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Abstract

This study aims to investigate the significance and biodegradation pathways of PHB-based bioplastic in anaerobic
digesters treating food waste, where the reactor performance of changed methane generation, bioplastic
biodegradation efficiency, and bioinformatic analysis of functional microbes were emphasized. The results showed
that PHB-based plastic film could be partially biodegraded in the food waste digester, and a bioaugmentation use
of Alcaligenes Faecalis (AF) and Bacillus Megaterium (BM) was beneficial to largely accelerate the degradation process
through a beneficial shift of both the functional bacterial and archaeal species. Microbial community analysis
indicated that the major bacterial species belonged to genera Candidatus_Cloacimonas, Rikenellaceae, and
Defluviitoga, while the dominant methanogenic archaeal species belonged to genera Methanomassiliicoccus,
Methanosarcina, and Methanosaeta. Bioplastic biodegradation analysis suggested that the optimal fractions of AF
and BM for PHB-based plastic degradation were 50%AF and 75%BM, respectively, which deserves further
optimization and scale-up validation. The finding of this study would contribute to the combined management of
PHB-based bioplastic with food waste for clean energy recovery and a greener environment.
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1 Introduction

Plastics as food packaging materials have been widely
used worldwide. The most common types of petroleum-
based plastics included high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polystyrene
(PS), polypropylene (PP), polyethylene terephthalate
(PET), and polyvinyl chloride (PVC). Due to the features
of high durability and low degradability [1], the
extensive use of plastic products has led to serious envir-
onmental problems such as white pollution and micro-
plastic issue in both aquatic and terrestrial ecosystems
[2, 3]. Without appropriate management from now on,
the plastic waste issue would pose huge risks to the pub-
lic health and sustainable development of human beings.
To tackle this issue, many studies have been carried out
to look for feasible approaches to reduce plastic pollu-
tion, including a reduction in plastic consumption, in-
crease in plastic reuse and recycling, and establishment
of safe disposal systems [4]. Even so, more effective solu-
tions need to be developed for the plastic waste issue, es-
pecially when the plastic waste was mixed with other
heterogeneous wastes.

Regarding the heterogeneous wastes containing
plastics, the conventional treatment method in many
countries and areas is mainly incineration or landfilling;
however, this strategy has been criticized for high carbon
emissions and residual contamination (by microplastics
and heavy metals) [5]. To fundamentally solve the plastic
waste issue, the use of biodegradable plastics instead of
petroleum-based plastics has been proposed as a promis-
ing solution. Hitherto, in recent years, several kinds of
environmental-friendly and degradable plastics such as
polyhydroxyalkanoates (PHAs), polylactic acid (PLA) [6],
poly(butylene adipate-co-terephthalate) (PBAT) [7], and
poly(vinyl alcohol) (PVA) have attracted increasing at-
tention. Among these options, PHAs-based plastic was
considered one of the most sustainable option as PHAs
can be both bio-derived and biodegradable [8, 9]. Fur-
thermore, it has been found that the energy requirement
and CO, emission involved in the production of bio-
derived and biodegradable plastics were significantly
lower than those of other classes of plastics [10]. The
most extensively studied polymer in the class of PHAs is
polyhydroxybutyrate (PHB), which can be completely
biodegraded into energy, water, carbon dioxide, and/or
methane [11]. The biodegradation of PHB depends on
the PHB depolymerase produced by many microorgan-
isms such as Bacillus Megaterium [12, 13] and Alcaligenes
Faecalis [14, 15].

Currently, the PHAs-based bioplastic is on the way to
be widely commercialized [9]. Nevertheless, seldom
studies have been conducted at the practice extent of ac-
tual waste management to evaluate the biodegradation
performance. For instance, plastics are of especial
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importance in the food supply chain for food packaging,
preservation, transport, hygiene and safety [16]. Hence,
bioplastic waste and food waste would concomitantly
happen and frequently mixed together, rather than indi-
viduals during degradation, namely bioplastic-containing
food waste. Currently, anaerobic digestion is a mature
technology to convert food waste into methane-rich fuel.
However, the reactor performance and effective
microbial communities of anaerobic digesters co-
treating food waste and bioplastic waste remain
unclear. Moreover, the biodegradation kinetics profile
of PHB-based plastic in anaerobic digesters remains
an essential knowledge gap.

