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Abstract: Conversion of wastewater treatment plants into biorefineries is a sustainable alternative for
obtaining valuable compounds, thus reducing pollutants and costs and protecting the environment
and human health. Under specific operating conditions, microbial fermentative products of sewage
sludge are volatile fatty acids (VFA) that can be precursors of polyhydroxyalkanoate thermoplastic
polyesters. The role of various operating parameters in VFA production has yet to be elucidated.
This study aimed to correlate the levels of VFA yields with prokaryotic microbiota structures of
sewage sludge in two sets of batch fermentations with an initial pH of 8 and 10. The sewage
sludge used to inoculate the batch fermentations was collected from a Sicilian WWTP located in
Marineo (Italy) as a case study. Gas chromatography analysis revealed that initial pH 10 stimulated
chemical oxygen demands (sCOD) and VFA yields (2020 mg COD/L) in comparison with initial
pH 8. Characterization of the sewage sludge prokaryotic community structures—analyzed by next-
generation sequencing of 16S rRNA gene amplicons—demonstrated that the improved yield of VFA
paralleled the increased abundance of fermenting bacteria belonging to Proteobacteria, Bacteroidetes,
Chloroflexi, and Firmicutes phyla and, conversely, the reduced abundance of VFA-degrading strains,
such as archaeal methanogens.

Keywords: volatile fatty acid production; sewage sludge; microbiota structure; pH influence;
prokaryotic community

1. Introduction

Wastewater is the combination of domestic, industrial, urban, and agricultural water
collected by urban drainage systems that flows into wastewater treatment plants (WWTPs).
In a WWTP, the water undergoes various purification processes, both physical and microbi-
ological, to get rid of organic and inorganic pollutants that can endanger human health and
the environment by causing genotoxicity, cytotoxicity, tumorigenesis, and ecotoxicity [1].
Physical processes such as sandblasting (screening), deoiling (grease removal), and grilling
(grit removal) represent the first stage of wastewater treatment to eliminate coarse particles.
Afterwards, microorganisms with their metabolic capacities degrade the organic matter,
producing the simplest compounds and biomass as a result of microbial growth. Clarifi-
cation and decantation to remove the insoluble component from the water (i.e., sewage
sludge including microbial cells) and disinfection represent the two final stages [2]. At
the end of the treatment, the purified water is introduced into receiving water bodies, for
example, lakes, rivers, and the sea. On the other hand, the produced sewage sludge is,
in most cases, disposed of in solid-waste landfills or incinerators. Although conventional
WWTPs play an essential role in regulating the eutrophication of aquatic environments,
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they also cause environmental pollution because of the produced greenhouse gases [3] or
the accumulation of sewage sludge disposals.

In Italy, 395,000 tons of dry sewage sludge are produced annually from WWTPs. Vari-
ous processes are applied to dispose of the sewage sludge (incineration, storage in specific
landfills); only 9.9% is reused in agriculture [4]. Thus, it is a challenge to obtain materials
and energy still present in the sewage sludge, transforming WWTPs into water resource
recovery facilities (WRRFs) or waste water biorefineries (WWBRs) to protect water quality,
the environment, and thus human health and for the recovery of high-value compounds
with the intent of sustaining circular economic processes [5]. In particular, sewage sludge
can be a source of compounds, such as biopolymers or their precursors. The demand
for biodegradable polymers has grown by 30%, while that for conventional polymers by
3% [6]. Polyhydroxyalkanoates (PHAs) are thermoplastic biodegradable polyesters with
excellent properties. PHAs are environmentally and economically sustainable microbial
fermentation products, suitable for replacing petroleum-derived plastics [7].

In a WWTP, microbial communities residing in the sewage sludge use organic matter,
such as proteins, polysaccharides, and lipids, and produce VFA, H2, and CO2 [8,9]. VFA
such as acetic, butyric, propionic, and valeric acids can be excellent precursors to feed the
production of PHAs that accumulate in bacterial cells in the form of granules as carbon
and energy reserves [10]. It is known that the concentration of carbon, temperature, and
variation in environmental pH are fundamental parameters that activate the production
of PHAs [11]. Due to the importance of VFA production in the development of a PHA-
producing facility, an increasing number of studies have been carried out focusing on
the prokaryotic (i.e., bacterial and archaeal) microbiota of sewage sludge that affect the
production of VFA. Although bacterial and archaeal species have an essential role in VFA
yields and many environmental factors influence microbial fermentation [12], studies are
now underway to better understand the effects of the microbiota structure on fermentation
processes aimed at the production of VFA. Therefore, in order to optimize fermentation
processes and the production of VFA, the relationships between different operating condi-
tions leading to the improvement in VFA yields and their effects on microbial communities’
structure need to be deeply analyzed. As an example, Chen et al. (2021) [13] showed that
different compositions of hydrothermal conversion wastewater led to the enrichment of
different microbial communities, affecting the VFA yields. Other studies have aimed at
optimizing the production of VFA of one or more volatile fatty acids by exploiting axenic
microbial cultures [14] or by adding specific substances to enhance production [15]. Some
studies have been conducted to test the effect of pH on the production of VFA from waste
substances (wastewater, kitchen waste, and waste derived from industry and fishing).
Many of these studies have found success in producing VFA at acidic pH [16]. Another
work showed that comparing acidic and basic conditions the best yields of VFA occur at
alkaline pH [17]. To date, the main phyla identified at starting basic pH of waste fermenta-
tion are Bacteroidetes, Firmicutes, and Spirochaetes [18]. In a recent work [19], the positive
influence of basic pH (i.e., pH 8) was revealed for stimulating the production of VFA. In
another very recent study, preliminarily the importance of setting basic pH values at the
initial condition to improve the production of VFA was assessed in batch fermentations,
then the influence of pH on microbial community structures in continuous fermentation
was evaluated comparing pH-controlled and uncontrolled conditions, where pH was set at
7.5–8 [20].

In this study, the sewage collected from a real Sicilian WWTP located in Marineo
(Italy) as a case study [21] was used to inoculate batch fermentations to set an optimized
production process of VFA. In particular, the production of VFA was evaluated in respect
of two initial pH (i.e., pH 8 and 10, respectively). Then, the different levels of VFA due to
starting pH conditions were correlated with the structures of the prokaryotic microbiota
residing in the sewage sludge in order to highlight the presence of specific prokaryotic
members and bioinformatically inferred microbial metabolic capabilities with improved
production of VFA.
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2. Materials and Methods
2.1. Experimental Setup

