feast-anoxic famine cycling strategy has proven to be an efficient method for enriching sewage sludge 
microbiota with PHA-producing microorganisms. This work evaluated the effect of different carbon to nitrogen 
ratios (C/N) of 3.5, 2, and 1 g COD/g N for modulating the structure of sewage sludge microbiota to improve 
PHA production. The study was executed on a pilot plant scale using wasted activated sludge as an organic 
carbon source derived from an oxic-settling anaerobic plant that collects wastewater from various facilities at the 
University of Palermo campus. PHA production performance was monitored over three experimental periods 
characterized by a different C/N ratio. The results showed that lower C/N ratios reduced PHA production with 
20, 24, and 26 % w/w of PHAs for COD/N values of 1, 2, and 3.5 g COD/g N, respectively. In parallel, the 
metataxonomic analysis revealed a higher abundance of PHA-producing microorganisms at the ratio of 3.5 g 
COD/g N, such as Proteobacteria, specifically Betaproteobacteria. In addition, the analysis showed an increase in 
fungal abundance and diversity as decrease the ratio C/N decreased. Thus, these findings demonstrate the utility 
of metataxonomics in elucidating the relationships between operating conditions, bacterial and fungal micro
biota structure and the achievement of specific outputs. The insights gained from this study demonstrated a 
positive correlation between C/N ratios, PHA-producing microorganisms, and PHA yields.

1. Introduction

The possibility of exploiting waste to produce valuable materials 
represents an excellent opportunity to reuse natural sources from a 
circular economy perspective (Mannina et al., 2021b). This approach 
emphasizes the importance of minimizing waste and maximizing re
sources. By leveraging the metabolic capacities of microbial commu
nities residing in sewage sludge (SS), we can effectively remove 
pollutants, thereby contributing to environmental protection and pro
moting the transformation of organic waste into valuable materials, such 
as specific microbial biomass containing bioplastic precursors, such as 
polyhydroxyalkanoates (PHAs) (Thomas et al., 2023). Consequently, 
this innovative utilisation of waste aligns with sustainability principles, 

fostering a more resilient and resource-efficient economy. In line with 
the transition from wastewater treatment plants (WWTPs) to water 
resource recovery facilities (WRRF), PHAs can be produced using mixed 
microbial cultures (MMCs) from SS microbiota (Nielsen, 2017). PHAs, a 
class of thermoplastic biodegradable polyesters, offer a promising 
alternative to petroleum-derived plastics due to their environmentally 
friendly properties and versatility (Cabrera et al., 2021). PHAs exibit 
similar properties to conventional plastics, making them suitable for 
various applications, from packaging materials to medical devices, thus 
providing a versatile and eco-friendly alternative to traditional plastics 
(Acharjee et al., 2023). However, PHAs’ production cost is higher than 
fossil-based plastics (Zhou et al., 2023a). Therefore, these biopolymers 
can be produced using biological processes, explicitly starting from 
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precursors such as volatile fatty acids (VFAs) to reduce production costs. 
Interestingly, VFAs can be produced in WWTP reactors through an 
acidogenic fermentation process by the MMC obtained by shaping SS 
microbiota (Di Leto et al., 2022; Di Leto et al., 2024). The ability of 
MMCs to convert organic substrates into VFAs and, subsequently, into 
PHAs presents a sustainable and renewable method of producing bio
plastics, and it provides a viable solution for managing organic waste.

Various microbiota members in the MMCs are responsible for syn
thesising VFAs and PHAs, the latter accumulating as intracellular 
granules as carbon and metabolic energy reservoirs (Berg et al., 2020). 
An efficient microbial PHA production involves the delicate balance of 
organic carbon and nutrient removal (Zhou et al., 2023b). The so-called 
feast-famine cycling process has consistently proven to be the most 
effective method to shape SS microbiota to obtain MMCs suitable for 
PHA production. In particular, the feast-famine cycling process alter
nates periods of nutrient abundance (feast) and limitation (famine) to 
exploit the metabolic behaviour of microorganisms. Thus, this method 
primarily supports the enrichment and turnover of PHA-producing 
bacteria within the microbial community while eliminating competi
tors (Huang et al., 2018). This cyclical pattern of nutrient availability 
exerts a selective pressure on the SS microbiota members, shaping their 
metabolic activity and survival strategies (Correa-Galeote et al., 2022). 
During feast periods, bacteria strategically use abundant carbon sources 
to maximise growth. In contrast, during famine periods, they tactically 
switch to alternative metabolic pathways, often entering a state of 
metabolic slowdown or reduced activity. This adaptation includes 
decelerating growth, minimizing energy-intensive processes, and opti
mising resource utilisation to survive until conditions improve. The 
scarcity of nutrients during famine intensifies competition among bac
teria, driving shifts in metabolic activity as they compete for limited 
resources. During the feast phase, bacterial cells produce intracellular 
PHA granules that serve as an energy reservoir, enabling the bacteria to 
survive in periods of nutrient scarcity (Morya et al., 2023).

C/N has an essential impact on PHA production. Indeed, Zhou et al. 
(2022) performed tests to evaluate the effect of the carbon and nitrogen 
ratio (C/N) associated with pH on the yield of PHA produced by MMC. 
Very little is known about the PHA production capabilities of fungal 
microbial communities. However, recent studies, such as those by Thu 
et al. (2023), have focused on utilising marine yeasts to maximise PHA 
yields. Therefore, this pioneering study aims to identify the interactions 
within the eukaryotic community, mainly focusing on fungi, concerning 
the three operational parameters established to maximise PHA yields. In 
this work, PHA production was obtained through SS-MMC enriched by 
the aerobic feast-anoxic famine (AE/AN) cycling strategy.

Several studies have examined the effect of varying C/N ratios using 
municipal solid waste (Sánchez Valencia et al., 2021) or high C/N ratios 
(Wen et al., 2010). However, the novelty of the present study lies in 
using a pilot scale treatment plant using waste activated sludge (WAS) to 
obtain different C/N values in fermented liquid waste to feed the PHA 
production process based on the AE/AN enrichment strategy. In addi
tion, no previous study has conducted a comprehensive metagenomic 
analysis on SS microbiota to highlight microbial members of MMCs 
obtained using a similar setting. In particular, the influence of three 
different C/N ratios (3.5, 2, and 1 g COD/g N) in PHA production was 
evaluated using carbon and nitrogen sources obtained in a pilot plant at 
the University of Palermo (UniPA) Campus. Indeed, a deep under
standing of the operational parameters influencing PHA production by 
MMC is crucial for process optimisation. This study aims to evaluate, 
through metataxonomic analyses, the change in the SS microbiota 
structure selected after the feast-famine cycling process carried out for a 
month and related to three C/N values tested. Metataxonomic analysis 
was carried out to highlight the relationships between the operating 
parameters and the SS microbial community structure.