Therefore, the objectives of this study are to investi-
gate the valorization of PHB-based plastic film in the an-
aerobic digesters of food waste for bioenergy generation,
focusing on reactor performance, microbial community
analysis, and bioplastic biodegradation. Meanwhile, in
order to study the detailed biodegradation process of
PHB-based plastic, the degradation rates of PHB films in
the fermentation broth of pure Bacillus Megaterium and
Alcaligenes Faecalis were closely monitored. The find-
ings of this study would provide technical guidance for
the valorization of future PHB-based plastic waste for
bioenergy recovery through anaerobic digestion.

2 Materials and methods

2.1 Food waste, seed sludge, chemicals, and commercial
strains

The food waste used in this study was collected
manually from a campus canteen named Flavours at the
National University of Singapore. For the obtained food
waste, the non-food components including bones, paper,
and plastics were firstly removed. Then, the food waste
was homogenized using a household food blender. Seed
sludge was provided by a commercial-scale anaerobic di-
gestion institution that co-treated food waste and muni-
cipal sewage sludge in Singapore. The characteristics of
the seed sludge and food waste were determined accord-
ing to the respective protocols (shown in Section 2.6),
and were summarized in Table 1. The chemicals used
for the fabrication of PHB films, including powdered
Poly[(R)-3-hydroxybutyric acid] (PHB), glacial acetic
acid, and chloroform (co-solvent), were purchased from
Sigma-Aldrich Pte Ltd. Two PHB-degradation bacteria,
Bacillus Megaterium (BM) and Alcaligenes Faecalis
(AF), were purchased from ATCC (American Type
Culture Collection) and stored at 4 °C prior to use.

2.2 Preparation of PHB-based bioplastic films

Initially, 0.5g of PHB powder was weighed and mixed
with 13 mL of glacial acetic acid in a 100 mL beaker.
The beaker was loosely capped and heated to 40°C
with a magnetic stirrer at 300 rpm. Afterward, the
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Table 1 The physicochemical properties of seed sludge and
food waste

Characteristics Units Food waste Seed sludge
Volatile solids (VS) wit%? 2172+ 158 1.10+0.02
Total solids (TS) wit%? 2734+ 196 1.62+0.04
VS/TS ratio - 0.79 0.68

pH - 6.53+0.01 765+0.11
Protein wtd%® 2058+1.26 -
Carbohydrate Wt9%° 40.29+2.70 -

Lipid Wt9%P 2103+ 184 -

C Wt9%° 5330+ 147 3091 £0.18
H wto® 788021 458 £006
N Wt9%° 3.71+£0.06 497 +£0.05
S W% 0.50+0.03 0.52+0.08
C/N ratio - 1437 6.22

?On wet basis
POn dry basis

temperature was gradually raised from 40°C to 150°C
and maintained at 150°C for 10min to allow the
PHB powder to dissolve completely and to form a
translucent and greyish solution. The fabrication of
PHB films followed modified procedures from the
method by Anbukarasu et al. [17]. Briefly, several
microscope glass slides (70 mm x 25 mm) were pre-
heated at 50 °C. Subsequently, 1-1.2 mL of the heated
PHB solution (0.04g/mL) was transferred onto the
preheated microscopic glass slide (50°C). All the
microscopic glass slides with PHB solution were
heated at 50°C for appropriately 10 min to dry com-
pletely the solution. Then, the microscopic glass slides
were cooled down to room temperature (25°C).
Finally, the PHB films were detached from the micro-
scopic glass slides using a pair of tweezers.