The WWTP is located in Marineo, a town of 6438 inhabitants (ISTAT, 2019) in the
metropolitan city of Palermo (Sicily). The plant is located at an altitude of 550 m above sea
level and has an average daily flow rate of 2160 m3/d. The WWTP has a sewage sludge
scheme, whereby the incoming wastewater is first subjected to sandblasting, deoiling, and
mud screening, then subjected to the sewage sludge process [21]. In recent studies, it has
been found that the basic pH 10 set at the start of batch fermentation favors the production
of VFA [19]; thus, two experiments in sequence were carried out (reported as conditions
A and B, respectively) to evaluate the effect of pH 8 and pH 10, respectively. The sewage
sludge inoculum samples (ten liters each) for experiments A and B were collected 24 days
apart from each other and were labeled T0-A and T0-B, respectively (Table 1). The two
sewage sludge samples—collected from the recirculation circuit that carries the biomass
from the settler to the biological sewage sludge reactor inside the plant—were transported
to the laboratory at room temperature. The batch fermentation test reactors were assembled
in anaerobiosis, on the same day of the sampling. For each tested pH value, 8 and 10, which
are referred to as experiments A and B, respectively, two 1.1 L batch reactors were assembled
in parallel in the following way: one having the pH adjusted by adding a saturated solution
of NaOH 1N at the beginning of fermentation at the pH 8 (Experiment A) or at pH 10
(Experiment B), and the other one with unadjusted pH used as the control condition
(Control A or Control B, respectively). Thus, a total of four batch reactor fermentations
were performed (Table 1). The reactors are magnetic stirred glass bottles, equipped with
two sampling ports for liquid and gas sampling and two electrode ports. pH, oxidation-
reduction potential (ORP) and temperature were continuously monitored using the relative
probe connected to a Multi 3630 IDS WTW multimeter (Xylem brand). The fermentation
processes were carried out until the soluble chemical oxygen demand (sCOD) and pH
values tended to be almost stabilized. Fermentation took place at room temperature for
15 days. The reactors were constantly monitored.

Table 1. Samples analyzed in this study.

Condition Sample Sampling Date Sample Details

Condition A
(pH 8)

T0-A 01/06/2021
Sewage sludge sample collected from Marineo
WWTP and used as inoculum for Control A and
Experiment A batch fermentations

Control A 16/06/2021 Sewage sludge sample collected after batch
fermentation without pH adjustment

Experiment A 16/06/2021 Sewage sludge sample collected after batch
fermentation with initial pH adjustment at 8

Condition B
(pH 10)

T0-B 25/06/2021
Sewage sludge sample collected from Marineo
WWTP and used as inoculum for control B and
experiment B batch fermentations

Control B 9/07/2021 Sewage sludge sample collected after fermentation
without pH adjustment

Experiment B 9/07/2021 Sewage sludge sample collected after fermentation
with initial pH adjustment at 10

2.2. sCOD and VFA Analysis

Once the batch fermentation tests were assembled and equipped with a probe capable
of detecting the pH, the soluble chemical oxygen demand (sCOD) was measured each
day. The samples for which sCOD and pH were monitored were Control A, Control
B, Experiment A and Experiment B. For these analyses, the sewage sludge sample was
filtered each time and the analyses of sCOD were carried out on the supernatant. Sampling
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involved the use of a syringe through which 20 mL of each sample was collected from
each batch fermentation reactor every day and placed in sterile 50 mL tubes. The samples
were then subjected to centrifuge at 4000× g for 5 min, then the supernatant was filtered
with sterile 0.45 µm Millipore filters. The filtrate was collected in new sterile tubes and
subjected to analysis. Analyses of sCOD on the filtrate were carried out using a COD Cell
Test—photometric 25–1500 mg/L kit (Supelco) following the manufacturer’s instructions.
For the photometric reading, quartz cuvettes and a Merck spectrophotometer were used.
On the peak day of the sCOD, the filtrate taken from the batch fermentation test was
subjected to VFA analysis to evaluate the production. The VFA analyses were carried out in
a gas chromatograph (Agilent Technologies 7820A, Santa Clara, CA, USA) equipped with a
flame ionization detector (FID) and a DB FFAA column (30 m × 0.25 × mm × 0.25 µm).
The filtrate samples with 0.45 micrometer syringe filters (Sartorius Minisart) were prepared
by adding dimethyl carbonate (DMC Reagent Plus, Sigma Aldrich, St. Louis, MI, USA). A
rate of about 1 uL through a 10 uL Hamilton microsyringe was analyzed. Samples (200 µL)
of the filtered fermentation mixture samples were transferred into gas chromatography
(GC) vials and 800 µL of a stabilizing solution composed of HgCl2 (0.5 g), phosphoric acid
(5 mL, 100%) and hexanoic acid (0.54 mL, internal standard) was subsequently added. A
gas chromatograph (GC) (Agilent Technologies 7820A), equipped with a flame ionization
detector (FID) and a DB FFAA column (30 m × 0.25 × mm × 0.25 µm), was used for the
detection of short-chain fatty acids [19].

2.3. Prokaryotic Microbiota Structure Analysis

Analysis of prokaryotic microbiota structure of sewage sludge was performed by
metataxonomics based on NGS analysis of 16S rRNA gene amplicons obtained from
metagenomic DNA. In particular, a total of six sewage sludge samples were analyzed,
as indicated in Table 1: T0-A and T0-B corresponding to the sewage sludge collected in
Marineo WWTP [21]; Control A and Control B corresponding to the sewage sludge of batch
reactors in which pH was not adjusted at the beginning of the process; Experiment A and
Experiment B corresponding to the sewage sludge of the batch reactors in which the pH
was set at the beginning of the fermentation at pH 8 and pH 10, respectively. The Control
A, Control B, Experiment A, and Experiment B samples were collected at the end of the
fermentation process.

The analyses were performed on unfiltered and uncentrifuged samples. The pro-
cedures already described [19] were followed. The DNA extractions were evaluated by
1% (w/v) agarose gel electrophoresis analysis, with the addition of 0.5 µg/mL ethidium
bromide for visualization using a UV lamp. The concentrations of the DNA, extracted
from 1 g of sewage sludge samples and the corresponding tenfold serial dilutions were
measured by reading absorbance at 260 nm with a NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). The purity of the extracted DNA was
evaluated by measuring the absorbance ratios (260/280 and 260/230 nm) to indicate con-
tamination due to proteins and organic compounds or chaotropic agents, respectively. The
following primers were used for PCR amplification of the V3-V4 regions of the 16S gene:
PRO 341F CCTACGGGNBGCASCAG and PRO 805R GACTACNVGGGTATCTAATCC.
For PCR, DreamTaq DNA polymerases (ThermoFisherScientific) was used following the
manufacturer’s instructions. The thermal profile used was: 95 ◦C for 2 min; 35 cycles of
denaturation at 95 ◦C for 30 s, annealing at 55 ◦ C for 30 s, elongation at 72 ◦C for 30 s; final
elongation at 72 ◦C for 5 min. Amplification products were sequenced in one 300 bp paired-
end run on an Illumina MiSeq platform at BMR Genomics (Padova, Italy). The raw 16S
rDNA data were processed by using the QIIME2 software (https://qiime2.org/ (accessed
on 30 January 2022)) as paired-end sequences. In the denoising approach, overlapping
paired-end reads were processed with the plugin DADA2. Unique amplicon sequence
variants (ASVs) were assigned and aligned to the Greengenes reference database at 99%
sequence similarity (https://greengenes.secondgenome.com/ (accessed on 30 January
2022)). For each sample, the number of ASVs and the percentages of relative abundances of

https://qiime2.org/
https://greengenes.secondgenome.com/
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phyla, orders, classes, and families were determined. Principal coordinate analysis (PCoA)
was chosen as a multivariate statistical approach and was generated starting from the
Bray–Curtis distance matrix using Emperor software. A heatmap was obtained through
the online web server (http://heatmapper.ca/expression/ (accessed on 8 January 2022))
based on genera. The heatmap was generated by a “complete linkage” calculation using
Spearman rank correlation.

