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• Mixed Microbial Communities (MMCs)
can be used successfully to produce PHA.

• pH 9 and nitrogen-limitation proved
favourable for PHB production using
MMCs.

• RDA analysis revealed that Thauera spe-
cies was correlated with PHB production.

• The obtained PHB fromMMCs is sufficient
for application research.
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Growth conditions have been frequently studied in optimizing polyhydroxybutyrate (PHB) production, while few
studies were performed to unravel the dynamic mixed microbial consortia (MMCs) in the process. In this study, the
relationship between growth conditions (C/N ratios and pH) and the corresponding key-microbes were identified
and monitored during PHB accumulation. The highest PHB level (70 wt% of dry cell mass) was obtained at pH 9,
C/N 40, and acetic acid 10 g/L. Linking the dominant genera with the highest point of PHB accumulation, Thauera
was themost prevalent species in all MMCs of pH 9, except when a C/N ratio of 1 was applied. Notably, dominant bac-
teria shifted at pH7 (C/N 10) from Thauera (0 h) to Paracoccus, and subsequently toAlcaligenes following the process of
PHB accumulation and consumption. Further understanding of the relationship between the structure of the microbial
community and the performance will be beneficial for regulating and obtaining high PHB accumulation within an
MMC. Our study illustrates the impact of C/N ratios and pH on microbial prevalence and PHB production levels
using a mixed microbial starter culture. This knowledge will broaden industrial perspectives for regulating high
PHB production and timely harvesting.
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1. Introduction

Plastic materials are an indispensable part of our lives, while the large
quantities of generated plastic waste cause a severe environmental prob-
lem, especially in the marine environment (Beaumont et al., 2019). Cur-
rently, durable, multi-use, and biodegradable plastics are preferred over
single-use plastics to reduce plastic waste (European Commission, 2018).
Hence, a completely biodegradable plastic such as polyhydroxyalkanoate
(PHA) is a promising candidate in the transition to a biobased economy
(Chen et al., 2020). In the PHA family, poly (3-hydroxybutyrate) (PHB) is
most commonly found and built up from the smallest beta-hydroxy acid
(3-hydroxybutyrate), which has a bright application prospect in industry
and agriculture (Verlinden et al., 2007).

PHB, a biodegradable thermoplastic, can be synthesized by numer-
ous microorganisms as an energy storage compound, which is generally
accumulated when the cells grow in an environment lacking essential
nutrients while the carbon source is abundant (Ren et al., 2005).
Hence, growth conditions play an important role in achieving a high
PHB production (Chua et al., 2003). For PHB production, acetic acid is
commonly used as a carbon source, because it can be quickly taken up
and converted into PHB. However, a surplus of acetic acid inhibits cell
growth and causes an increase in costs (Serafim et al., 2004). Besides
carbon sources, pH and temperature are significant growth parameters
as well for metabolic activities, cell division, and PHB accumulation
(Inoue et al., 2018). In addition, Fang et al. (2014) previously men-
tioned that pH had a more impact on PHB accumulation than
nitrogen-limitation. Some studies have shown that nitrogen-limitation
was beneficial for PHB production (Johnson et al., 2010; Montiel-
Jarillo et al., 2017). In brief, it is essential to study various growth con-
ditions (C/N ratio, substrate concentration, and pH) for obtaining
higher PHB production and more cell growth.

The optimization of growth conditions is commonly studied using pure
cultures (Bhagowati et al., 2015; Morya et al., 2018). The high cost of PHA
production using monocultures under sterile conditions is still an obstacle
in industrial PHA production from heterogeneous low-value organic
waste streams. Hence, usage of mixed microbial consortia (MMCs) attracts
massive attention due to a significant reduction in costs during the cultiva-
tion, and to be able to better compete with production-costs of oil-based
plastics (Sruamsiri et al., 2020). Environmental conditions were previously
reported as relevant parameters in the PHA accumulation in MMCs (Silva
et al., 2017). However, the MMC is a complex biological matrix and its dy-
namic composition is related to the functional properties, especially in a se-
lective environment (Briones and Raskin, 2003). In addition, all microbial
species will have their own optimal growth conditions that have an impact
on relative abundance within the MMC (Wang et al., 2017). Further under-
standing of the relationship between the structure of the microbial commu-
nity and its functional performance will be beneficial for designing and
maintaining an artificial MMC-based process (Stouten et al., 2019). Simul-
taneously, linking the structure of the MMC to the corresponding function-
ality may provide a suitable strategy to unravel the variability and stability
in the PHA production process.