2.3 Preparation of microbial fermentation broth for
bioplastic degradation experiments

The bacterial strains, Bacillus Megaterium (ATCC14581)
and Alcaligenes Faecalis (ATCC8750), were cultivated
separately in two 250 mL of flasks (50 mL medium)
using the ATCC® Medium 3 (Nutrient agar). The culti-
vation temperature for Bacillus Megaterium and Alcali-
genes Faecalis were 30 °C and 37 °C, respectively. After
cultivation for 4 days, the bacterial strains entered the
exponential growth period and were subsequently col-
lected for bioplastic degradation experiments.

2.4 Batch anaerobic digestion of food waste with PHB-
based plastic

Eight kinds of anaerobic digesters were established using
500 mL of glass bottles, rubber stoppers and gas bags. The
anaerobic digesters were inoculated with homogenized

Page 3 of 14

seed sludge and other components (e.g., food waste, PHB-
based plastic, and BM/AF, see Table 2), and were then
capped with rubber stoppers and connected to gas bags.
All the digesters were stirred at regular intervals during
the entire course of mesophilic (37 °C) anaerobic diges-
tion. At the end of the fermentation, all the gas bags were
collected for gas component and volumetric analysis. Each
treatment was set in triplicates.

2.5 Biodegradation experiments of PHB films in pure
bacterial fermentation broths

Twenty pieces of PHB each weighing 0.05 g were placed
in AF and BM solutions of various concentrations, ran-
ging from 100% to 0% (refer to Table 3 for setup). The
PHB pieces were weighed regularly and the percentage
degradation of PHB over time was plotted.

2.6 Analytical methods

The pH values of liquid samples were tested using a
portable pH meter (Agilent 3200 M, USA). Soluble
chemical oxygen demand (SCOD) values were measured
using a HACH colorimeter (DR900, USA) and the com-
mercial chemical oxygen demand (COD) kits (HC-
2125915, Pall Corporation). The TS and VS contents of
seed sludge, food waste and bioplastic material were
measured via the weighing method from Lin et al. [18].
Carbohydrate content was estimated based on the
phenol-sulfuric method [19]. Protein content was deter-
mined through the total nitrogen measurement ap-
proach coupled with a correction factor of 6.25. Lipid
content was determined by the method from Holmes
et al. [20]. Elemental compositions were determined by
an elemental analyzer (Vario MICRO cube, Germany).
The concentration of volatile fatty acids (VFA) was de-
termined with a gas chromatograph (PerkinElmer,
Clarus 580 GC, USA) coupled with a flame ionization
detector and an auto-sampler.

2.7 Bioinformatic analysis of microbial communities in
different digesters

Initially, DNA was extracted by following the protocols re-
ported by Zhang et al. [21]. The DNA concentration and
purity were checked by 1% agarose gels electrophoresis.
The qualified DNA was diluted to 1ng/pL with sterile
water prior to use. Following that, the polymerase chain
reaction (PCR) was performed in order to amplify the V4
region of the 16S rRNA gene using barcoded PCR primers
515F (5'-GTGCCAGCMGCCGCGGTAA-3’) and 806R
(5'-GGACTACHVGGGTWTCTAAT-3"). All PCR reac-
tions were performed using Phusion® High-Fidelity PCR
Master Mix (New England Biolabs Inc). Afterward, the
sequencing of the DNA samples was carried out through
an Illumina HiSeq™ 2000 sequencing system. The raw
sequencing data were pretreated to generate effective
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Table 2 Experimental design of anaerobic digesters
Digesters Triplicates Food Waste (g) PHB-based plastic (g) Working volume (mL) BM (pL) AF (uL)
FW-BM Al 5.00 - 300 350 -
A2 5.00 - 300 350 -
A3 5.00 - 300 350 -
P4 (FW-PHB-BM) A4 5.00 0.1 300 350 -
A5 5.00 0.1 300 350 -
A6 5.00 0.1 300 350 -
FW-AF A7 5.00 - 300 - 350
A8 5.00 - 300 - 350
A9 5.00 - 300 - 350
P3 (FW-PHB-AF) A10 5.00 0.1 300 - 350
ATl 5.00 0.1 300 - 350
A12 5.00 0.1 300 - 350
Seed only A15-1 - - 300 - -
A15-2 - - 300 - -
A15-3 - - 300 - -
FW B3 5.00 - 300 - -
B4 5.00 - 300 - -
B5 5.00 - 300 - -
P2 (FW-PHB) B6 5.00 0.1 300 - -
B7 5.00 0.1 300 - -
B8 5.00 0.1 300 - -
P1 (PHB) B9 - 0.1 300 - -
B10 - 0.1 300 - -
B11 - 0.1 300 - -