METAGENassist (http://www.metagenassist.ca (accessed on 6 January 2022)) was
used to distinguish the microbial species based on their metabolic activity [22].

3. Results and Discussion
3.1. sCOD and pH Values in Batch Fermentations

The sewage sludge collected in the WWTP of Marineo had the following parameters:
pH 7.2 and sCOD 790 mg/L (T0-A), and pH 7.2 and sCOD 237 mg/L (T0-B). Table 2 reports
the data constantly monitored for “Control A” and “Experiment A” samples from the batch
fermentations of Condition A. Table 3 reports the data for “Control B” and “Experiment B”
samples from the batch fermentations of Condition B. Figure 1 shows graphs relating to the
sCOD along with the incubation on batch reactors and highlights the peak per day.

Table 2. Average sCOD and pH of the Control A and Experiment A batch fermentations of Condition
A experiments.

Batch Fermentation Condition A—Initial pH 8

Control A Experiment A

Day sCOD mg/L pH Day sCOD mg/L pH

0 790 ± 16 7.2 ± 0.3 0 790 ± 16 8 ± 0.8

1 930 ± 18 6.8 ± 0.2 1 1186 ± 8 6.8 ± 0.5

2 1329 ± 25 6.6 ± 0.1 2 1377 ± 10 6.7 ± 0.3

3 1374 ± 26 6.6 ± 0.1 3 1587 ± 15 6.6 ± 0.2

4 1468.5 ± 25 6.6 ± 0.1 4 1705.5 ± 15 6.6 ± 0.1

5 1563 ± 34 6.6 ± 0.1 5 1824 ± 22 6.6 ± 0.1

8 1359 ± 14 6.6 ± 0.1 8 1540.5 ± 27 6.8 ± 0.1

9 1155 ± 17 6.6 ± 0.1 9 1257 ± 25 6.8 ± 0.1

10 1117.5 ± 19 6.7 ± 0.1 10 1188 ± 23 6.7 ± 0.1

11 1080 ± 20 6.7 ± 0.1 11 1119 ± 18 6.7 ± 0.1

12 1035 ± 18 6.7 ± 0.1 12 1089 ± 20 6.8 ± 0.1

15 825 ± 15 6.7 ± 0.1 15 813 ± 15 6.8 ± 0.1

As shown in Figure 1, the sCOD peak was reached on the fifth day of incubation of
Experiment A and Control A, on the sixth day for control B, and on the seventh day for ex-
periment B. In addition, the amount of sCOD obtained in Experiment B was the highest mea-
sured, reaching 3000 mg/mL. The other samples reached approximately 1500–1800 mg/mL.
The production of sCOD increased by 1.5-fold at pH 10 over pH 8 (2020 mg/L against
1391.71 mg/L). This result confirms the positive effect of basic pH at the beginning of
fermentation on microbial species leading to high amounts of sCOD. VFA amount, deter-
mined by GC analysis, confirmed high levels on the peak day of the sCOD. Table 4 reports
both the values of VFA and the respective VFA/sCOD ratios.

http://heatmapper.ca/expression/
http://www.metagenassist.ca
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Table 3. Average sCOD and pH of the Control B and Experiment B batch fermentations of Condition
B experiments.

Batch Fermentation Condition B—Starting pH 10

Control B Experiment B

Day sCOD mg/L pH Day sCOD mg/L pH

0 237 ± 6 7.2 ± 0.3 0 237 ± 6 10 ± 2

1 556 ± 15 6.8 ± 0.2 1 2234 ± 31 7.4 ± 1

2 809 ± 14 6.6 ± 0.1 2 2413 ± 28 6.7 ± 0.4

3 1428 ± 20 6.6 ± 0.1 3 2568 ± 24 6.6 ± 0.1

6 1756 ± 26 6.6 ± 0.1 6 2733 ± 36 6.7 ± 0.1

7 1661 ± 30 6.6 ± 0.1 7 2916 ± 34 6.8 ± 0.1

8 1444 ± 24 6.6 ± 0.1 8 2838 ± 32 6.8 ± 0.1

9 1180 ± 19 6.6 ± 0.1 9 2610 ± 29 6.8 ± 0.1

10 1131 ± 17 6.7 ± 0.1 10 2418 ± 27 6.8 ± 0.1

13 1023 ± 21 6.7 ± 0.1 13 2070 ± 34 6.8 ± 0.1

14 1014 ± 23 6.7 ± 0.1 14 2025 ± 36 6.8 ± 0.1
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Table 4. Average VFA determination by GC assay and relative VFA/sCOD ratios of Condition A and
Condition B batch fermentations.

Batch Fermentation Peak Day of sCOD VFA mg COD/L VFA/sCOD

Control A 5 1303.54 ± 54.07 0.834

Experiment A 5 1391.71 ± 27.66 0.763

Control B 6 1411.82 ± 28.02 0.8

Experiment B 7 2020 ± 37.04 0.69

As revealed by previous studies, sCOD and the production of VFA are affected by
pH [19,23,24]. In particular, enhanced fermentation, and thus VFA production at pH 10 in a
shorter time than at pH 8 was observed [23]. Comparing these results with other recent
studies in which acid-forming batch fermentation was also performed at pH 10 for 15 days,
such as in Atasoy et al. (2020) [24] (i.e., 1942 mg COD/L), it is possible to note that the
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maximum VFA yield reported here (2020 mg COD/L) is higher. It is also interesting to note
that despite the initial differences, the pH values are similar in all reactors during batch
fermentations, starting from the second day onwards, similarly to the observed results of
Atasoy et al. (2020) [24] for mixed culture fermentations. This could be due to the metabolic
versatility of microbial communities in mixed cultivations, in which acidification processes
could be counteracted by the metabolic activity of other microbial members acting as a
metabolic consortium, as was also suggested by Wang et al. (2013) [25].

3.2. Sequencing Output and Analysis

Metataxonomic analyses—based on NGS analysis of 16S rRNA gene amplicons ob-
tained from metagenomic DNA of sewage sludge—were conducted using the samples
collected from both sets of the two batch fermentation reactors. In total, 202,731 high-
quality reads were filtered from the 545,624 raw reads obtained. A total of 1683 ASVs were
identified using the suite QIIME2, after the processes of filtration, denoising, and merging
(Table 5). ASVs were classified at the genus level using a 99% sequence similarity threshold
against the Greengenes database.