2. Materials and methods

2.1. Pilot plant configuration

The experiments occurred at the WRRF of UniPA (Mannina et al., 
2021a,b). According to the circular economy principles, the PHA pro
duction line is situated at the pilot plant hall and operates as the side 
streamline for WAS treatment and valorisation This PHA line includes a 
200 L fermenter equipped with an ultra-filtration (UF) unit, which feeds 
two sequencing batch reactors (SBR) operating in series. The nitritation 
SBR (N-SBR) was designed to produce a nitrite-rich effluent with a 
working volume of 30 L and was fed with the liquid of fermented sludge. 
The selection SBR (S-SBR) enriches microbial cultures through a 
feast-famine cycle using the aerobic/anaerobic (AE/AN) strategy, in a 
working volume of 30 L. At the beginning of the feast phase, the reactor 
was fed with the liquid of fermented WAS (aerobic phase). At the start of 
the famine phase, it was fed with the N-SBR effluent (anoxic phase) with 
a 50:50 proportion between the fermented liquid and the N-SBR 
effluent. After the enrichment process, the biomass underwent 
batch-scale accumulation using a custom-made software (Mineo et al., 
2023). The experiments were conducted over three periods (45 days 
each) with varying C/N ratios (g COD/g N) in both the N-SBR and S-SBR: 
i) period I – 3.5; ii) period II – 2; iii) period III – 1 (Mineo et al., 2024).

The fermenter reactor feeds the entire PHA production line (Fig. 1). 
The substrate used to carry out the acidogenic fermentation was the 
WAS of the water line in the pilot plant hall (Cosenza et al., 2023). The 
fermenter worked in batch conditions with a hydraulic retention time 
(HRT) and sludge retention time (SRT) of 5 days. At the end of the 
fermentation process, the sludge was filtered by the UF equipped with a 
hollow fibre membrane of polyvinylidene fluoride with 0.03-μm 
porosity and 1.4-m2 surface area, as reported in the literature (Mannina 
and Mineo, 2023). The values of pH and temperature were monitored 
but not controlled during the acidogenic fermentation, and no 
pre-treatment was performed before WAS fermentation. The fermenta
tions were carried out with average TSS and VSS of 3.3 ± 0.4 g/L and 1.6 
± 0.3 g/L, respectively. The pH accounted for 7.2 ± 0.3 and 6.4 ± 0.2 at 
the start and at the end of the fermentation, respectively, while the 
temperature was around 14.6 ± 2.5 ◦C. The fermented liquid containing 
VFAs, obtained at the end of the fermentation, was used to feed the 
N-SBR and S-SBR. N-SBR and S-SBR inoculum were also the WAS of the 
water line. The reactors were inoculated only once at the beginning of 
the experiments. Pseudo-steady-state conditions were achieved once the 
feast/famine ratio did not change significantly (within 5% standard 
deviation) for ten days (Isern-Cazorla et al., 2023). As reported in the 
literature (Basset et al., 2016; Frison et al., 2015), following the AE/AN 
enrichment, the N-SBR aims to produce nitrite from ammonia partial 
oxidation. The reactor effluent was then used to feed at the beginning of 
the anoxic famine phase in the S-SBR. In this reactor, VFAs were 
consumed and PHA produced during the aerobic feast phase while, 
during the anoxic famine, PHAs were used as a carbon source to deni
trify the nitrites and nitrates produced by the N-SBR (Conca et al., 2020; 
Mannina and Mineo, 2024). The average composition parameters of 
fermented WAS liquid are reported in Table 1, while the average oper
ational parameters for the S-SBR and N-SBR are reported in Table 2. The 
different C/N values were obtained through ammonium chloride 
(NH4Cl) dosage in the fermented liquid.

2.2. PHA accumulation batch fermentation tests

The biomass enriched at different C/N values was tested in batch 
fermentation accumulation tests. As reported in the literature (Mineo 
et al., 2023), 3 L of sludge is withdrawn from the S-SBR. 2 L of super
natant is removed after settling, and the remaining mixed liquor is 
washed twice with tap water, removing the supernatant each time to 
ensure that no external carbon source is left. The remaining biomass is 
left aerated overnight to achieve endogenous conditions and starts 
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accumulating without any stored PHAs to compare the different periods. 
The fermented WAS liquid was used as feed (around 10 L per day), and 
the dissolved oxygen (DO) was monitored. The accumulation is auto
matically controlled by software, described by Mineo et al. (2023), 
based on DO variation after a substrate feed. The accumulation was 
performed in duplicate for ten days in two 2 L glass reactors for each 
experimental period.

2.3. Analytical methods

The fermented sludge liquid, the N-SBR and S-SBR effluents were 
monitored by analysing soluble chemical oxygen demand (sCOD), VFAs, 

ammonium (NH4
+-N), phosphate (PO4

3--P), nitrate (NO3--N) and nitrite 
(NO2--N) concentrations, according to the standard methods (Baird 
et al., 2017). Mixed liquor samples were taken from the accumulation 
batch tests to analyse PHA concentration and total and volatile sus
pended solids (TSS and VSS, respectively). VFA concentrations were 
measured, as reported by Montiel-Jarillo et al. (2021), with a Gas 
Chromatograph (GC) (Agilent 8860) equipped with a flame ionisation 

detector (FID) and a DB FFAA column (30 m × 0.25 mm x 0.25 μm). PHA 
concentration, calculated as the sum of polyhydroxybutyrate (PHB) and 
polyhydroxyvalerate (PHV) monomers (Sigma Aldrich standards) 
(Conca et al., 2020), was measured by a GC equipped with a FID detector 
and a Restek Stabilwax column (30 m × 0.53 mm x 1.00 μm), as reported 
by Mannina et al. (2019). 30 mL of mixed liquor samples collected 
during the accumulation batch tests were treated with 1 mL formalde
hyde solution (37% w/v) to stop the biological activity and subsequently 
lyophilized. Weighted lyophilized samples of 1.5 g were digested with 
hydrochloric acid (0.5 mL) and butanol (1.5 mL), as reported by Werker 
et al. (2008). The organic phase was then extracted with hexane (2.5 
mL), washed with distilled water (4 mL), and filtered (0.22 μm) before 
GC analysis. The PHA concentration is expressed as weight percentage 
(g PHA/g VSS %), while the PHA productivity is expressed as the g of 
PHA produced over time (g PHA/day). The nitrite accumulation rate 
(NAR) was calculated as reported by Kowal et al. (2022) (Equation (1)), 
while the nitrification and denitrification rate was calculated as reported 
by Mannina et al. (2016): 

NAR (%)=
(NO2 − Nout)

(NO2 − Nout + NO3 − Nout)
*100 (Equation 1) 

Nnit(%)=

(
NH+

4 − Nin
)
−
(
NH+

4 − Nout
)
− (Nmetabolic)

(
NH+

4 − Nin
)
− (Nmetabolic)

(Equation 2) 

where N metabolic accounts for 5% of the sCOD removed.