Remarkably, the dominant bacteria within MMCs being involved in the
PHA production process received less attention. As Louca and Doebeli
(2016) described, there might be transient dynamics of competitive exclu-
sion in the MMC. Maintaining the stability and function of MMC is another
challenging topic, especially in the scaling up in the industry (Widder et al.,
2016; Estévez-Alonso et al., 2021). Once more knowledge is obtained on
the key producers and their preferred growth conditions towards PHA pro-
duction, MMCs can be successfully used for stable PHA production. In addi-
tion, one may even predefine monomer composition in the biopolymer
through the bioaugmentation strategy (Amadu et al., 2021; Khatami
et al., 2021).

The overall aim of our study is to show the dynamics of PHB-producing
MMCs under diverse growth conditions for further understanding the role
of the key PHB producers and their correlation with growth conditions. It
provides a clue to industrial perspectives for high PHB production and
2

harvesting. To ensure the stability and regulation of the enrichment
MMC, the initial MMC and enriched MMC were compared. To study the
PHB production under different growth conditions, we compared the com-
position of MMCs and monitored the predominant genera in growth media
with various C/N ratios (1, 10, 40, 100, and∞) at different pH values. Ad-
ditionally, the influence of environmental parameters, especially the pH
and C/N ratios on the quality and amount of PHA was studied, especially
the pH and C/N ratios.

2. Materials and methods

2.1. Growth conditions

2.1.1. Growth condition: PHB-accumulating enrichment bioreactor
The MMC studied in this work was obtained from a natural commu-

nity present in the leachate of kitchen and garden waste, and supplied to
us by Paques Biomaterials (The Netherlands). In our lab, the culture was
maintained for more than one year as a fed-batch culture in a 5 L lab-
scale bioreactor (Applikon, The Netherlands) at 30 °C under a feast-
famine regime. The operation settings were as follows: The total cycle
was 24 h consisting of a 4 h feast-phase and 20 h famine-phase. A
0.5 L of the culture medium was automatically refreshed every 24 h.
At the famine phase, the biomass in the bioreactor was allowed to settle
for 15 min (no aeration or stirring), and then the upper liquid (0.5 L)
was removed automatically (Colpa et al., 2020). The MMC of this en-
richment bioreactor was used as the inoculum in all further experiments
described in this paper.

2.1.2. Growth media
The culture medium of the enrichment bioreactor was as follows (Colpa

et al., 2020): 7.38 g/L sodium acetate, 2.2 g/L NH4Cl, 0.135 g/L KCl,
0.34 g/L MgSO4 ·7 H2O, and 0.85 g/L KH2PO4 at pH 8.0. The basic culture
mediumused for shake flask experiments consisted of 13.6 g/L sodium ace-
tate (10 g/L acetic acid), 2.2 g/L (NH4)2SO4 (C: N (mol) of 10:1), 0.45 g/L
MgSO4 ·7 H2O, 1.31 g/L KH2PO4, 1.68 g/L Na2HPO4 ·2 H2O. A 1.5 mL/L
trace element solution was added into culture media as described by
Vishniac and Santer (1957). The final pH was adjusted to pH 7 or pH 9
with 5 M KOH or 5 M HCl. All chemicals were obtained from Sigma (Al-
drich) (St. Louis, MO, USA) and Merck (Kenilworth, NJ, USA).

2.1.3. Growth conditions: PHB accumulation in different growth media
The basic culture medium was supplemented with various initial acetic

acid concentrations (1, 5, 10, 20, 30, and 40 g/L) under a C/N ratio of 10,
pH values (pH 7 and 9), and C/N ratios (1, 10, 40, 100,∞) under an initial
10 g/L acetic acid concentration to study the optimal growth conditions of
PHB accumulation. The experiments were performed with a 10% (vol/vol)
inoculum and grown under aerobic conditions at 30 °C and 150 rpm in
500 mL shake flasks with 200 mL culture medium. Samples (20 mL) were
taken at regular intervals to determine the changes in dry cell mass, acetic
acid concentration, ammonium concentration (NH4-N), chemical oxygen
demand (COD), and PHB content over time. The culture conditions for
PHB extraction were the same as described above.

2.2. Analytical techniques

2.2.1. Substrate consumption monitoring
As for the enrichment bioreactor, the changes of dissolved oxygen and

pH were monitored in real-time. The acetic acid concentration was deter-
mined with high-performance liquid chromatography (HPLC). An Agilent
1200 HPLC equipped with a Bio-Rad organic acid column (Aminex HPX-
87H) placed in a column oven set at 60 °C was employed. The mobile
phase was 5 mM H2SO4. The organic acids were detected with a standard
ultraviolet detector set at 210 nm. The NH4-N concentration was measured
offline with a rapid ammonium kit, and the COD was tested with the LCK
kit (Hach Lange GmbH, Düsseldorf, Germany).
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2.2.2. Dry cell mass measurement
The cell growth rate was estimated in terms of dried cell mass. Cells

were collected by centrifugation at 7000 ×g (Thermo Fisher, F15-6x
100y rotor) for 10 min (unless stated otherwise) and washed once with dis-
tilled water. The pellets were lyophilized in a freeze-dryer and weighted.