sequencing reads. Afterward, by following the procedures
described by Zhang et al. [21], effective sequences were
then used for bioinformatic analysis, including operational
taxonomic units (OTUs)-based analysis of the DNA se-
quences, taxonomic annotation, alpha diversity analysis,
and beta diversity analysis. Regarding the taxonomic

compositions of microbial communities in different
digesters, the dominant bacterial and archaeal species
were analyzed at phylum and genus levels. The difference
and similarity of microbial community structure among
various digesters were visualized by adopting principal co-
ordinates analysis (PCoA).

Table 3 Experimental design of PHB degradation in broth of AF or BM

Reactor No. Volume of AF broth/mL Volume of BM broth/mL Volume of Distilled Water/mL Broth percentage/%
AF100% 20 - 0 100
AF75% 15 - 5 75
AF50% 10 - 10 50
AF25% 5 - 15 25
AF0% 0 - 20 0
BM100% - 20 0 100
BM75% - 15 5 75
BM50% - 10 10 50
BM25% - 5 15 25
BM0% - 0 20 0
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2.8 Statistical analysis

The Origin software (version 8.5) was used to plot the
figures. The variance of the various parameters such as
pH, SCOD and methane yield in different digesters were
determined statistically through SAS (version 9.4, SAS
Institute Inc., USA) coupled with a significance thresh-
old of p <0.05.

3 Results and discussion

3.1 Performance comparison of different digesters
Regarding the batch anaerobic digestion of food waste
with or without PHB-based plastic, a series of parame-
ters including pH, methane yield, methane percentage,
CO, percentage, total nitrogen, SCOD, total volatile fatty
acids (TVFA) concentration, and VFAs distribution were
determined, results of which are shown in Figs. 1 and 2.
From Fig. 1a, the pH values of 7.78 ~7.95 showed that
all the digesters were operated under normal conditions.
From Fig. 1b, the methane yields obtained from the di-
gesters with seed sludge (S), S +food waste (FW), S+
FW + AF, S + FW + BM, S + PHB(P1), S + PHB + FW(P2),
S+ PHB + FW + AF(P3), and S+ PHB+FW + BM(P4)

were

87.93 £32.40, 569.45 +88.79,
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573.77 + 89.65,

639.45 +42.63, 190.42 +30.36, 746.26 +79.99, 651.69 +
67.82, and 586.81 +55.92mL/g VS, respectively. These
results had several implications. First, seed sludge (S) it-
self produced a small portion of methane, which should
be considered during the result analysis. Second, among
the digesters without PHB, the addition of fermentation
broth of AF and BM merely enhanced the methane
yields by 0.8 and 12.3%, respectively, indicating that the
fermentation broth itself had very limited effects on me-
thane yields. Thirdly, the PHB-based plastic was biode-
graded after anaerobic digestion, which led to a methane
yield of 102.49 mL/g VS. The results are in accord with
previous findings in the literature. Specifically, 25% more
methane was obtained from the anaerobic digester
treating excess sludge with PHB than that without PHB
accumulation [22]. Interestingly, after supplementation
of AF or BM fermentation broth, the methane yields de-
creased by 12.7% and 21.4%, respectively. The decreased
methane yields could be ascribed to the PHB biodegrad-
ation caused by PHB depolymerase secreted by Bacillus
Megaterium and Alcaligenes Faecalis microbes [1, 23].