2.4. Metagenomic DNA analysis

The structure of the prokaryotic microbiota residing in SS of S-SBR 
was analysed using metataxonomic analysis based on next-generation 
sequencing (NGS) of 16S rDNA marker gene amplicons obtained from 

Fig. 1. Diagram of the pilot plant used in this work consisting of a fermenter, an ultrafiltration unit, N-SBR and S-SBR. The graph also shows the probe related to S- 
SBR, the connected pumps and the gas and liquid sampling ports.

Table 1 
Average parameters and standard deviation thereof of fermented WAS liquid composition.

Parameter U.M Period I Period II Period III

sCOD mg/L 282.55 ± 62.18 300.73 ± 27.46 593.50 ± 105.55
NH4

+-N mg N/L 82.13 ± 10.76 142.55 ± 18.37 344.65 ± 51.65
PO4

3--P mg P/L 44.53 ± 22.91 28.74 ± 5.60 28.26 ± 5.06
VFA mg COD/L 106.71 ± 47.26 100.19 ± 68.51 262.14 ± 22.71
Acetic acid mgCODAceticAcid/mg CODVFA % 81.89 ± 6.27 66.46 ± 17.04 67.36 ± 9.46
Propionic acid mgCODPropionicAcid/mg CODVFA % 5.44 ± 3.24 27.10 ± 8.50 8.89 ± 4.62
Butyric acid mgCODButyricAcid/mg CODVFA % 12.67 ± 10.42 6.44 ± 2.65 23.76 ± 13.17

Table 2 
Average operational parameters and standard deviation thereof of S-SBR and N- 
SBR.

Parameter U.M S-SBR N-SBR

F/M kg BOD kg SS− 1 d− 1 0.14 ± 0.05 0.13 ± 0.02
OLR kg COD m− 3 d− 1 0.13 ± 0.07 0.10 ± 0.05
NLR kg N m− 3 d− 1 0.10 ± 0.08 0.09 ± 0.03
sCOD/NOx g COD g− 1NOx-N 18.70 ± 4.35 –
HRT days 2 1
SRT days 7.98 ± 3.27 5.78 ± 0.53

F/M: food to microorganisms ratio; OLR: organic loading rate; NLR: nitrogen 
loading rate.

Ndenit(%)=

(
NH+

4 − Nin
)
+ (NOx − Nin) −

(
NH+

4 − Nout
)
− (Nmetabolic) − (NOx − Nout)

(
NH+

4 − Nin
)
+ (NOx − Nin) − (Nmetabolic)

(Equation 3) 
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metagenomic DNA. This study aimed to evaluate, through meta
taxonomic analyses, how the structure of the selected microbial com
munities varies with the feast-famine cycle process. It considered one 
month from the start of the experiment and compares three tested C/N 
values. The starting microbial communities were similar because a 
unique SS sample was used, indeed, a metataxonomic characterisation 
of the microbial community structure of the starting SS sample was 
conducted. However, since the objective of this study was to assess how 
C/N influenced the SS microbiota structure, the metagenomic analyses 
focused on the comparison between 3.5 C/N (related to Period III), 2 C/ 
N (related to Period II), and 1 C/N (related to Period I) samples from the 
S-SBR. The analysed samples were collected in S-SBR. Analyses were 
conducted on unfiltered and uncentrifuged samples, following proced
ures described by Presti et al. (2021) and Di Leto et al. (2024). The 
quality of extracted DNA was preliminarily evaluated using 1% (w/v) 
agarose gel electrophoresis with 0.5 μg/mL ethidium bromide for visu
alisation under a UV lamp. The DNA concentrations from 1 g SS samples 
and their tenfold serial dilutions were measured with high precision by 
absorbance at 260 nm using a spectrophotometer (NanoDrop 2000c 
Thermo Fisher Scientific, Waltham, MA, USA). The purity of the 
extracted DNA was also rigorously assessed by absorbance ratios at 
260/280 nm and 260/230 nm, indicating potential contamination from 
proteins, organic compounds, or chaotropic agents. The PCR amplifi
cation of the 16S rDNA gene, a key step in this study, was conducted 
with the parameters and primers specified in Di Leto et al. (2024). The 
sequencing of the amplification products was performed in a single 300 
bp paired-end run on an Illumina MiSeq platform at BMR Genomics 
(Padova, Italy). The raw 16S rDNA data were then processed using the 
QIIME2 software (https://qiime2.org/), with overlapping paired-end 
reads denoised using the DADA2 plugin. Unique amplicon sequence 
variants (ASVs) were assigned and aligned to the Greengenes reference 
database at 99% sequence similarity (https://greengenes.secondge 
nome.com/). The number of ASVs and the relative abundances of 
phyla, orders, classes, and families were determined for each sample. 
HeatMap generation was conducted via the online web server (http://h 
eatmapper.ca/expression/), using a "complete linkage" calculation 
based on Pearson correlation, focusing on genera.

The same DNA extracted for 16S rDNA analysis was used as a tem
plate for the amplification of ITS, using the following primers (5′-3′): 
ITS3_KYO2_NGS (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAT 
GAAGAACGYAGYRAA) and ITS4_univ (GTCTCGTGGGCTCGGAGATG 
TGTATAAGAGACAGTCCTCCGCTTATTGATATGC). Thermo Scientific 
DreamTaq DNA Polymerase was used following the manufacturer in
structions. The sequencing of the amplification products was also per
formed in a single 300 bp paired-end run on an Illumina MiSeq platform 
at BMR Genomics (Padova, Italy).

2.5. Bioinformatic analysis of prokaryotic and eukaryotic microbiota 
structure

Raw data from all samples were quality-filtered and analysed using 
QIIME2 version 2024.5 (Bolyen et al., 2019). Sequences were filtered 
using the DADA2 software package to remove chimeric sequences and 
phiX reads and to perform the paired-end read joining (Callahan et al., 
2016). Taxonomic assignment of ITS sequences was carried out using 
the UNITE database (Abarenkov et al., 2010). Briefly, the UNITE for 
eukaryotes version 10.0 (97% similarity) was used to train the taxo
nomic classifier using the fit-classifier-naive-bayes function of QIIME2 
that was used to predict the taxonomic assignments using the 
classify-sklearn function. The phylogenetic tree of all taxa detected was 
performed using the QIIME2 phylogeny tool and visualised using Tree
Viewer (Bianchini and Sánchez-Baracaldo, 2024), while the PCoA was 
performed on the unweighted UniFrac distances (Lozupone et al., 2011). 
The analysis of the eukaryotic community is a pioneering study 
regarding the possible involvement of the latter in the production of 
PHAs; therefore, the analyses were conducted in duplicate. The OneWay 

ANOVA with Tukey methods of two replicates for each treatment was 
calculated for the relative abundances of kingdom and phyla by using 
the online tool available at https://astatsa.com/OneWay_Anova_with_ 
TukeyHSD/.