Table 5. Results of bioinformatic analysis of NGS reads obtained from metataxonomic analysis of
sewage sludge samples collected from Condition A and Condition B batch fermentations.

Sample Input Filtered

Percentage
of Input
Passed Filter
(%)

Denoised Merged
Percentage
of Input
Merged (%)

Nonchimeric
Percentage of
Input
Nonchimeric (%)

T0-A 74,926 61,752 82.42 56,341 45,171 60.29 28,642 38.23

Control A 107,349 88,438 82.38 82,197 66,368 61.82 40,084 37.34

Experiment A 101,116 81,999 81.09 76,364 63,186 62.49 37,502 37.09

T0-B 117,728 96,462 81.94 89,387 75,002 63.71 46,400 39.41

Control B 83,492 67,136 80.41 61,455 51,157 61.27 32,491 38.92

Experiment B 61,013 51,049 83.67 46,841 40,321 66.09 18,048 29.58

Rarefaction curves (Figure S1, Supplementary Material) showed a good level of di-
versity sampling, as confirmed by Good’s coverage index for all the samples, with an
average of 0.99. The rarefaction curves based on the comparison of ASV abundance and
the number of sequences analyzed showed that samples tended to reach a saturation
plateau, thus demonstrating that the analyses were representative of the communities
under investigation.

3.3. Structure of Prokaryotic Communities of Sewage Sludge

Most ASVs have been assigned to the Bacteria and only about 2% to Archaea domains.
Therefore, the prokaryotic composition of sewage sludge from conditions A and B was
comparatively analyzed considering the relative abundances at the phyla level firstly and
then at the level of family and finally at the level of genus.

First of all, heatmap analysis (Figure 2) clearly showed that the T0-A and T0-B samples
were more similar to each other than the others. In addition, while the Control A and
Experiment A samples had a very similar microbial community and tended to cluster with
Control B samples, Experiment B was separated from the other samples. This result clearly
indicates a role of starting pH value in modulating microbial components, thus possibly
positively influencing the production of VFA.
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The microbial composition of T0-A and T0-B showed no substantial difference at phyla
or family level (Figure 3). The most represented phyla were Proteobacteria, Bacteroidetes,
Chloroflexi, and Acidobacteriota, and Saprospiraceae, Comamonadaceae, and Rhodocy-
claceae were the most represented families in all samples. The percentage abundances
of the various phyla—more specifically, of the families that made up the T0-A and T0-B
samples—were similar.

In all samples of the four batch fermentations, the most dominant phyla were Pro-
teobacteria and Bacteroidetes, followed by Chloroflexi and Firmicutes (Figure 4A,B). The
presence of Proteobacteria and Bacteroidetes as the main phyla is in agreement with the
report of Guo et al. (2017) [26], even if a very low representation of Firmicutes and no
Chloroflexi were revealed in the latter. Interestingly, the majority of bacteria belonging
to these phyla have been reported to be capable of degrading complex organic matters
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for the production of VFA [27,28]. During anaerobic fermentations, a crucial role was
assigned to sewage sludge Proteobacteria and Bacteroidetes for propionate, butyrate, and
acetate metabolism [29]. Interestingly, it has been observed that some species of Firmicutes,
such as Bacillus megaterium, can assimilate glucose, acetic acid, butyric acid, and caproic
acid and produce PHA with yields of 9–11% of the dry cell weight [30]. Thus, the higher
percentage of Firmicutes in the batch fermentation test at pH 10 could justify the highest
VFA values. This is even more evident from the most abundant families that were detected
by the analysis (Figure 4C,D). The most abundant family was Saprospiraceae, followed
by Comamonadaceae, Sinobacteraceae, and Rhodobacteraceae. There were no relevant
family differences between the two batch fermentation tests. Saprospiraceae were more
abundant in both T0 samples and gradually decreased in control and experiment samples
in both batch fermentations and assumed an abundance profile similar to the Bacteroidetes
phylum to which they belong. Members of the Saprospiraceae family were detected in
sewage sludge samples, but their possible role in wastewater treatment is not well eluci-
dated. Probably, Saprospiraceae members may be important in breaking down complex
carbon sources. It has been suggested that their hydrolytic activity provides simple carbon
substrates for other microorganisms involved in nutrient removal, and this could also be
the limiting step for these processes [31]. For Comamonadaceae, there was a slight increase
in relative percentage in the Experiment B sample compared to the corresponding control
condition B (5.8% and 2.8%, respectively). This bacterial family not only has fermenting
and PHA production capabilities but also its members are known denitrifying agents of
sewage sludge microbial communities, as they are able to simultaneously remove nitrates
and toxic organic contaminants from the wastewater [32].

In order to obtain a deep understanding of the relationships between sewage sludge
microbial community structure and the production of VFA, bacterial and archaeal genera
residing in sewage sludge microbiota were compared. Among the 25 most abundant genera,
only bacterial members were highlighted, being archaeal genera scarcely represented
(Figure 5).