S Supy Sup Sip Sapy Sip
“w M:‘Vy\ghlf

Digesters

Methane yields (mL/g VS)

CO, percentage (%)

Sk
Tk
6k
S5k
=
CFAS
3k
1k
1+
o 8 §. 8. 8. §. §. §. §.
oy, S% * “p, “p, P, “p
w Ty, 4 pr* 2 M”B”'l Hipy ot ” Hp, -
D Wy Mgy Wiy,
Digesters (P3) ey,
90
80 c R 2
g
- i
- | oz - RRART
s { B2 B o B
Es0} [ e el b
B Bl B
=8 111111
30| [ Kl B ] B
§ 1 B b b ke o
B B e d e
P e R S
JLEE K B | B

800
700
600
500
400
300
200

100

2y ,’
Pl
:f"’*e,.,
(P3) " try)

~N

25

20

wmn

—
=

Fig. 1 Digester performance of different digesters: a) pH, b) methane yields, ¢) methane percentage, and d) CO, percentage. S refers to seed
sludge; FW refers to food waste; AF refers to Alcaligenes Faecalis; BM refers to Bacillus Megaterium; PHB refers to poly-B-hydroxybutyrate

Sy, S W,(f’;fw

'l
(P3)

v,
*BM( P4)




Zhang et al. Carbon Neutrality (2022) 1:8

Page 6 of 14

1500 |-
1400 |-
1300 |-
1200 |-
_ 1o}
% 1000 |-
£ o0}
5 800
2 700}
E 600}
3 s}
£ 40}
300 |-
200 |
100 |-
0
S S*F Sy.p Sepy. Sip S*p S*p s"‘l’
W Wy P Pl Pl Phip, Pl
tap By, B(l),) B*pw(gpw*ﬁ’;‘l-‘w*e
Digesters 4 3 'l”(l’q)
400
350 - c
= 300 |
? 4
= 250 |-
=
= E
-]
g 200
g 4
g ISO--
<
= 100
=
50
0

Sty Sapy St Sipy Stpy Stpy. Sipy
/ 7
W W W*b/., Bp, ”B*puf"**pu,”l“*pw
) ey Vray, *@l{
Digesters (P3)"M(py,

Fig. 2 Digester performance of different digesters: a) total nitrogen, b) SCOD, ¢) TVFA concentration, and d) VFAs distribution. S refers to seed
sludge; FW refers to food waste; AF refers to Alcaligenes Faecalis; BM refers to Bacillus Megaterium; PHB refers to poly-B-hydroxybutyrate

SCOD (mg/L)

s Sepor Sup Sy Sy, 8y, 8%, S4,
ry, ey, “4:"/ . B‘I’IIB(P Plig, ”’Ilgﬁ Pig, =
o ] I\W(Pz)mﬂ{ e "’*Bh
Digesters (r3)™ (Py)

B 1icpranoic Acid
B Caproic Acid

Isocaproic Acid
Valeric Acid

Say, S*Fw*,;*ﬁw‘%

Digesters

Moreover, the dynamic methane yields (Fig. 1b) in dif-
ferent digesters could also be caused by the diversified
methane percentages (Fig. 1c) and CO, percentages (Fig.
1d). Specifically, the digesters with S or S+ PHB(P1)
showed relatively lower methane percentages (i.e.,
57.85% and 65.51%) and higher CO, percentages (i.e.,
23.89% and 19.40%) than those of other digesters (i.e.,
CH%: 69.89-83.82%; CO,%: 11.45-14.25%). This
phenomenon could be attributed to the addition of food
waste which led to a more efficient methanogenesis
process, resulting in a higher methane percentage and a
lower CO, percentage.