3. Results and discussion

3.1. System performance in contaminants removal

The C/N effect on system performance was evaluated by monitoring 
the S-SBR and N-SBR efficiencies. The monitoring results are reported in 
Tables 3 and 4 for S-SBR and N-SBR, respectively.

The first period was characterised by a high ammonium removal in 
the N-SBR and S-SBR, with nitrification efficiency in the N-SBR and 
moderate denitrification in the S-SBR. The C/N ratio adopted (3.5 g 
COD/g N) and the low sCOD influent concentration probably worsened 
the heterotrophic biomass activity, thus reducing the denitrification 
efficiency in the S-SBR (Wang et al., 2021). The NAR was lower than 
15%, mainly because of the low influent ammonia concentration, which 
resulted in low free ammonia concentration inside the reactor, which 
worsened the Ammonia Oxidizing Bacteria (AOB) activity and possibly 
favouring the Nitrite Oxiding Bacteria (NOB) (Conca et al., 2020; Fu 
et al., 2009). Despite the lower C/N ratio (2 g COD/g N) in period II, no 
significant difference was found in ammonia removal, NAR, and nitri
fication efficiency compared to period I. The denitrification efficiency 
was the only parameter showing the positive effect of lower C/N, 
reaching an average of around 80% (Table 3). S-SBR denitrification was 
positively affected in period III by the high influent sCOD concentration 
and the low C/N adopted (1 g COD/g N), similar to the NAR, which 
almost reached 77%. The high influent ammonia concentration created 
inhibiting conditions for the NOB in the N-SBR, thus favouring NO2 
production (Basset et al., 2016). Several studies indicated that in the 
PHA degradation process during the anoxic famine phase, there is no 
difference when NO3

− is used as an electron acceptor instead of NO2, thus 
highlighting that the main focus of the N-SBR operation should be to 
achieve high nitrification efficiency, as reported in this work (Liu et al., 
2023; Salehizadeh and Van Loosdrecht, 2004). Both N-SBR and S-SBR 
showed excellent biological activity in sCOD removal, maintaining a 
removal efficiency higher than 85% even during period III, charac
terised by high influent sCOD concentration and low C/N ratio (Mineo 
et al., 2024).

3.2. System performance in PHA production

By analysing the PHA concentration and PHA productivity achieved 
for the three tests, it is possible to see a gradual decline in the yields of 
PHA produced, paralleling the reduction of the C/N value (Fig. 2). 
Period I (C/N of 3.5 g COD/g N) reached the highest amount of PHAs, 

Table 3 
Average parameters and standard deviations of the S-SBR’s performance over 
the three periods.

Parameter U.M. Period

I II III

sCOD influent mg/L 298.7 ± 66.0 276.2 ± 133.5 610.3 ± 42.2
sCOD effluent mg/L 17.1 ± 10.8 24.6 ± 8.1 72.1 ± 12.2
sCOD removal 

efficiency
% 93.9 ± 4.5 89.6 ± 5.4 88.2 ± 1.2

NH4 
þ-N influent mg 

N/L
83.4 ± 7.5 127.1 ± 41.4 584.4 ± 20.0

NH4
þ-N effluent mg 

N/L
4.9 ± 2.3 14.7 ± 3.7 53.9 ± 8.2

NH4
þ-N removal 

efficiency
% 94.1 ± 2.8 87.6 ± 5.4 90.2 ± 1.5

Denitrification 
efficiency

% 72.2 ± 5.8 80.7 ± 6.2 89.1 ± 1.4
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reaching 36.42 ± 1.54 % w/w, with a PHV share of 3.36 ± 1.04 % w/w 
(Fig. 2a). PHA productivity peaked on the first accumulation day (3.97 g 
PHA/day), achieving an average of 1.52 g PHA/day (Fig. 2b). In period 
II, characterised by a C/N of 2 g COD/g N, PHAs accounted for 24.12 ±
4.36 % w/w, with a PHV share of 6.23 ± 2.30 % w/w while the same 
productivity peak as period I was achieved. However, slightly higher 
average PHA productivity was achieved in period II compared to period 
I (2.10 g PHA/day). The higher PHV production was due to the higher 
propionic acid concentration in the fermented liquid, as reported in 
Table 1 (Albuquerque et al., 2011; Jab Chung et al., 1997), while similar 
PHA productivity was achieved due to similar VFA concentration in the 
influent (Isern-Cazorla et al., 2023). In the last period, with a C/N of 1 g 
COD/g N, PHAs accounted for 20.01 ± 3.37 % w/w on the 10th day of 
accumulation, achieving the lowest PHV share of 1.71 ± 0.36 % w/w. 
The highest PHA productivity peak was registered in period III (8.91 g 
PHA/day), mainly related to the higher VFA concentration of that period 
despite the lower C/N value. As reported in the literature (Cui et al., 

2017), higher C/N favours PHA accumulation rather than biomass 
growth. Indeed, nitrogen deficiency is usually adopted to enhance the 
amount of produced PHAs (Johnson et al., 2010). Sánchez Valencia et al. 
(2021) adopted VFAs derived from municipal solid waste as a carbon 
source, applying C/N values ranging from 13.3 to 42.1 g C/g N. The 
results indicated that C/N between 13 and 23 g C/g N favoured PHA 
production. At the same time, Wen et al. (2010) achieved the highest 
PHA production at C/N of 125 g C/g N.

Ahmadi et al. (2020) tested three strategies in an SBR, including 
complete aerobic conditions during feast-famine, decoupled carbon and 
nitrogen feeding regimes and alternating anaerobic-aerobic conditions. 
Their findings revealed that the decoupled carbon and nitrogen feeding 
regime resulted in higher PHA accumulation compared to the other 
strategies, also highlighting a higher PHA production when acetate was 
used as the carbon source instead of non-alcoholic beverage wastewater 
(Ahmadi et al., 2020). Muangwong et al. (2016) evaluated the effects of 
the total organic carbon concentration and the carbon-to-nitrogen mole 
ratio, which were investigated in batch cultivation starting from a single 
culture (Muangwong et al., 2016). Although new strains were identified 
in pure culture-producing PHAs, very few works focused attention on 
the composition of MMC through metataxonomic analyses in pilot plant 
systems (Laumeyer et al., 2025). Furthermore, the previous studies 
focusing on PHA production in pilot plants did not investigate the effect 
of the shift of C/N over the microbial population responsible for 
biopolymer production.