2.2.3. PHB content determination
The PHB content in the lyophilized cells was determined by the stan-

dard methanolysis procedure (mixing samples with sulfuric acid, chloro-
form, and methanol) based on the literature (Yeol Lee and Yong Choi,
1997; Colpa et al., 2020). Subsequently, the methyl esters of 3-
hydroxybutyratewere analyzed by gas chromatography/mass spectroscopy
(GC/MS) on a Hewlett-Packard 6890 GC, equipped with a Rxi-5Si capillary
column (30 m × 0.25 mm i.d and 0.25 μm film thickness). Helium was
used as carrier gas with a flow rate of 2 mL/min. Benzoic acid was used
as an internal standard (Kumar et al., 2015), and commercial PHB
(Sigma-Aldrich) as an external standard.

2.2.4. Microbial community analysis
The MMCwas studied by 16S-rRNA gene sequence analysis at different

time points during PHBproduction. Themicrobial compositions of the orig-
inal MMC obtained from Paques and after 6-month further enrichment in
our lab were compared. The MMCs of pH 7 and 9 (C/N of 10, acetic acid
concentration of 10 g/L) weremonitored at their maximumPHB accumula-
tion (24 h and 72 h, respectively) and at the end of PHB consumption
(120 h). Genomic DNA of the samples was extracted using the FastDNA
Spin kit for soil (MP Biomedicals, LLC, Irvine, CA, USA). The extracted ge-
nomic DNA was sent to Bioclear Microbial Analysis (Groningen, The
Netherlands) for 16S-rRNA gene sequencing with primer set 341F and
806R using a MiSeq NGS sequencer (Illumina Netherlands, Eindhoven,
The Netherlands). QIIME2 (v. 2019.10) (Bolyen et al., 2019) was used in
single-end mode to process the sequence data further. Sequences were
trimmed to 200 bases, denoised and error-corrected before inferring
amplicon sequence variants (ASVs) using the dada2 plugin (Callahan
et al., 2016). Taxonomic assignment to ASV representative sequences was
performed using a naïve Bayesian classifier (Bokulich et al., 2018), trained
on the SILVA v132 prokaryotic taxonomy database. QIIME2 generated
Jaccard-Emperor plots to analyze the core diversity metrics. ASV frequency
tables were then collapsed to different taxonomic levels and imported into
Canoco 5.0 to analyze the correlations between representative microbial
members, growth factors, and PHB accumulation by redundancy analysis
(RDA). Microsoft Excel (v 2013) was used to visualize the relative abun-
dance of bacteria (top 20) in the order level through a heat map.

2.3. PHB extraction and characterization

2.3.1. PHB extraction
PHB was extracted from the lyophilized cells using hot chloroform

(Colpa et al., 2020). The lyophilized cells were harvested as mentioned
above and subsequently resuspended in chloroform with a 1 to 20 (w/v)
cell-chloroform ratio and incubated at 60 °C for 48 h. The suspension was
passed over a Whatman GF/A glass filter to remove the cell debris. The fil-
tered solution was added to 9 volumes of ice-cold absolute methanol and
the white precipitate was collected by centrifugation at 1000 ×g for
10 min (Kourmentza et al., 2018).

2.3.2. PHB analysis
The extracted PHB samples were firstly investigated by Fourier trans-

form infrared spectroscopy (FTIR) using IRTracer-100 (Shimadzu, Japan)
in the range of 1500–2000 cm−1 with 64 scans at 16 cm−1 resolutions.

The extracted polymer was further identified by nuclear magnetic reso-
nance spectroscopy (Agilent 400 MHz MR-DD2, Agilent, Santa Clara, CA,
USA) with deuterated chloroform (CDCl3) as a solvent. 1H NMR spectra
were recorded using 8–32 scans, 45° duration of the pulse, and 1 s repeti-
tion delay. 13C NMR spectra were recorded using 128 scans, 45° duration
3

of the pulse, and 1 s repetition delay. The extracted samples were compared
to commercial PHB (Sigma-Aldrich).

Differential scanning calorimetry (DSC) was employed to analyze the
glass transition temperature and melting temperature. The samples were
heated from −30 °C to 185 °C and then cooled with a rate of 10 °C/min
to the crystallization by a Shimadzu DSC-50 thermal system under the con-
dition of 20 mL/min nitrogen flow with 10 °C/min heating rate.