When dealing with nitrogen-containing compounds
(e.g., proteins) through AD technology, ammonia de-
rived from biological degradation of nitrogenous matter
acts as an important source of nitrogen for microbial
growth and is also a potential inhibitor to methanogen-
esis during AD process [24]. As shown in Fig. 2a, the
total nitrogen concentration of these digesters ranged
from only 810 to 1160 mg/L, signifying no inhibitory ef-
fects of ammonia. It has been reported that a critical
point of ammonia concentration for methanogenesis in-
hibition was 5 g/L [25]. Hence, the digesters of this study
were not involved in ammonia inhibition. From Fig. 2b,

SCOD values of the digesters with seed sludge (S), S +
FW, S+ FW + AF, S+ FW + BM, S + PHB(P1), S + PHB +
FW(P2), S+ PHB + FW + AF(P3), and S + PHB + W +
BM(P4) were 1139.5+56.5, 1606 +59.30, 1489.67 +
41.80, 1518.67 +60.36, 1585.33+86.61, 1673 +61.03,
1345.33 + 104.08, and 1595.67 + 32.56 mg/L, respectively.
On basis of the total COD of 1.97 + 0.05g COD/g VS of
food waste, the input COD in the form of food waste
was approximately 2.14 g COD in the 300 mL of working
volume, equivalent to a COD concentration of 7133.3
mg/L. By calculation, the removed COD of food waste
in the digester with S+ FW was around 6666.8 mg/L,
covering 93.5% of the total COD. The residual COD
(approximately 6.5%) comprised the COD in undigested
food waste and soluble COD in liquid digestate.
Although the addition of PHB, AF, and BF did not
significantly alter the SCOD, the concentrations and
profiles of VFA were greatly affected. More specifically,
the total VFA concentrations of the digesters with seed
sludge (S), S+FW, S+FW+AF, S+FW+BM, S+
PHB(P1), S+PHB+FEW(P2), S+PHB+FEW + AF(P3),
and S+PHB+FW +BM(P4) were 96.87+13.22,
169.91 £ 57.90, 218.50 +49.16, 281.46 +93.45, 71.63 +
11.71, 184.41 + 61.86, 110.59 + 15.49, and 229.28 + 40.99
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mg COD/L, respectively. On the one hand, the addition
of food waste played a vital role in the total VFA con-
centration since food waste was the main contributor to
the COD (Fig. 2b). On the other, adding AF and BM
showed direct effects on VFA distribution (Fig. 2d),
which could be ascribed to the selective enrichment of
certain microbial communities in AF- or BM-amended
digesters (see Section 3.2). It has been reported that bio-
augmentation of microbial consortia can significantly
change the microbial community structure [26-28].

3.2 Comparison of microbial communities in different
digesters

3.2.1 Bacterial communities

In order to investigate the valorization of PHB-based plas-
tic film in the anaerobic digesters of food waste for bioe-
nergy generation from the perspective of microbial
communities, samples from digesters P1 (S + PHB), P2
(S+PHB +FW), P3 (S+PHB+FW + AF), and P4 (S+
PHB + FW + BM) were collected for bioinformatic analysis
of bacterial and methanogenic communities in different
digesters. The rank-abundance curves (see Appendix A)
and the Good’s coverage of 0.998-1.000 jointly proved an
adequate relative species abundance and diversity cover-
age of the sequencing reads. Table 4 shows the alpha di-
versity index of bacterial and archaeal communities in
different digesters. The observed species and the diversity
indices (i.e., Shannon, ACE, Chaol, and Simpson indices)
among these four digesters displayed different values, sig-
nifying that supplementation of food waste, AF, and BM
showed varied influences on the microbial community
structures. The altered community structures were also
validated by the Venn diagram (Fig. 3a) showing both
shared and distinctive species among different digesters.
Regarding PCoA, the distance matrix of dissimilarities of
four data can reflect the difference of beta diversity of
various microbial communities. The greater the distance
between data points, the greater the difference between
them. Results of PCoA analysis (Fig. 3b) indicated that
there were major variance in bacterial compositions of
digesters P1, P2, P3, and P4.
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The taxonomic compositions of bacterial communities
in each digester at the phylum are shown in Fig. 3c. The
top six major bacterial phyla with a relative abundance
of >3% in digesters P1, P2, P3, and P4 were
Bacteroidetes (33.2 +7.2%), Cloacimonetes (20.1 + 13.5%),
Firmicutes (24.1+9.7%), Euryarchaeota (5.3 +3.3%),
Thermotogae (5.0 +3.0%), and Proteobacteria (4.8 +
0.5%), covering 92.5% of the total abundance. These pre-
dominant phyla were shared by all the digesters P1, P2,
P3, and P4; however, the first predominant phylum was
Bacteroidetes (39.4%), Bacteroidetes (40.4%), Cloacimo-
netes (37.9%), and Firmicutes (32.9%), respectively.
Compared to the digesters P1 and P2, the different first
dominant bacterial phylum in the digester P3 and P4
caused by bioaugmentation of AF and BM exhibited
different effects on AD performance such as methane
production. Reportedly, members of Bacteroidetes,
Cloacimonetes, Firmicutes, Euryarchaeota, Thermotogae,
Proteobacteria,  Synergistetes, = Cyanobacteria, and
Spirochaetes played an important role in the hydrolysis
of organic compounds (e.g., proteins and carbohydrates)
and production of hydrogen and acetic acid [29-32]. To
further investigate the selective enrichment of bacterial
communities in different digesters, the bacterial compo-
sitions at the genus level were analyzed.