The main bacterial genera found in the highest percentage in all the analyzed samples
were Rhodobacter, Trachelomonas, Dechloromonas, Devosia, and Pseudomonas. However, by
examining the samples individually, it was possible to notice a different distribution of
genera. For example, in Experiment B, characterized by the highest yield of VFA, the
main bacterial genera present were Acidovorax (2.47%), Paludibacter (2.18%), Fusibacter
(1.93%), Arcobacter (1.69%), Comamonas (1.45%), Pseudomonas (1.15%) and Acinetobacter
(0.90%). These bacterial genera were also present in the other samples, but reached the
highest percentage in Experiment B. Interestingly, previous studies demonstrated not only
the ability of Acidovorax to survive in basic pH conditions till pH 12 but also that the
basic pH creates a selective pressure in favor of this bacterial genus. At basic pH and
anaerobic conditions, Acidovorax is an excellent producer of VFA [33]. Strains belonging
to the Comamonas (1.45%) genus are not known for fermentation capacity. However, in
a previous study by Zakaria et al. (2009) [34], it was found that Comamonas strains have
excellent growth in the presence of VFA released by other bacterial strains, especially in
the presence of acetic, propionic, and butyric acids. Acidovorax and Comamonas species
are mainly involved in the storage process of PHAs, starting from volatile fatty acids [35].
Another strongly represented genus in the Experiment B sample was Paludibacter (2.18%).
Strains belonging to this bacterial genus have the ability to use various sugars for the
production of VFA, especially propionate and acetate. The strain has an optimum pH of
6.6–7 but also resists much higher pH, for example, pH 10 [36].
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Other experiments that test the production of VFA at different pH conditions confirm
that the condition in which the system is most performing is pH 10. At this pH, the genus
Pseudomonas is likely to be the main producer of acetic and propionic acid starting from
organic carbon in the sludge [37]. In the Experiment B sample, the genus Pseudomonas
is present in a modest percentage (1.15%) while it seems that in the T0-B the genus is
more represented. Fusibacter present in Experiment B sample with a high percentage
(1.93%) is an excellent producer of VFA in anaerobiosis [38] as Arcobacter (1.69%), which
simultaneously manages to degrade the biosolids of the sludge and fermenting the organic
matter into VFA [39]. Finally, Acinetobacter (0.90%) has fermentation capacity, especially
in the production of acetic acid [40]. Thus, the initial pH 10 exerted selective pressure in
favor of the genera Acidovorax, Paludibacter, Fusibcter, Arcobacter, Comamonas, Pseudomonas,
and Acinetobater in the Experiment B sample and are excellent producers of VFA. This
suggests that pH 10 created the most performing conditions to produce VFA. This is also
confirmed by the fact that in the Experiment A sample (pH 8), which gave lower yields of
VFA (Figure 1); these genera were present in a reduced percentage or are not present at all.
However, the genera Rhodobacter (1.51%), Fusibacter (1.41%), Devosia (1.27%), Dechloromonas
(1.06%), and Mesorhizobium (0.98%) were present in the Experiment A sample. Fusibacter was
present at both pH 10 (1.93%) and pH 8 (1.41%). However, another work demonstrated how
controlled pH initially promotes the degradation of VFA by Rhodobacter for the production
of H2 [41]. The genus Devosia (1.27%) is also involved in the H2 production process,
degrading the VFA for acetogenesis [42]. Hence, Devosia, like Rhodobacter, is involved
in the consumption of VFA produced by the other strains. Dechloromonas (1.06%) and
Mesorhizobium (0.98%) are not only known to be capable of producing VFA but also of
producing and accumulating PHA [43,44]. Therefore, the lower yield of VFA relative to the
Experiment A sample (pH 8) may be due to the selection of specific microbial genera that
are able to produce VFA, while others degrade them.

The control of operating parameters is an important aspect of a microbial fermentation
process to achieve the product or perform the reaction of interest and the knowledge of the
way in which operating parameters control and shape microbial community structure can
be exploited for improving the process. In particular, the association between fermentation
conditions leading to high levels of VFA and the presence of specific members of microbial
community structure of sewage sludge can be exploited to drive reshaping of community
structures in such a way to maximize and to inhibit the presence of microbial producers and
consumers, respectively. This could be achieved in different ways that, for example, involve
the manipulation of sewage sludge used as inoculum. As an example, sewage sludge
can be subjected to pretreatment procedures that affect the relative abundance or interfere
with the metabolic activity of specific members, as described in the study of Muhorakeye
et al. (2022) [20] where sodium 2-bromoethane sulfonate was used to reduce the number
of methanogen members that are known to be VFA consumers. Another possibility is to
perform a pre-inoculum step in which bacterial growth is performed controlling operational
parameters, such as temperature, oxygen [45], and pH [20] to obtain a restructured sewage
sludge enriched with specific members to be then used as inoculum in fermentation reactors
for production of VFA.

In addition, in silico analysis of metabolic functions can be useful to highlight which
metabolic processes can be stimulated or reduced. The following paragraph highlights
the metabolic activities that can be positively or negatively associated with production of
VFA based on the relative abundance of microbial taxa residing in the sewage sludge of
batch fermentations.

3.4. Metabolism and Oxygen Requirement Analysis

Based on the interference of taxonomic-to-phenotypic mapping of metabolism, bacteria
and archaea were classified on the basis of their oxygen demand and metabolism by [22].
The aim of the metabolic study was to identify whether there are microorganisms capable of
producing PHA from VFA and analyze the diffusion of methanogenic strains, to correlate
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their activity with pH and the presence of VFA. In this study, all samples contained
aerobic and anaerobic microbial strains. This is possible because first of all the sewage
sludge samples come from an aerobiotic environment, and secondly because even if the
fermentation takes place in anaerobiosis, when the batch fermentation reactor is assembled
there is a quantity of oxygen that can be consumed by microbial cells as the fermentation
proceeds, up to complete anaerobiosis. It was found that in the Experiment A samples 23%
of prokaryotic species were aerobic and 16.2% were anaerobic. In the experiment B batch
fermentation samples, there was a slight increase of both aerobic and anaerobic strains
(25% and 19.6% respectively). On the basis of the type of metabolic features, all samples
contained ammonia oxidizers, dehalogenating members, nitrite reducers, and sulfate
reducers (Figure 6). The prokaryotic communities of the two conditions A and B have
similar metabolic profiles, but in Experiment A, a higher representation of methanogenic
microbial members and strains performing denitrification and chitin degradation, and,
on the contrary, a lower representation of sulfur-reducing strains and strains degrading
cellobiose and storing polyhydroxybutyrate were found. On the basis of this result, the
lower concentration of VFA in Experiment A may be due to the presence of methanogenic
microbial strains. In fact, methanogens, that are prokaryotic microorganisms belonging
to the Archaea domain, have an optimal pH range around neutrality and may consume
VFA to produce CH4 [46]. In addition, the reduced amount of cellobiose degraders may be
related to a reduced availability of carbohydrates since cellobiose is the product of microbial
hydrolysis of cellulose, one of the most abundant sources of carbon in different ecosystems,
including wastewater [47,48].
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Thus, the analysis of prokaryotic community structures shaped by pH conditions
revealed the positive and negative selection of VFA producers and consumers, respectively,
as well as the in silico prediction of metabolic functions—based on prokaryotic community
structures—suggest that the development of fermentation conditions inhibiting methano-
genesis and/or stimulating carbohydrate utilization can be a further practicable strategy to
improve the production of VFA [49,50].