Gel permeation chromatography (GPC)was used to determine the num-
ber of average molecular weight (Mn), weight average molecular weight
(Mw), and the related polydispersity index (PDI) of the PHB produced. A
Viscotek GPCmax (Malvern, UK) system equipped with a GPC column
oven VE2585 (Malvern) and two analytical columns (Plgel 5 μm MIXED-
C, 300 mm) was employed. The Viscotek 279 Dual Detector (Malvern)
and a Schambeck RI2012 were used for refractive index and UV measure-
ments. Before analysis, the extracted samples were dissolved in chloroform,
and filtered through a 0.20 μm PTFE membrane. Polystyrene standards
(Agilent and Polymer Laboratories) were used for the polymer molecular
weight calibration. The collected data were analyzed with OmniSEC
(v5.0) (Malvern).

3. Results and discussions

3.1. Enrichment of PHB-accumulating MMC

The initial mixed microbial consortium (MMC) originating from the in-
dustrial pilot reactor was compared to the MMC from the selector-
bioreactor after 6-month further enrichment to recognize the change in
the microbial community (Fig. 1). The 16S-rRNA analysis showed that
the phylum Proteobacteria predominated in the microbial communities be-
fore and after 6-month enrichment. The relative abundance of the phylum
Proteobacteria remained relatively constant with 42% at the start and 46%
after 6-month enrichment. Thauera, belonging to the family Rhodocyclaceae
within the phylum Proteobacteria, remained unchanged with a relative
abundance of 48% in the phylum during the enrichment period. In addi-
tion, the relative abundance of Bacteroides did not change significantly,
while the phyla Epsilonbacteraeota, Firmicutes, Spirochaetes, and
Tenericutes decreased significantly to almost absent after 6 months. A sig-
nificant increase in the phylum Planctomycetes emerged from negligible
to the second dominant phylum within the community. The same three
phyla were present in a comparable ratio in our previously enriched
MMC from the same original pilot reactor, as reported in Colpa et al.
(2020), suggesting a stable MMC. A representative 5-cycles in the enrich-
ment was selected and is shown in Fig. S1.

The composition of theMMC after 6-month enrichment in a 5 L fermen-
ter was different from the start, whichmight result from the driving force of
aerobic dynamic feeding (ADF) in the selection process of the PHB-
producers (Gobi and Vadivelu, 2014). The microbial members with the ca-
pability of PHB accumulation will survive in the famine phase through the
stored PHB in the feast phase, while the other ones without the ability of
PHB accumulation will be outcompeted (Chen et al., 2015; Huang et al.,
2018). Hence, the cultures with a strong PHB accumulation ability would
be enriched after long-term enrichment under the ADF strategy along
with the changing composition of the initial MMC.

3.2. Monitoring PHB production

3.2.1. Dynamic changes of PHB content at pH 7 and 9
A screening was performed for PHB production from pH 7 to pH 12

(Fig. S2). A maximum PHB production was found at pH 9. At pH 11 and
pH12 the cells did not grow. Two initial pH values (pH 7 and 9)were inves-
tigated to better understand the effect of pH on PHB production. The
changes in substrate concentration, cell growth, and the PHB production
profiles are presented in Fig. 2. The biomass (dry cell mass) accumulation
is shown in Fig. 2a. The dry cell mass gradually increased in the phase of
sufficient substrate (within 48 h) up to the respective maximum: 5.87 g/L
(pH 7) and 7.50 g/L (pH 9). After 60 h, the accumulation of dry cell mass



Fig. 1. Comparison of the microbial communities between the start and after 6-
month enrichment in the selector-bioreactor. The five concentric circles labelled
“P”, “C”, “O”, “F”, and “G” represent Phylum, Class, Order, Family, and Genus,
respectively.
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dropped significantly, which might be due to a lack of nutrients. Addition-
ally, the PHB content in the cells is presented in Fig. 2b. The GC/MS analy-
sis indicated that the highest PHB content of 26 wt% and 35 wt% was
obtained inMMC grown at pH 7 and 9, respectively. At pH 9, themaximum
PHB content was reached in only 24 h, more rapid than PHB production at
pH 7. Subsequently, the stored PHBwas consumed to survivewhen the car-
bon source became limiting. While at pH 7, PHB accumulated up to a max-
imum after 72 h and depleted after another 48 h. Notably, the PHB content
increased when the nitrogen was rapidly consumed.

Fig. 2c clearly shows a rapid consumption of acetic acid to zero within
60 h at pH 9, while acetic acid as the sole carbon source was exhausted
after 96 h at pH 7. As shown in Fig. 2d, the utilization of NH4-N at pH 7
was slower than at pH 9 during the initial 24 h. However, at pH 7 and 9,
nearly 90% of NH4-N was consumed before the end of the process. The
COD decrease shown in Fig. S3 further supported the substrate consump-
tion in the PHB production process at pH 7 and 9.