From Fig. 4, the top predominant (>3% in relative
abundance) bacterial genera in the digesters P1, P2, P3,
and P4 were Candidatus_Cloacimonas (20.1 +11.7%),
Rikenellaceae (18.2 + 6.8%), and Defluviitoga (4.6 + 2.6%),
respectively. Candidatus_Cloacimonas, a syntrophic bac-
terial genus found in many anaerobic digesters, is a key
player in syntrophic propionate oxidation during AD
processes [33]. In this study, the corresponding relative
abundance of genus Candidatus_Cloacimonas in the di-
gesters P1, P2, P3, and P4 was 17.8%, 5.0%, 37.8%, and
19.6%, respectively, which indicated that supplementa-
tion of AF and BM was beneficial to the enrichment of
genus Candidatus_Cloacimonas, led to enhanced syn-
trophic propionate oxidation in the AD of food waste.
Reportedly, the genus Rikenellaceae played a vital role in
the anaerobic degradation of organic waste for biogas

Table 4 Alpha diversity index of bacterial and archaeal communities in different digesters

Digesters Observed species Shannon Simpson Chao1 ACE Goods coverage
P1-bacteria 1101 4.94 0.878 1202 1218 0.998
P2-bacteria 1232 5.50 0919 1281 1321 0.998
P3-bacteria 831 424 0.825 1065 1016 0.998
P4-bacteria 1362 6.24 0941 1453 1470 0.998
P1-archaea 905 441 0.834 964 953 0.999
P2- archaea 887 4.70 0.873 938 941 0.999
P3- archaea 916 4.85 0.888 941 951 1.000
P4- archaea 868 474 0.885 902 912 1.000
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production [34]. Previously, the genus rikenellaceae has
been identified in several other kinds of anaerobic di-
gesters fed with lipid-rich wastewater [35], and distillers
grains [36]. After supplementation of AF or BM, the
relative abundance of genus Rikenellaceae in the
digesters P3 and P4 decreased from 19.4-28.7% to 10.3—
14.6%. The variance in the relative abundance of Rike-
nellaceae among these digesters could be ascribed to the
enrichment of other functional species belonging to
genus Candidatus_Cloacimonas. The results suggested

that the genus Rikenellaceae was an extremely crucial
bacteria to a normal AD operation. Belonging to the
phylum Thermotogae, genus Defluviitoga was reported
as a typical fermentation bacteria responsible for the
degradation of carbohydrates and production of volatile
fatty acids, hydrogen, and CO, [31]. Taken together, the
relative abundance of the predominant bacteria was
affected by the addition of food waste, AF, and BM,
compared to the digester P1 with PHB only, leading to
diversified digester performances (see Figs. 1 and 2).
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3.2.2 Archaeal communities