Compared to other studies adopting the same enrichment strategy, 
the amount of PHAs produced in this study was higher than the one 
obtained by Frison et al. (2015), which adopted co-fermented primary 
and WAS as substrate, achieving around 20% w/w of PHAs. The higher 
amount obtained in this work is mainly related to the longer accumu
lation time (10 days) compared to the one adopted by Frison et al. (<1 
day). Other studies achieved ≥40 % w/w. Conca et al. (2020) obtained 
44.1% w/w with the same substrate used by Frison et al. (2015). Tu et al. 
(2019) and Liu et al. (2023) adopted the single reactor AE/AN enrich
ment strategy, using the NOx produced by the S-SBR during the feast 
phase or a synthetic source, and achieved 49.7% and 58–64% w/w of 
PHAs, respectively. However, it has to be reported that the substrate 
used during the accumulation in the above-cited papers had a C/N be
tween 8 and 50 g COD/g N, thus explaining the higher amount of pro
duced PHAs.

3.3. Structure of prokaryotic microbiota of SS at the phylum level and 
bacterial signature

The metagenomic analyses focused on the comparison between 3.5 
C/N (Period III), 2 C/N (Period II), and 1 C/N (Period I) SS samples 
collected from the S-SBR pilot plant. In particular, the samples were 
collected at the end of each experimental period (45 days) after the 
feast-famine cycle through the sampling port of the S-SBR reactor, when 
the monitored S-SBR parameters (i.e., sCOD and NH4

+-N removal effi
ciencies) remained stable (Table 3). Thus, sampling at the end of the 
selection process provided a snapshot of the microbial community 
structure shaped by the operational conditions. This sampling allowed 
the feast-famine cycle selection pressure to shape microbial populations 
with the most productive species represented by their relative abun
dances. Thus, sampling at this point ensured consistent and reliable data 
that accurately represented the microbial community productive 
capacity.

For bacterial microbiota analysis, amplicon sequencing targeting the 
16S rDNA gene, obtained starting from SS metagenomic DNA, was 
performed through NGS. After filtration, denoising, and merging, ASVs 
were identified using the suite QIIME2 and classified at the genus level 
using a 99% sequence similarity threshold against the Greengenes 
database. Most ASVs identified in this study were assigned to the Bac
teria domain. In the 3.5 C/N sample, 100% of the microorganisms 
belonged to the bacterial kingdom, and no Archaea were found. In 

Table 4 
Average parameters and standard deviations of the N-SBR’s performance over 
the three periods.

Parameter U.M Period

I II III

sCOD influent mg/L 272.9 ± 82.8 254.8 ± 135.0 546.3 ± 29.8
sCOD effluent mg/L 12.8 ± 7.0 21.4 ± 3.9 64.0 ± 13.2
sCOD removal 

efficiency
% 94.8 ± 3.8 90.0 ± 4.5 88.3 ± 1.8

NH4 
þ-N influent mg 

N/L
79.0 ± 9.5 119.0 ± 42.2 513.8 ± 19.6

NH4
þ-N effluent mg 

N/L
4.4 ± 3.1 8.1 ± 1.1 34.6 ± 17.7

NH4
þ-N removal 

efficiency
% 94.0 ± 5.0 92.5 ± 2.8 93.2 ± 3.6

NAR % 13.5 ± 9.6 16.6 ± 3.4 77.0 ± 3.2
Nitrification 

efficiency
% 92.9 ± 5.7 91.8 ± 3.0 92.9 ± 3.8

Fig. 2. PHA accumulated at the 10th day of accumulation (a) and minimum, 
average and maximum PHA productivity achieved during the accumulation (b) 
for the three experimental periods.
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sample 2 C/N, 99.96% of the organisms that formed the microbiota of 
the sample were Bacteria, and only 0.04% were Archaea. Finally, in the 
1 C/N sample, 99.88% of the microorganisms belonged to the bacterial 
kingdom and 0.12% to the Archaea. Previous studies, in line with our 
results, have shown Bacteria as the dominant prokaryotic population in 
SS (98.8%), with Archaea accounting for only 1.2% (Yu and Zhang, 
2012; Zhang et al., 2012; Xia et al., 2010; McLellan et al., 2010; Mathur 
et al., 2023). In our previous work, a preponderance of Bacteria 
compared to Archaea was found in the SS microbiota (Di Leto et al., 
2024). The initial SS sample was subjected to a metataxonomic analysis 
of the prokaryotic microbial community structure (Fig. S1). The initial 
microbiota structure was composed primarily of Bacteria rather than 
Archaea. The predominant phyla were Proteobacteria (48.7%), Bacter
oidetes (41.5%), Verrucomicrobia (3.6%), and OD1 (2.0%) (Figs. S1–A). 
The families mainly represented were Saprospiraceae (17.9%), Coma
monadaceae (8.1%), Rhodocyclaceae (5.8%) and Beijerinkiaceae 
(4.7%) (Figs. S1–B). The structure of prokaryotic microbiota in the 3.5, 
2, and 1 C/N samples was analysed by comparing the relative abun
dances at the phylum, family, and genus levels. This analysis revealed 
that most of the bacterial phyla were composed of the Proteobacteria 
phylum, with the highest percentage abundance in the 3.5 C/N sample 
of 74.91 % (Fig. 3). The percentage abundance values in the other two 
samples were lower, consisting of 69.05% and 73.20% in 2 and 1 C/N. 
The second most abundant phylum was Bacteroidetes, with the highest 
percentage of 24.85 % found in the 2 C/N and 19.11 and 18.68 % 1 and 
3.5 C/N samples, respectively.

3.4. Bacterial signature

Understanding the bacterial signature of the relative abundance ratio 
between Proteobacteria and Bacteroidetes helps to study microbial re
lationships within an ecosystem. Indeed, these data reveal a prepon
derance of Proteobacteria compared to Bacteroidetes in the sample with 
the best PHA yield. Specifically, in this study, the relative abundance 
ratio between Proteobacteria and Bacteroidetes was 4.02, 2.78, and 3.84 
in 3.5, 2, and 1 C/N SS samples. Interestingly, in all three final samples, 
the increase in Proteobacteria phylum members, the best PHA-producers 
(Sruamsiri et al., 2020), and a decrease in Bacteroidetes, 