The results show that pH 9was more beneficial for cell growth and PHB
production than pH 7. Villano et al. also suggested that alkaline conditions
could improve the yield of PHB (2010). Higher environmental pH-values
indeed might trigger intracellular concentrations of organic acids (Padan
et al., 2005). These acids can in turn be converted into PHA, which is fur-
ther stimulated by the excess amount of carbon in the cultures. This hypoth-
esis might explain why more PHB is accumulated under alkaline
conditions. During PHB production at pH 7 and 9, substrates are used to
grow cells and accumulate energy in the initial stage of PHB accumulation.
Subsequently, the stored PHBwas used by the bacteria to survive when the
carbon source becomes limiting. Chen et al. (2016) also mentioned that
PHB accumulation and cell growth rapidly increased when the substrates
were quickly consumed while nitrogen was limiting. Furthermore, Ren
et al. reported that the synthesis and degradation of PHB coexisted in the
growth stage of PHB. These effects show that the timing of harvesting
after feeding is essential for obtaining optimal PHB production (Ren et al.,
2010).
4

3.2.2. Dynamic microbial community
The microbial community composition was determined at different

time points to investigate the dynamics within the microbial community
during the PHB production. The dominant microorganisms (top 10 at the
genus level) at pH 7 and 9 in the MMCs at different stages of PHB accumu-
lation are shown in pie charts in Fig. 3. Betaproteobacteriales occupied the
highest abundance in the MMCs throughout the PHB production process
based on the result of the top twenty orders in Fig. S4. Thauera, belonging
to the order Rhodobacterales, dominated the microbial community with a
relative abundance of 40% at 0 h. A combination of three genera,
Alcaligenes (24%), Paracoccus (30%), and Pseudomonas (21%), replaced
Thauera at the highest PHB accumulation point in the MMC grown at
pH 7. In the case of pH 9, a combination of Thauera (32%), Alishewanella
(28%), and Sporosarcina (19%) accounted for most of the bacteria in the
MMC at the highest point of PHB accumulation. However, Alcaligenes, be-
longing to the order Bacteriovoracaceae, was abundantly present in the
MMC grown at pH 7 (41%) and pH 9 (43%) at the end-point of PHB con-
sumption.

The pH influences the rate of nutrients utilization during PHB produc-
tion, which led to a change in the MMC (Villano et al., 2010). pH is
known to be a basic parameter in bacterial growth, which further affects
the microbial activities and function (Ratzke and Gore, 2017). Simulta-
neously, dynamic MMCs also affected the performance of PHB production.
The relative abundance of Paracoccus decreased during PHB depletion at
pH 7 and increased at pH 9. Pseudomonaswas the second-highest abundant
bacterium in the microbial communities throughout the PHB production
process at pH 7. At pH 9, only a fraction of Pseudomonas appeared at the
highest and the end point of PHB production (respectively 1% and 4%).
Gouveia et al. (2017) mentioned that the community composition and pro-
portion changed at different pH over time.

AllMMCswhich grew inmediawith an initial pH7 or pH 9 showed sim-
ilarities during PHB production: the proportion of Thauera decreased, while
Alcaligenes presented a remarkable increase from the highest point of PHB
production to the endpoint of cultivation (PHB consumption). The top com-
petitor shifted from Thauera toAlcaligenes, presumably due to a nutrient de-
ficiency for cell growth and PHB production. A similar phenomenon was
investigated by Huang et al. (2018). Although Alcaligenes are known to be
capable of PHA production (Fukui and Doi, 1998), it is assumed that their
role in our PHB production experiments at pH 9 is minimal: their abun-
dance significantly increased after the PHB production phase.
Janarthanan et al. (2016) also put forward that the flexible MMCs
responded to PHB production and biomass accumulation, resulting in
changes within the composition of the MMCs. The dominant genera at
the highest point of PHB production in our study: Alcaligenes, Alishewanella,
Paracoccus, Pseudomonas, and Thauera, were previously identified in PHB
production (Aranda-Díaz et al., 2020; Sruamsiri et al., 2020). The dominant
PHB-producing populations ensured the functional stability of PHB produc-
tion. The relationship between the composition of the microbial commu-
nity and the PHB production is likely conditioned by the specific
environmental preferences of each population, as also mentioned by
Albuquerque et al. (2013). Thus, the performance of theMMCwas reflected
in the applied selective stress, like pH and/or nitrogen-limitation (Wang
et al., 2017). Quorum sensing (QS) might be involved in regulating PHA
production, nutrient removal, and the compositions of microbial communi-
ties (Tan et al., 2014; Xue et al., 2017). Thus, the microbial association net-
work requires further analysis to comprehensively understand the role of
different bacteria in the mixed PHB-accumulating community. This analy-
sis can help in obtaining a stable PHB-accumulating community.