4. Conclusions

The investigation of the association between fermentation conditions and microbial
community structure should be considered as the basis to promote the establishment of
sustainable and feasible processes to get high-value products, such as VFA. In this work,
two batch fermentation conditions, namely, Condition A and Condition B, were analyzed
(Table 1): the former in which the starting pH was initially set at 8 and the latter in which the
initial pH was set at 10 in comparison with unadjusted pH. In a previous study by Presti et al.
(2021) [19], it was shown that basic pH positively influences the production of VFA. In this
study, it was further demonstrated comparatively that the higher basic is the starting pH,
the higher production of VFA is observed. In addition, this finding parallels the restructure
of the sewage sludge prokaryotic community residing and operating in batch fermentation
reactors. Despite the pH difference being set at the beginning of batch fermentation, the
production of VFA on the peak day of the sCOD was significantly higher in the Experiment
B sample than in the others. The metataxonomic based on NGS analysis of the 16S rRNA
gene showed that the sewage sludge samples collected from Marineo WWTP [21] have
similar prokaryotic community compositions, although they were collected within 24 h
of each other. In addition, in the sewage sludge of Experiment B, in which the initial pH
was set at 10, the microbial community composition evolved in a different way during
batch fermentation in comparison with all of Experiment A, in which the initial pH was
set at 8, and the unadjusted-pH control tests. Thus, it can be surmised that pH 10 shaped
the microbial community structure favoring the fermenting microorganisms and thus
increasing the production of VFA. The production of VFA by fermentation processes is
positively correlated with the abundance of Firmicutes, Bacteroidetes and Chloroflexi in
the microbial community, as observed in Experiment B. Accordingly, these three phyla
have already been shown involved in the production of VFA from food waste at pH 10 by
Khatami et al. (2021) [51]. Thus, it is evident that the initial pH 10 of the batch fermentation
test promotes the growth of all those bacteria and archaea with fermentation capacity and
a maximized production of VFA. Indeed, as it has been highlighted by the analysis of
putative metabolic features of the sewage sludge prokaryotic communities of Experiment A
and Experiment B, the starting pH 10 promotes a reduction of microbial members that use
VFA to produce other substances (such as, methanogens that produce CH4). Therefore, this
work sheds light on the fact that the evolution and selection of the microbial community
residing in sewage sludge of WWTP can be driven in favor of VFA producers by setting
the starting parameters of operating conditions. In addition, these results suggest that the
development of operating and fermentation conditions affecting microbial metabolism
can be a practicable strategy to improve the production of VFA. In perspective, this study
suggests the possibility to scale up the process to maximize the production of VFA to
sustain PHA production. Thus, the exploitation of a high-yielding microbial community
coupled with the use of optimized fermentation conditions could be a strategy to favor the
development of PHA-based bioplastics and start from waste for a “greener” world.
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7. Tarrahi, R.; Fathi, Z.; Seydibeyoğlu, M.Ö.; Doustkhah, E.; Khataee, A. Polyhydroxyalkanoates (PHA): From Production to
Nanoarchitecture. Int. J. Biol. Macromol. 2020, 146, 596–619. [CrossRef]

8. Sarkar, O.; Butti, S.K.; Mohan, S.V. Acidogenic Biorefinery: Food Waste Valorization to Biogas and Platform Chemicals. In Waste
Biorefinery; Elsevier: Amsterdam, The Netherlands, 2018; pp. 203–218.

9. Sarkar, O.; Rova, U.; Christakopoulos, P.; Matsakas, L. Influence of Initial Uncontrolled PH on Acidogenic Fermentation of
Brewery Spent Grains to Biohydrogen and Volatile Fatty Acids Production: Optimization and Scale-Up. Bioresour. Technol. 2021,
319, 124233. [CrossRef]

10. Shahid, S.; Razzaq, S.; Farooq, R. Polyhydroxyalkanoates: Next Generation Natural Biomolecules and a Solution for the World’s
Future Economy. Int. J. Biol. Macromol. 2021, 166, 297–321. [CrossRef]

11. Zheng, Y.; Guo, L.; Liu, Y.; She, Z.; Gao, M.; Jin, C.; Zhao, Y. Effects of Chemical Oxygen Demand Concentration, PH and
Operation Cycle on Polyhydroxyalkanoates Synthesis with Waste Sludge. Environ. Technol. 2021, 42, 1922–1929. [CrossRef]

12. Zhang, L.; Loh, K.-C.; Dai, Y.; Tong, Y.W. Acidogenic Fermentation of Food Waste for Production of Volatile Fatty Acids: Bacterial
Community Analysis and Semi-Continuous Operation. Waste Manag. 2020, 109, 75–84. [CrossRef]

13. Chen, Z.; Rao, Y.; Usman, M.; Chen, H.; Białowiec, A.; Zhang, S.; Luo, G. Anaerobic Fermentation of Hydrothermal Liquefaction
Wastewater of Dewatered Sewage Sludge for Volatile Fatty Acids Production with Focuses on the Degradation of Organic
Components and Microbial Community Compositions. Sci. Total Environ. 2021, 777, 146077. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms10102073/s1
https://www.mdpi.com/article/10.3390/microorganisms10102073/s1
https://wideruptake.unipa.it/
http://doi.org/10.1002/wer.1406
http://www.ncbi.nlm.nih.gov/pubmed/32681598
http://doi.org/10.1016/j.watres.2019.03.030
http://www.ncbi.nlm.nih.gov/pubmed/30981980
http://doi.org/10.1016/j.watres.2019.05.068
http://doi.org/10.2166/wst.2019.064
http://www.ncbi.nlm.nih.gov/pubmed/30975928
http://doi.org/10.3390/w13070946
http://doi.org/10.1016/j.ijbiomac.2019.12.181
http://doi.org/10.1016/j.biortech.2020.124233
http://doi.org/10.1016/j.ijbiomac.2020.10.187
http://doi.org/10.1080/09593330.2019.1683615
http://doi.org/10.1016/j.wasman.2020.04.052
http://doi.org/10.1016/j.scitotenv.2021.146077
http://www.ncbi.nlm.nih.gov/pubmed/33684756


Microorganisms 2022, 10, 2073 16 of 17

14. Miguel, M.A.; Lee, S.S.; Mamuad, L.L.; Choi, Y.J.; Jeong, C.D.; Son, A.; Cho, K.K.; Kim, E.T.; Kim, S.B.; Lee, S.S. Enhancing Butyrate
Production, Ruminal Fermentation and Microbial Population through Supplementation with Clostridium Saccharobutylicum. J.
Microbiol Biotechnol. 2019, 29, 1083–1095. [CrossRef] [PubMed]

15. Zhang, L.; Tsui, T.-H.; Loh, K.-C.; Dai, Y.; Tong, Y.W. Effects of Plastics on Reactor Performance and Microbial Communities
during Acidogenic Fermentation of Food Waste for Production of Volatile Fatty Acids. Bioresour. Technol. 2021, 337, 125481.
[CrossRef] [PubMed]

16. Fra-Vázquez, A.; Pedrouso, A.; Del Rio, A.V.; Mosquera-Corral, A. Volatile Fatty Acid Production from Saline Cooked Mussel
Processing Wastewater at Low PH. Sci. Total Environ. 2020, 732, 139337. [CrossRef] [PubMed]

17. Garcia-Aguirre, J.; Aymerich, E.; de Goñi, J.G.-M.; Esteban-Gutiérrez, M. Selective VFA Production Potential from Organic Waste
Streams: Assessing Temperature and PH Influence. Bioresour. Technol. 2017, 244, 1081–1088. [CrossRef] [PubMed]

18. Slezak, R.; Grzelak, J.; Krzystek, L.; Ledakowicz, S. Influence of Initial PH on the Production of Volatile Fatty Acids and Hydrogen
during Dark Fermentation of Kitchen Waste. Environ. Technol. 2021, 42, 4269–4278. [CrossRef]

19. Presti, D.; Cosenza, A.; Capri, F.C.; Gallo, G.; Alduina, R.; Mannina, G. Influence of Volatile Solids and PH for the Production of
Volatile Fatty Acids: Batch Fermentation Tests Using Sewage Sludge. Bioresour. Technol. 2021, 342, 125853. [CrossRef]