Verrucomicrobia, and OD1 phylum members were observed with 
respect to the initial SS microbiota. In addition, at the family level, 
Saprospiraceae and Beinjerinkiaceae decreased in all C/N ratios with 
respect to the initial SS microbiota. At the same time, Comamonadaceae 
increased in 2 C/N and 1 C/N and decreased in 3.5 C/N compared to the 
initial SS sample microbiota. In contrast, Rhodocyclaceae, belonging to 
the Proteobacteria, increased in 3.5 C/N and decreased in the other two 
2 and 1 C/N samples. Proteobacteria are outstanding producers of PHAs. 
Sruamsiri et al. (2020) identified them as the predominant phylum in 
PHA production. Additionally, Liu et al. (2013) investigated the impact 
of high COD/N levels (10–125) on maximizing PHA yields from SS in an 
anaerobic/aerobic cycle. They recognised Proteobacteria as among the 
influential PHA-producers. In this context, Sruamsiri et al. (2020)
discovered that among the various classes of Proteobacteria, Betapro
teobacteria (51.37%) were the ones contributing to the highest PHA 
yields, followed by Gammaproteobacteria (23.44%), and Alphaproteo
bacteria (13.26%). In line with these results, in this work, a high per
centage of Betaproteobacteria was found in the sample, which gave the 
maximum yield of the produced PHAs (Fig. S2). In fact, in the 3.5 C/N SS 
sample, the percentage of Betaproteobacteria was 90.23%, while in the 
2 and 1 C/N SS samples, they were 59.62 and 65.15 %, respectively. 
Gammaproteobacteria (5.47, 33.67 and 28.71 % in 3.5, 2, and 1 C/N 
conditions, respectively) and Alphaproteobacteria (2.77%, 3.32 and 
3.27 % in 3.5, 2, and 1 C/N conditions, respectively) were present in 
lower percentages than Betaproteobacteria. Deltaproteobacteria and 
Epsilonbacteria were present in minority concentrations. Bacteroidetes 
are generally considered consumers more than producers of PHAs 
(Eronen-Rasimus et al., 2022). These bacteria are known for deleting 
complex organic materials and consuming PHA produced by other mi
croorganisms rather than storing it as a carbon and energy reserve. 
Although they may possess some genes involved in the biosynthesis of 
PHAs (Tyagi et al., 2021; Vicente et al., 2023), their primary role in the 
carbon cycle is often the decomposition of organic substances. From the 
perspective that Proteobacteria are seen as PHA-producers and Bacter
oidetes as potential PHA-degraders, the bacterial signature linked to the 
relative abundance ratio between Proteobacteria and Bacteroidetes be
comes significant since a higher ratio was observed in favour of Pro
teobacteria in the 3.5 C/N sample yielding the maximum PHA 
production (Fig. S2). However, there was also an interestingly high 
percentage of Firmicutes and Verrucomicrobia phyla. Firmicutes were 
less abundant in 3.5 C/N (1.34%) compared to 2 and 1 C/N, where they 
were more abundant (2.50% and 3.06%, respectively). Verrucomicrobia 
were most abundant in the 3.5 C/N sample (1.48%) compared to 2 and 1 
C/N samples (0.32% and 0.68%, respectively). There is limited knowl
edge regarding the role of Verrucomicrobia in PHA production. How
ever, Hanson et al. (2016) identified this bacterial phylum among the 
minority phyla (i.e. with a percentage abundance of 0.6–3%) in MMC 
involved in PHA production, suggesting a potentially positive role for 
this bacterial phylum. Firmicutes are generally considered good pro
ducers of PHAs (Reddy and Mohan, 2012). Several members of this 
phylum are known for their ability to produce and accumulate PHAs as a 
carbon and energy reserve. These bacteria can synthesise various types 
of PHAs in response to stress conditions or excess carbon (Chou et al., 
2023). However, their relative abundance is inversely correlated with 
the total PHA produced under the three C/N conditions assayed. The 
phylum Spirochaetes and Actinobacteria are present in very low per
centages, but they show an increasing trend from 3.5 C/N (0.04% and 
0.21%, respectively) to 2 C/N (0.60% and 0.25%, respectively) and 1 
C/N sample (0.60% and 0.30%, respectively). Spirochaetes are not 
known to be PHA-producers, while some bacterial genera belonging to 
the Actinobacteria, such as Rhodococcus, are excellent PHA-producers 
(Trakunjae et al., 2021). However, their low relative abundances in 
the three samples analysed suggest that they contributed minimally to 
the final yield of the obtained PHAs.

Fig. 3. Histograms reporting the prokaryotic microbiota relative abundances, 
at the level of phyla, of sewage sludge from 3.5, 2 and 1 C/N condition S-SBR 
samples. The relative abundance indicated the percentage of each phylum 
compared to all the identified phyla. Taxa having percentage abundance lower 
than 1 are grouped as “Others”.
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3.5. Structure of prokaryotic communities of SS at family level: 
Proteobacteria/Bacteroidetes subdivision

Examining the families provides deeper insights into the relation
ships within microbial communities concerning PHA production and 
different C/N conditions. The significance of the bacterial signature 
previously discussed in the Proteobacteria/Bacteroidetes phyla context 
was even more pronounced at this taxonomic level. All the detected 
families (excluding unclassified and "others" with a percentage lower 
than 1%) with a considerable percentage abundance, exceeding 1%, 
belonged to the Proteobacteria or the Bacteroidetes, as shown in Fig. 4. 
Considering the families belonging to the Proteobacteria phylum first, it 
is noteworthy that the most abundant family in the 3.5 C/N sample is 
certainly the Rhodocyclaceae (9.16%), followed in a smaller percentage 
by Campylobacteraceae (1.27%) and Nitrosomonadaceae (1.31%). 
These families had a lower percentage abundance in the 2 C/N condition 
(4.44%, 0.95%, and 1.04%, respectively) and 1 C/N (3.49%, 0.80%, and 
0.47%, respectively). On the other hand, samples from 2 to 1 C/N had 
higher percentages of Comamonadaceae (20.07% and 27.94%), Mor
axellaceae (13.34% and 14.59%), and Pseudomonadaceae (5.90% and 
6.30%), whereas in 3.5 C/N condition they were present in lower per
centages (4.84%, 1.28%, and 0.69%, respectively). All the families 
mentioned above, belonging to Proteobacteria, are recognised for their 
excellent PHA production capabilities (Perez-Zabaleta et al., 2021). Still, 
the Campylobacteraceae and Nitrosomonadaceae families are less 
extensively documented for PHA production. Analysing the composition 
of the families belonging to the Bacteroidetes phylum, it is possible to 
note a marked percentage abundance of Flavobacteriaceae in 3.5 C/N 
condition (7.94%) compared to 2 and 1 C/N samples (2.63% and 2.62%, 
respectively). The scientific literature does not provide much informa
tion regarding the capabilities of Flavobacterium; however, recent 
studies (Zhou et al., 2023a) report that some genera belonging to the 
family mentioned above can exploit VFAs to produce PHAs to be used as 
their energy reserve. In 2 and 1 C/N conditions, there were also more 
significant percentages of Saprospiraceae (3.43% and 2.44 %, respec
tively), Chitinophagaceae (2.77% and 2.12 %, respectively), Porphyr
omonadaceae (2.83% and 1.96 %, respectively), and Weeksellaceae 
(2.24% and 1.62%, respectively) as compared to 3.5 C/N (2.53%, 
1.24%, 0.58%, and 0.13% for Saprospiraceae, Chitinophagaceae, Por
phyromonadaceae and Weeksellaceae, respectively). Interestingly, all of 
them are known to be PHA-degraders (Lv et al., 2024); therefore, these 

findings paralleled the reduced PHA yields in the 2 and 1 C/N samples 
compared to the 3.5 C/N samples.