3.3. Effect of nitrogen

3.3.1. The maximum PHB production
To demonstrate the influence of different acetic acid concentrations (1,

5, 10, 20, 30, and 40 g/L) and C/N ratios (1, 10, 40, 100 and ∞) on PHB
production, the cell growth and PHB content were analyzed (Fig. 4). As
shown in Fig. 4a, the dry cell mass closely coincided with the concentration



Fig. 2.Dynamic changes in PHB production by anMMC grown on acetic acid as the sole carbon source at pH 7 and 9. (a) Dry cell mass accumulation, (b) PHB content on dry
cell mass, (c) Acetic acid consumption, and (d) ammonium (NH4-N) consumption. Black squares represent the results of the MMC grown at pH 7 and red circles are theMMC
grown at pH 9. The error bars indicate the standard deviations from duplicate experiments. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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of acetic acid, where the maximum dry cell mass (15 g/L) was obtained at
40 g/L. However, the highest PHB content on dry cell masswas about 34wt
% at an acetic acid concentration of 10 g/L, and only 18 wt% at 40 g/L.

From the results of Fig. 4b, it became clear that the PHB content at pH 9
was higher than at pH 7 for all C/N ratios. A similar result was presented by
Montiel-Jarillo et al. (2017), who indicated that the pH range from 8.8 to
9.2was beneficial for PHB production. Both pH 7 and 9 had theirmaximum
PHB production at a C/N ratio of 40, 52 wt%, and 70 wt% on dry cell mass,
Fig. 3. Differences in microbial dynamics during PHB production at pH 7 and 9 (C/N ra
“top” presents the highest point of PHB production, and “end” stands for the end of PH

5

respectively. When the C/N ratio was stepwise increased from 1 to 10, the
PHB content on dry cell mass gradually accumulated from 3wt% to 26wt%
at pH 7 and from 14 wt% to 35 wt% at pH 9, respectively. Above at a C/N
ratio of 40, a decreasing tendency in the PHB accumulation was observed
from 46 wt% (C/N 100) to 13 wt% (C/N ∞) at pH 7 and from 57 wt%
(C/N 100) to 14 wt% (C/N ∞) at pH 9. The accumulation of dry cell
mass at pH 7 was less than obtained at pH 9 in the various C/N ratios in
Fig. S5.
tio of 10 and acetic acid concentration of 10 g/L) in the genus level by the pie chart.
B consumption.



Fig. 4. Effects of growth conditions on dry cell mass and PHB accumulation. Initial
acetic acid concentration in the range of 1–40 g/L and C/N ratio of 10 at pH 9 (a),
and various C/N ratios (1, 10, 40, 100, ∞) under pH 7 and 9 with an initial acetic
acid concentration of 10 g/L (b). “∞” means that there was no ammonium added
to the growth medium. The error bars indicate the standard deviations from the
duplicate experiments.
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Carbon and nitrogen are critical nutrients for all living organisms, and
the nutrient metabolism is appropriately balanced for optimal cell growth
(Zhang et al., 2018). From many previous reports, we know that the avail-
ability of carbon sources and nitrogen plays essential roles in PHB produc-
tion and that higher PHB content was typically obtained under nitrogen
limitation (Oliveira et al., 2017; Valentino et al., 2015). Xu et al. (2019)
compared growth and PHB accumulation under nitrogen-limitation and
nitrogen-surplus and concluded that sufficient nitrogen benefits cell growth
and decreased PHB accumulation. This result is consistent with our study
that excess nitrogen restricted PHB synthesis, while nitrogen limitation
was beneficial for PHB production. Moreover, extreme nitrogen limitation
would adversely affect PHB accumulation, as shown in our experiments
(Fig. 4).Wang and Lee employed a single strain to study the influence of ni-
trogen limitation. There was no cell growth under nitrogen-limitation with
a concomitant a higher PHB productivity (Wang and Lee, 1997). This is in
agreement with our study, where biomass growth was low when nitrogen
was limited. Hence, the balance between biomass and PHB accumulation
should be considered in achieving a high PHB production per volume of
culture.

3.3.2. The microbial composition of the MMCs
Themicrobial communities at the highest point of PHBproductionwere

analyzed to evaluate the predominant bacteriawithin theMMCs growing at
the different C/N ratios. The compositions of theMMCs at the phylum level
are shown in Fig. 5a. The phylum Proteobacteria dominated the microbial
community among all growth conditions, except for the C/N ratio of 1 at
pH 9, where Firmicutes was predominant. The proportion of Firmicutes
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decreased along with the increase of the C/N ratio, while the abundance
of Bacteroidetes gradually increased. Table 1 shows examples of PHB-
producing MMCs and the predominant microbes under different growth
conditions (acetate as the sole substrate). The phylum of Proteobacteria is
the most studied for PHB-accumulation.