20. Muhorakeye, A.; Cayetano, R.D.; Kumar, A.N.; Park, J.; Pandey, A.K.; Kim, S.-H. Valorization of Pretreated Waste Activated
Sludge to Organic Acids and Biopolymer. Chemosphere 2022, 303, 135078. [CrossRef]

21. Mannina, G.; Badalucco, L.; Barbara, L.; Cosenza, A.; Di Trapani, D.; Laudicina, V.A.; Muscarella, S.M.; Presti, D. Roadmapping
the Transition to Water Resource Recovery Facilities: The Two Demonstration Case Studies of Corleone and Marineo (Italy).
Water 2022, 14, 156. [CrossRef]

22. Arndt, D.; Xia, J.; Liu, Y.; Zhou, Y.; Guo, A.C.; Cruz, J.A.; Sinelnikov, I.; Budwill, K.; Nesbø, C.L.; Wishart, D.S. METAGENassist: A
Comprehensive Web Server for Comparative Metagenomics. Nucleic Acids Res. 2012, 40, W88–W95. [CrossRef]

23. Zhang, Y.; Zhang, C.; Zhang, X.; Feng, L.; Li, Y.; Zhou, Q. Waste Activated Sludge Hydrolysis and Acidification: A Comparison
between Sodium Hydroxide and Steel Slag Addition. J. Environ. Sci. 2016, 48, 200–208. [CrossRef] [PubMed]

24. Atasoy, M.; Eyice, Ö.; Cetecioglu, Z. Volatile Fatty Acid Production from Semi-Synthetic Milk Processing Wastewater under Alkali
PH: The Pearls and Pitfalls of Microbial Culture. Bioresour. Technol. 2020, 297, 122415. [CrossRef]

25. Wang, Z.; Yan, M.; Chen, X.; Li, D.; Qin, L.; Li, Z.; Yao, J.; Liang, X. Mixed Culture of Saccharomyces Cerevisiae and Acetobacter
Pasteurianus for Acetic Acid Production. Biochem. Eng. J. 2013, 79, 41–45. [CrossRef]

26. Guo, J.; Ni, B.-J.; Han, X.; Chen, X.; Bond, P.; Peng, Y.; Yuan, Z. Data on Metagenomic Profiles of Activated Sludge from a Full-Scale
Wastewater Treatment Plant. Data Br. 2017, 15, 833–839. [CrossRef] [PubMed]

27. Luo, J.; Chen, Y.; Feng, L. Polycyclic Aromatic Hydrocarbon Affects Acetic Acid Production during Anaerobic Fermentation of
Waste Activated Sludge by Altering Activity and Viability of Acetogen. Environ. Sci. Technol. 2016, 50, 6921–6929. [CrossRef]

28. Zheng, X.; Su, Y.; Li, X.; Xiao, N.; Wang, D.; Chen, Y. Pyrosequencing Reveals the Key Microorganisms Involved in Sludge
Alkaline Fermentation for Efficient Short-Chain Fatty Acids Production. Environ. Sci. Technol. 2013, 47, 4262–4268. [CrossRef]
[PubMed]

29. Riviere, D.; Desvignes, V.; Pelletier, E.; Chaussonnerie, S.; Guermazi, S.; Weissenbach, J.; Li, T.; Camacho, P.; Sghir, A. Towards the
Definition of a Core of Microorganisms Involved in Anaerobic Digestion of Sludge. ISME J. 2009, 3, 700–714. [CrossRef]

30. Vu, D.H.; Wainaina, S.; Taherzadeh, M.J.; Åkesson, D.; Ferreira, J.A. Production of Polyhydroxyalkanoates (PHAs) by Bacillus
Megaterium Using Food Waste Acidogenic Fermentation-Derived Volatile Fatty Acids. Bioengineered 2021, 12, 2480–2498.
[CrossRef]

31. Johnston, J.; LaPara, T.; Behrens, S. Composition and Dynamics of the Activated Sludge Microbiome during Seasonal Nitrification
Failure. Sci. Rep. 2019, 9, 4565. [CrossRef]

32. Wang, J.; Chu, L. Biological Nitrate Removal from Water and Wastewater by Solid-Phase Denitrification Process. Biotechnol. Adv.
2016, 34, 1103–1112. [CrossRef]

33. Yang, X.; Wen, L.; Liu, X.; Chen, S.; Wang, Y.; Wan, C. Bio-Augmentative Volatile Fatty Acid Production from Waste Activated
Sludge Hydrolyzed at PH 12. RSC Adv. 2015, 5, 50033–50039. [CrossRef]

34. Zakaria, M.R.; Tabatabaei, M.; Ghazali, F.M.; Abd-Aziz, S.; Shirai, Y.; Hassan, M.A. Polyhydroxyalkanoate Production from
Anaerobically Treated Palm Oil Mill Effluent by New Bacterial Strain Comamonas Sp. EB172. World J. Microbiol. Biotechnol. 2010,
26, 767–774. [CrossRef]

35. Pereira, J.; Queirós, D.; Lemos, P.C.; Rossetti, S.; Serafim, L.S. Enrichment of a Mixed Microbial Culture of PHA-Storing
Microorganisms by Using Fermented Hardwood Spent Sulfite Liquor. New Biotechnol. 2020, 56, 79–86. [CrossRef] [PubMed]

36. Ueki, A.; Akasaka, H.; Suzuki, D.; Ueki, K. Paludibacter Propionicigenes Gen. Nov., Sp. Nov., a Novel Strictly Anaerobic,
Gram-Negative, Propionate-Producing Bacterium Isolated from Plant Residue in Irrigated Rice-Field Soil in Japan. Int. J. Syst.
Evol. Microbiol. 2006, 56, 39–44. [CrossRef] [PubMed]

37. Jie, W.; Peng, Y.; Ren, N.; Li, B. Volatile Fatty Acids (VFAs) Accumulation and Microbial Community Structure of Excess Sludge
(ES) at Different pHs. Bioresour. Technol. 2014, 152, 124–129. [CrossRef] [PubMed]