3.6. Structure of SS prokaryotic microbiota at the genus level

To better understand how the microbial community changed after 
the selection process due to the different C/N conditions, the bacterial 
genera that comprised the microbiota of the three different SS samples 
were also analysed (Fig. 5). The 3.5 C/N sample, which produced the 
highest PHA yield, exhibited a higher percentage of Flavobacterium 
(7.97%) at the genus level, along with smaller percentages of Aqua
bacterium (1.64%) and Arcobacter (1.25%). The relative abundance of 
these three bacterial genera was reduced in samples 2 C/N (2.61%, 
1.13%, and 1.25%, respectively) and 1 C/N (2.63%, 0.94%, and 0.80 %, 
respectively). On the contrary, a greater percentage abundance of the 

Fig. 4. Pie charts reporting the microbiota taxonomic composition, at the level of family, of sewage sludge from 3.5, 2 and 1 C/N condition S-SBR samples, 
considering members belonging to Proteobacteria (A) and Bacteroidetes (B) phyla. The relative abundance represented by the pie charts indicated the percentage of 
each class compared to all the identified classes that belonged to the Proteobacteria (A) or Bacteroidetes (B) phyla.

Fig. 5. Heatmap of 16 most abundant prokaryotic genera in the microbiota of 
sewage sludge from 3.5, 2 and 1 C/N condition S-SBR samples as inferred by 
HeatMapper bioinformatic analysis. The color intensity in each sample was 
normalized to represent its relative ratio in the two groups. Colors from blue to 
yellow indicated the relative values of microbiota.
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genera Comamonas, Acinetobacter, Pseudomonas, and Paludibacter was 
identified in the samples 2 C/N (15.82%, 13.37%, 5.87% and 2.24% 
respectively) and 1 C/N (24.44%, 14.61%, 3.61%, and 1.41% respec
tively) compared to 3.5 C/N (0.00%, 0.37%, 0.00%, and 0.02% 
respectively). Flavobacterium and Paludibacter belong to the Bacteroidetes 
phylum, whereas all the other genera belong to the Proteobacteria 
phylum. At the genus level, as with phyla and families, the signature of 
Proteobacteria/Bacteroidetes is evident, while other phyla constitute a 
minority. Interestingly, Flavobacterium, the most abundant bacterial 
genera in the 3.5 C/N sample, is reported to possess PHA production 
capabilities. In particular, Wang et al. (2017) investigated how dissolved 
oxygen during the feast phase of the feast-famine cycle influences the 
selection of bacteria and yield of PHA production. They found that 
Flavobacterium was one of the primary bacterial genera involved, 
showing a preference for butyrate and valerate over acetate and propi
onate as substrates. Limited knowledge exists about Aquabacterium and 
Arcobacter and their PHA production capabilities. However, the first 
PHA-producing strain from the Aquabacterium genus was recently iso
lated from soil and identified (Feng et al., 2023). Based on its structural 
characteristics, the PHAs produced by this strain were determined to be 
poly(3-hydroxybutyrate) (PHB) (Feng et al., 2023). Concerning Arco
bacter, this genus was mainly represented in reactors in which PHA 
production was maximised (Liu et al., 2023). Comamonas and Pseudo
monas can synthesise PHAs as intracellular carbon and energy storage 
compounds (Correa-Galeote et al., 2022). Still, Acinetobacter and Pal
udibacter are mainly considered degraders, especially of PHBs (Cho 
et al., 2021). Therefore, given the preponderance of PHA-producing 
bacteria in all three samples analysed, it is clear that the greater PHA 
yield can be attributedto the greater percentage abundance of Fla
vobacterium and Aquabacterium in the 3.5 C/N sample, while the lower 
PHA yield in 2 C/N and 1 C/N condition samples is to be attributed to a 
high percentage of Acinetobacter as it can also be surmised by heatmap 
representation of microbiota structure. This finding indicates that a 3.5 
C/N effectively favoured the selection of PHA-producers compared to 
the other two C/N conditions. Additionally, the clustering analysis 
supports this finding, as the 3.5 C/N sample forms a separate cluster, 
distinct from the other two samples, which instead cluster together.

3.7. Structure of SS eukaryotic microbiota at kingdom level

Little is known about the eukaryotes in MMCs from SS microbiota 
that produce PHAs, as most research has predominantly focused on 
bacteria (Fukala and Kučera, 2024). Eukaryotes, including fungi, have 

been largely overlooked in this context, with their potential roles and 
direct or indirect contributions still needing to be explored. This gap in 
the research highlights the need for further investigations into the 
eukaryotic microbiota members which could provide valuable insights 
into the production of PHAs. The eukaryotic microbial community was 
studied to fill this gap and identify the role of fungi in PHA production. 
Since the ITS region was used as a marker for analysis, all eukaryotic 
microorganisms in the different samples were screened at the kingdom 
level (Fig. 6), while the focus at the phylum level was primarily on the 
fungal community (Fig. 7). The ANOVA, calculated using the abundance 
values from the two replicates analysed for each treatment, revealed 
that the only statistically significant variability at the kingdom level was 
associated with the fungal kingdom. Fig. S3 shows a phylogenetic tree 
based on the ITS marker. Kingdoms were highlighted using colour code, 
while classes were shown for each taxon. Most clusters comprise the 
considerable variance of fungal community between the treatments 3.5 
C/N and 1 C/N and between 2 C/N and 1 C/N. As highlighted in Fig. S4, 
the Principal Coordinate Analysis (PCoA) of the fungal community 
based on the weighted UniFrac distance provides a visual representation 
of the analysed data, making it easier to identify that the trends obtained 
represent a high similarity between the two replicates of each treatment. 
The main kingdoms found were 5 (Fig. 6), excluding a small percentage 
(0–0.09%) of eukaryotic Incertae sedis. Alveolata were present at an 
average rate of 97.17% in 3.5 C/N, 59.42% in 2C/N, and 22.09% in 
1C/N, decreasing in proportion to the reduction in the C/N value. Fungi 
were present at 0.99% in 3.5 C/N, 7.24% in 2 C/N, and 66.30% in 1 C/N. 
Viridiplantae were present at 0.46% in 3.5 C/N, 21.49% in 2 C/N and 
8.24% in 1 C/N. Stramenopila were present at 0.92% in 3.5 C/N, 9.92% 
2 C/N and 1.90% in 1 C/N. Finally, Rhizaria were absent in 3.5 C/N, 
while in 2 C/N, they were 0.01% and 0.21% in 1 C/N. Many of the 
members of these groups, all characterised by the presence of the ITS 
region within their DNA, are microorganisms. Still, some also include 
macroscopic organisms visible to the naked eye. It is evident to note, as 
in the 3.5 C/N sample, which gave the maximum PHA yield, that the 
majority of the eukaryotes analysed are Alveolata. The Alveolata, a 
group of eukaryotes that includes Dinoflagellates, Apicomplexa, and 
Ciliates, need to be recognised for their capability to produce PHA or 
bioplastics. Therefore, further investigations must be undertaken to 
explore their potential role in PHA production, especially considering 
their significant presence in the sample that yielded the highest PHAs 
among those tested. Unfortunately, not even eukaryotes such as Vir
idiplantae (green algae and land plants), Stramenopila (diatoms, brown 
algae) and Rhizaria (foraminifera, radiolarians) are known for their 
ability to produce PHAs. However, fungi are the only eukaryotes rec
ognised for their capability to produce PHAs, encompassing various 