The relative abundance of the most dominant genera (top 10) in the
MMCs from all C/N ratios at pH 7 and 9 are presented in Fig. 5b. In excess
of nitrogen (C/N ratio of 1), Alcaligeneswas the most abundant genus, with
a relative abundance of 79% at pH 7, followed by Sporosarcina (19%). In-
versely, at pH9, Sporosarcina occupied 68%andAlcaligenes only 28%.How-
ever, only a low content of PHBwas present in these mixed cultures at a C/
N ratio of 1 (Fig. 4). BothAlcaligenes and Sporosarcina remarkably decreased
to a tiny fraction when the C/N ratio was increased. When the C/N ratio
was 10, a combination of Alcaligenes, Paracoccus and Pseudomonas repre-
sented the major in the microbial community at pH 7, with a relative abun-
dance of 24%, 30%, and 21%, respectively. When the C/N ratio was
increased further, the Alcaligenes was outcompeted completely. However,
the microbial community of pH 9 showed another combination of Thauera,
Alishewanella, and Sporosarcina genera with relative abundances of 32%,
28%, and 19%, respectively. As for a C/N ratio of 40 at pH 7, the genera
Paracoccus, Thauera, and Soonwooa existed at a relative abundance of
21%. For the optimal conditions of PHB accumulation (C/N ratio of 40 at
pH 9), Thauera predominated with a high relative abundance of 56%. Sim-
ilarly, Thauera prevailed in the microbial communities when the C/N ratio
increased to 100 and∞ (no ammonium). However, the relative abundance
of Thauera declined along with the rise of C/N from 100 to∞ both at pH 7
and 9. These results indicate a direct correlation between the relative abun-
dance of Thauera species within the MMCwith the highest PHB production
under nitrogen limiting conditions (Fig. 4). This effect is even more promi-
nent at pH 9, suggesting a correlation between the abundance of the
Thauera and PHB accumulation.

To confirm the correlation between species abundance concerning PHB
production, C/N ratios, and pH values, a principal component analysis
(PcoA) and a Redundancy Analysis (RDA) were performed. Based on the
beta diversity of MMCs, the PcoA analysis of microbial compositions from
various C/N ratios at pH 7 and 9 are shown in Fig. 6a. In the Jaccard-
Emperor graph, the plots from the C/N ratios of 100 and∞were relatively
close to each other. Whereas, the others (C/N ratios of 1, 10, and 40) were
significantly different, both within the same pH series as well as between
the pH 7 and pH 9 series. So, as expected both pH and the C/N ratio affect
the microbial diversity of the MMC.

The relationships between PHB accumulation, dominant genera, and
growth conditions were further evaluated through redundancy analysis
(RDA) in Fig. 6b. The angle between each of the parameters PHB, C/N, and
pH and the Thauera species showed to be less than 90° showing a positive cor-
relation. Out of these factors, the C/N ratio showed the smallest angle with
Thauera species, indicating that the C/N ratio largely determines the domi-
nance of Thauera species. Although it also shows a high correlation with
Alishewanella, the abundance of this group is lower. Additionally, based on
the arrow clustering, the genera Alishewanella, Devosia, Myroides, Soonwooa,
and Thauera positively correlated with PHB-accumulation (Fig. 6b).

From the analysis of microbial communities at various C/N ratios, we
observed that the C/N ratio played an important role in determining themi-
crobial composition and themost abundant bacterial genera. As for the con-
ditions at which high PHB production was investigated, Thauera
predominated the microbial communities particularly at pH 9. It is worth
noting that there was no less than 10 wt% PHB content on dry cell mass
without the supply of ammonium (C/N ratio of∞), where Thauera also pre-
dominated among the microbial community. However, there were signifi-
cant shifts in the microbial community between nitrogen-sufficiency (C/N
ratio of 1) and nitrogen-absence (C/N ratio of∞), shifting from the genera
Alcaligenes (pH 7) and Sporosarcina (pH 9) to the genus Thauera. The shifts
indicate that the condition of nitrogen-sufficiency is favourable for the
growth of Alcaligenes and Sporosarcina, while nitrogen-limitation would
benefit Thauera. Though both Alcaligenes and Thauera are known to be
able to accumulate PHB (Whiteley et al., 2017; Albuquerque et al., 2013),



Fig. 5.Themicrobial community composition at different C/N ratios (1, 10, 40, 100, and∞) in the highest point of PHB production between pH7 and 9 at the phylum (a) and
genus (b) levels. The top 10 genera are listed in the map, together with the factors included pH and C/N ratios.
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no comparisons were reported between these two genera on the efficiency
of PHB production under comparable conditions. Initial pH values also
seemed to influence the composition of bacterial populations, which most
probably result from the optimal growth conditions of bacteria and the ac-
tivity of associated enzymes (Chua et al., 2003). The above results demon-
strate the significance of environmental conditions on PHB production
level, production time and the dominant microorganisms in the MMCs.
Once the dominant PHB producers are identified, and their ecophysiologi-
cal characteristics and need for optimal performance are studied, the results
will allow for further optimization of PHB production yields.
Table 1
List of dominant bacteria found in PHB-accumulating MMCs grown at different C/N rat