38. Hasegawa, R.; Toyama, K.; Miyanaga, K.; Tanji, Y. Identification of Crude-Oil Components and Microorganisms That Cause
Souring under Anaerobic Conditions. Appl. Microbiol. Biotechnol. 2014, 98, 1853–1861. [CrossRef] [PubMed]

http://doi.org/10.4014/jmb.1905.05016
http://www.ncbi.nlm.nih.gov/pubmed/31216841
http://doi.org/10.1016/j.biortech.2021.125481
http://www.ncbi.nlm.nih.gov/pubmed/34320761
http://doi.org/10.1016/j.scitotenv.2020.139337
http://www.ncbi.nlm.nih.gov/pubmed/32438163
http://doi.org/10.1016/j.biortech.2017.07.187
http://www.ncbi.nlm.nih.gov/pubmed/28851164
http://doi.org/10.1080/09593330.2020.1753818
http://doi.org/10.1016/j.biortech.2021.125853
http://doi.org/10.1016/j.chemosphere.2022.135078
http://doi.org/10.3390/w14020156
http://doi.org/10.1093/nar/gks497
http://doi.org/10.1016/j.jes.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/27745665
http://doi.org/10.1016/j.biortech.2019.122415
http://doi.org/10.1016/j.bej.2013.06.019
http://doi.org/10.1016/j.dib.2017.10.048
http://www.ncbi.nlm.nih.gov/pubmed/29159222
http://doi.org/10.1021/acs.est.6b00003
http://doi.org/10.1021/es400210v
http://www.ncbi.nlm.nih.gov/pubmed/23544425
http://doi.org/10.1038/ismej.2009.2
http://doi.org/10.1080/21655979.2021.1935524
http://doi.org/10.1038/s41598-019-40872-4
http://doi.org/10.1016/j.biotechadv.2016.07.001
http://doi.org/10.1039/C5RA04651C
http://doi.org/10.1007/s11274-009-0232-y
http://doi.org/10.1016/j.nbt.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31838132
http://doi.org/10.1099/ijs.0.63896-0
http://www.ncbi.nlm.nih.gov/pubmed/16403864
http://doi.org/10.1016/j.biortech.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24291313
http://doi.org/10.1007/s00253-013-5107-3
http://www.ncbi.nlm.nih.gov/pubmed/23912114


Microorganisms 2022, 10, 2073 17 of 17

39. Xin, X.; She, Y.; Hong, J. Insights into Microbial Interaction Profiles Contributing to Volatile Fatty Acids Production via Acidogenic
Fermentation of Waste Activated Sludge Assisted by Calcium Oxide Pretreatment. Bioresour. Technol. 2021, 320, 124287. [CrossRef]
[PubMed]

40. Ramin, M.; Alimon, A.R.; Panandam, J.M.; Sijam, K.; Javanmard, A.; Abdullah, N. Digestion of Rice Straw and Oil Palm Fronds
by Microflora from Rumen and Termite Bacteria, in Vitro. Pak. J. Biol. Sci. 2008, 11, 583–588. [CrossRef]

41. Hu, J.; Yang, H.; Wang, X.; Cao, W.; Guo, L. Strong PH Dependence of Hydrogen Production from Glucose by Rhodobacter
Sphaeroides. Int. J. Hydrogen Energy 2020, 45, 9451–9458. [CrossRef]

42. Goud, R.K.; Arunasri, K.; Yeruva, D.K.; Krishna, K.V.; Dahiya, S.; Mohan, S.V. Impact of Selectively Enriched Microbial
Communities on Long-Term Fermentative Biohydrogen Production. Bioresour. Technol. 2017, 242, 253–264. [CrossRef]

43. Wang, Q.; Liang, Y.; Zhao, P.; Li, Q.X.; Guo, S.; Chen, C. Potential and Optimization of Two-Phase Anaerobic Digestion of Oil
Refinery Waste Activated Sludge and Microbial Community Study. Sci. Rep. 2016, 6, 38245. [CrossRef] [PubMed]

44. Singh Saharan, B.; Grewal, A.; Kumar, P. Biotechnological Production of Polyhydroxyalkanoates: A Review on Trends and Latest
Developments. Chin. J. Biol. 2014, 2014, 802984. [CrossRef]

45. Kim, J.; Lee, C. Response of a Continuous Anaerobic Digester to Temperature Transitions: A Critical Range for Restructuring the
Microbial Community Structure and Function. Water Res. 2016, 89, 241–251. [CrossRef] [PubMed]

46. Luo, K.; Pang, Y.; Yang, Q.; Wang, D.; Li, X.; Lei, M.; Huang, Q. A Critical Review of Volatile Fatty Acids Produced from Waste
Activated Sludge: Enhanced Strategies and Its Applications. Environ. Sci. Pollut. Res. 2019, 26, 13984–13998. [CrossRef]

47. Schellenberger, S.; Drake, H.L.; Kolb, S. Functionally Redundant Cellobiose-Degrading Soil Bacteria Respond Differentially to
Oxygen. Appl. Environ. Microbiol. 2011, 77, 6043–6048. [CrossRef] [PubMed]

48. Ruiken, C.J.; Breuer, G.; Klaversma, E.; Santiago, T.; Van Loosdrecht, M.C.M. Sieving Wastewater–Cellulose Recovery, Economic
and Energy Evaluation. Water Res. 2013, 47, 43–48. [CrossRef]

49. Odriozola, M.; Abraham, E.; Lousada-Ferreira, M.; Spanjers, H.; Van Lier, J.B. Identification of the Methanogenesis Inhibition
Mechanism Using Comparative Analysis of Mathematical Models. Front. Bioeng. Biotechnol. 2019, 7, 93. [CrossRef]

50. Samanides, C.G.; Koutsokeras, L.; Constantinides, G.; Vyrides, I. Methanogenesis Inhibition in Anaerobic Granular Sludge for the
Generation of Volatile Fatty Acids from CO2 and Zero Valent Iron. Front. Energy Res. 2020, 8, 37. [CrossRef]

51. Khatami, K.; Atasoy, M.; Ludtke, M.; Baresel, C.; Eyice, Ö.; Cetecioglu, Z. Bioconversion of Food Waste to Volatile Fatty Acids:
Impact of Microbial Community, PH and Retention Time. Chemosphere 2021, 275, 129981. [CrossRef]

http://doi.org/10.1016/j.biortech.2020.124287
http://www.ncbi.nlm.nih.gov/pubmed/33120057
http://doi.org/10.3923/pjbs.2008.583.588
http://doi.org/10.1016/j.ijhydene.2020.01.240
http://doi.org/10.1016/j.biortech.2017.03.147
http://doi.org/10.1038/srep38245
http://www.ncbi.nlm.nih.gov/pubmed/27905538
http://doi.org/10.1155/2014/802984
http://doi.org/10.1016/j.watres.2015.11.060
http://www.ncbi.nlm.nih.gov/pubmed/26689661
http://doi.org/10.1007/s11356-019-04798-8
http://doi.org/10.1128/AEM.00564-11
http://www.ncbi.nlm.nih.gov/pubmed/21742909
http://doi.org/10.1016/j.watres.2012.08.023
http://doi.org/10.3389/fbioe.2019.00093
http://doi.org/10.3389/fenrg.2020.00037
http://doi.org/10.1016/j.chemosphere.2021.129981

	Introduction 
	Materials and Methods 
	Experimental Setup 
	sCOD and VFA Analysis 
	Prokaryotic Microbiota Structure Analysis 

	Results and Discussion 
	sCOD and pH Values in Batch Fermentations 
	Sequencing Output and Analysis 
	Structure of Prokaryotic Communities of Sewage Sludge 
	Metabolism and Oxygen Requirement Analysis 

	Conclusions 
	References