Fig. 6. Histograms reporting the relative abundances of eukaryotic microbiota 
taxa, at the level of kingdom, of sewage sludge from 3.5, 2 and 1 C/N condition 
S-SBR samples. The relative abundance indicated the percentage of each 
kingdom compared to all the identified kingdoms.

Fig. 7. Histograms reporting the relative abundances of fungal microbiota, at 
the level of phylum, of sewage sludge from 3.5, 2 and 1 C/N condition S-SBR 
samples. The relative abundance indicated the percentage of each phylum 
compared to all the identified phyla. Taxa belonging to eukaryotes that did not 
belong to the fungal community are grouped together like “Others”.
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genera of filamentous fungi and yeasts (Wu et al., 2017; Liu et al., 2021) 
with some fungal phyla comprising PHA-degrading members (Lee et al., 
2005).

3.8. Structure of SS eukaryotic microbiota at the phylum level

To infer information on the ability to produce or degrade PHAs, the 
fungal community was analysed at the taxonomic level of phylum 
(Fig. 7). In the 3.5 C/N sample, the fungal community constitutes only 
1.4% of the phyla identified (98.96% of others). This finding provides 
two significant insights: first, that PHA production in this sample is 
unlikely to originate from fungi; second, it suggests a potential 
involvement of Alveolata, the most abundant kingdom in the 3.5 C/N 
treatment, in PHA production. As the C/N value decreases, the fungal 
community has a corresponding increase. In the 2 C/N sample, 7.39% of 
the identified phyla were attributed to fungi, while 92.61% belonged to 
other organisms. Notably, a significant increase was observed in the 
Blastocladomycota phylum, which reached 3.89% in the 2 C/N samples. 
Blastocladiomycetes are aquatic fungi that produce flagellated zoo
spores. They are known to be efficient decomposers, especially in 
degrading organic matter. It is documented that there is a correlation 
between the prokaryotic and eukaryotic microbiota members. Alveolata 
and bacteria members can establish symbiotic interactions that can 
determine concomitant changes in their abundance as well as fungi can 
interact with bacteria in different and even unpredictable ways, 
including competition, mutualism and establishment of trophic chains 
(i.e. synthrophism) (Pawlowska, 2024; Fokin and Serra, 2022; Gralka 
et al., 2020). Therefore, changes in prokaryotic and eukaryotic micro
biota structures can parallel even if a specific stimulus or condition can 
directly affect fungal or bacterial community members (Pawlowska, 
2024; Di Bella et al., 2023; Fokin and Serra, 2022; Gralka et al., 2020).

Most studies on Blastocladomycota focused on their function in the 
carbon and nitrogen cycle, emphasising the decomposition of plant 
organic matter and other organic materials in soil and aquatic envi
ronments (Watkinson et al., 2015). However, no evidence suggests that 
Blastocladomycota can degrade or produce PHAs. Regarding the treat
ment with 1 C/N, the fungal community increased to 67.14% (others 
were 32.86%). The main phyla were Basidiomycota (49.03%), Asco
mycota (11.04%), and Rozellomycota (6.25%). ANOVA had significant 
variation between sample 3.5 C/N and 1 C/N and between sample 2 C/N 
and 1 C/N. Basidiomycota, Ascomycota, and Rozellomycota are fungal 
phyla with diverse ecological roles, including decomposition of organic 
matter. While some fungi within these phyla are efficient decomposers 
of various organic compounds, including complex polymers like cellu
lose and lignin, there is limited evidence to suggest that they are natural 
degraders of PHAs under normal environmental conditions. Zhou et al. 
(2022) noted that if microplastics or PHAs are added to a fungal com
munity, mainly these phyla reduce its percentage abundance. Therefore, 
the fact that these three species are more abundant in 1 C/N sample may 
be dictated by the fact that there is the lowest concentration of PHA 
among the different treatments. These phyla may degrade PHAs under 
specific conditions or in consortia with bacteria, but this capability is not 
well-documented compared to bacterial degradation. Therefore, their 
role in PHA degradation remains an area for further research and 
exploration.

4. Conclusions

This study focused on the SS microbiota structure modulation 
depending on three C/N settings during a feast-famine cycle regime to 
produce PHAs in a selective-sequencing batch reactor in a pilot plant. 
This experimental campaign allowed us to determine some criteria for 
optimising the yield of PHA production after a month. First of all, the C/ 
N ratio, within a feast-famine cycle, allowed the selection of good PHA- 
producing bacteria such as Proteobacteria. In this case, 3.5 C/N led to an 
increase of PHA yield. Therefore, by carefully applying the criterion of 

controlled feeding during the feast and famine phases, where the reactor 
receives liquid from the fermented sludge during the aerobic phase and 
effluent from the N-SBR during the anoxic phase in the pilot plant, 
improved PHA yields were achieved. Indeed, the C/N value is a key 
parameter in optimising the PHA production by SS-MMC. Meta
taxonomic analyses revealed that the predominant bacterial phylum was 
Proteobacteria, particularly Betaproteobacteria, known for their valu
able PHA-producing capabilities, followed by some PHA-producing 
genera from the Bacteroidetes phylum, such as Flavobacterium. A 
distinct bacterial signature promoting Proteobacteria over Bacteroidetes 
was evident at the family level, particularly in the 3.5 C/N condition. At 
the level of the eukaryotic community, despite limited existing scientific 
literature, certain phyla seem to play roles in various aspects of PHA 
production dynamics. Thus, this study could establish the basis for 
future investigations offering significant insights into the prokaryotic 
and eukaryotic microbiota structure and the possible relationships 
thereof. Optimised PHA production lays the groundwork for forth
coming biotechnological and industrial advancements for modulating 
MMC structure. In addition, it underscores the potential of exploiting 
wastewater from the UniPA Campus in circular economy practices. 
Converting this wastewater stream into valuable materials such as PHAs 
would substantially reduce waste disposal and environmental footprint 
while boosting bioplastic manufacturing in a sustainable small-scale 
WRRF.
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