Growth conditions Dominant bacteria

C/N (COD/N) pH Family

20 7.0 Rhodobacteraceae, Rhodocyclaceae
12.5 No control Rhodobacteraceae, Rhodocyclaceae
30 6.5–9.5 Rhodocyclaceae
400 7.2 Rhodocyclaceae
∞ 7.0 Competibacteraceae, Rhodocyclacea
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3.4. Characterization of PHB polymer properties

The properties of the produced PHB are important parameters for their
future industrial applications. The molecular weight, the glass transition
point, and the melting point temperatures of the PHB extracted from cells
grown at various conditions were investigated. The obtained PHB proper-
ties are listed in Table 2. The PDI of the extracted PHB was between 1.78
and 2.73, somewhat lower than the PDI of commercial PHB (3.08), which
means that the molecular weight distribution of the extracted PHB was
narrower than commercial PHB.
ios with acetic acid as the sole carbon substrate.

Reference

Genus

Paracoccus, Thauera (Huang et al., 2018)
Paracoccus, Azoarcus (Albuquerque et al., 2013)
Thauera (Sruamsiri et al., 2020)
Azoarcus, Thauera (Lemos et al., 2008)

e Plasticicumulans, Zoogloea (Jiang et al., 2011)



Fig. 6. Jaccard Emperor plots based on the data of microbial community analysis
show the differences in various C/N ratios (a). The circles present pH 7 and the
squares stand for pH 9. The blue, orange, green, purple and red present C/N
ratios of 1, 10, 40, 100 and ∞, respectively. Redundancy analysis (RDA) based on
growth conditions and the dynamic microbial variables at the genus level (b).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Physical properties of PHB extracted polymers from the MMCs grown at different grow

Growth Conditions Mw (kDa) Mn (kDa) PDI (Mw/M

pH 7 C/N 1 405 ± 2 189 ± 12 2.14 ± 0.15
C/N 10 411 ± 20 151 ± 13 2.73 ± 0.37
C/N 40 375 ± 6 159 ± 13 2.35 ± 0.15
C/N 100 426 ± 2 185 ± 20 2.30 ± 0.27
C/N ∞ 337 ± 25 158 ± 7 2.13 ± 0.07

pH 9 C/N 1 168 ± 1 79 ± 4 2.12 ± 0.11
C/N 10 434 ± 3 188 ± 13 2.31 ± 0.09
C/N 40 462 ± 24 208 ± 14 2.22 ± 0.21
C/N 100 272 ± 36 117 ± 6 2.33 ± 0.20
C/N ∞ 82 ± 12 46 ± 8 1.78 ± 0.07

PHB 430 ± 6 140 ± 6 3.08 ± 0.10
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Moreover, we can also steer the properties of the PHA by applying
the different cultural conditions. Kourmentza and Kornaros (2016)
and Tomizawa et al. (2011) described that several factors affected the
molecular weight of the produced polymer, e.g., growth temperature,
pH, cultivation time, C/N ratios, and the extraction method. In addition,
molecular weight is a parameter for testing the rate of PHB degradation
(Freier et al., 2002). Therefore, whether the molecular weight of ex-
tracted PHB influences the rate of PHB degradation needs to be investi-
gated in further studies. The molecular structure of the extracted
polymer was identified as PHB by FTIR, GC/MS, and NMR analysis
(Figs. S6, S7, and S8).

4. Conclusion

In our study, we showed that alkaline (pH 9) and nitrogen-limitation
(C/N ratio of 40) proved more favourable for obtaining higher PHB pro-
duction than neutral conditions (pH 7). According to the results of high-
throughput sequencing of 16S-rRNA, the dominant genera shifted as a
response to the change of C/N ratio from Thauera (the highest point of
PHB production) to Alcaligenes (the end of PHB consumption) in the
MMC. This illustrates the relevance to have an insight into the dominant
genera in MMCs and functional stability during the process of PHB accu-
mulation. These results also highlight the importance of determining
the optimal harvesting time to extract the maximum amount of PHB in
MMCs. Future studies can be focused on revealing the impact of other
aspects that may also play a role within MMCs producing PHAs, such
as mutualistic relations, competitions, interspecies transfer of metabo-
lites, other growth conditions, or limitations. This will be beneficial
for regulating and obtaining high PHA levels within an MMC, thereby
increasing the industrial prospects for PHA production from low-cost
heterogenic organic waste streams.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.152341.
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