Venn diagram (Fig. 5a) and PCoA analysis (Fig. 5b) of
methanogenic archaeal communities showed that sup-
plementation of food waste, AF, and BM greatly al-
tered the taxonomic  compositions of the
communities. The relatively long distance between
data points P1 and P2 indicated that addition of food
waste in the anaerobic digester significantly shifted
the microbial community structures. From the data
point P2 to data points P3 and P4, the relatively long
distances showed that supplementation of AF and BM
greatly affected the microbial communities in the

digesters. Moreover, the identified archaeal composi-
tions were simpler than the identified bacterial com-
positions. Taxonomic compositions of archaeal
communities at the genus level in different digesters
are shown in Fig. 6. Methanogenic archaeal commu-
nities included genera Methanomassiliicoccus (42.0 +
7.5%), Methanosarcina (26.1 +11.7%), Methanosaeta
(6.9 £5.3%), Methanobrevibacter (3.9 +1.1%), Metha-
nospirillum (2.2 + 1.4%), and Methanobacterium (2.1 +
1.3%), covering 83.3% of total abundance. Regarding
the first dominant methanogenic archaeal genus
Methanomassiliicoccus, the relative abundance of
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digesters P1, P2, P3, and P4 was 39.9%, 32.8%, 41.6,
and 53.7%, respectively. Methanomassiliicoccus was
reported as a hydrogenotrophic methanogenic
archaeon capable of synthesizing CH, by utilizing
hydrogen and CO, or methyl compounds [37, 38].
Degradation of PHB and CO, generation could be en-
hanced by the supplementation of AF or BM in the
digesters P3 and P4, respectively, compared to the di-
gesters P1 and P2. Hence, the higher relative abun-
dance of genus Methanomassiliicoccus could be
beneficial to CO, utilization via the hydrogenotrophic
methanogenesis pathway for methane production. In
addition, the genus Methanosarcina was an essential
genus for acetate degradation and consumption of
H,/CO, and one-carbon compounds as well as me-
thane production via both hydrogenotrophic and acet-
oclastic and  pathways [39, 40]. Moreover,
Methanosarcina was found to be a key methanogenic
species related to direct interspecies electron transfer
[41-44]. In this study, although supplementation of
AF and BM affected the relative abundance of genus
Methanosarcina in the digesters P3 and P4, their rela-
tive abundance remains high (e.g., 14.5-44.1%), which
played an important role in maintaining the normal
methanogenesis processes in various digesters. Add-
itionally, other groups of methanogens such as
Methanosaeta synthesize methane using acetic acid,
while other minor methanogens such as Methanobre-
vibacter, Methanospirillum, and Methanobacterium
synthesize methane using acetic acid. The mixture of
various methanogens with diversified methanogenesis
pathways contributed to the utilization of diverse

metabolic intermediates during AD of PHB-containing
food waste with or without AF or BM, led to a nor-
mal methane generation in these digesters (Fig. 1).

3.3 Biodegradation of PHB-based bioplastic in
fermentation broth of AF and BM

Figure 7 shows the degradation percentages of PHB-
based bioplastic in AF and BM broth. From Fig. 7a, the
PHB-based bioplastic with ultra-pure water (i.e., 0%AF
and 0%BM groups) did not undergo any reduction in
mass, indicating that PHB cannot be degraded in water
without the presence of PHB depolymerase enzyme. Re-
garding PHB degradation in AF broth, the initial rate of
PHB degradation with 100% and 75% AF were signifi-
cantly higher than those of 50% and 25% AF, which
could be ascribed to the relatively higher concentration
of PHB depolymerase enzyme in 100% and 75% AF
broth. To some extent of correlation, the reaction rate
was positively proportional to the enzyme concentration
[45]. The time to each 50% degradation of PHB-based
plastic was approximately 35 d, 55 d, 33 d, and 65 d for
100%AF, 75% AF, 50%AF, and 25%AF broth, respect-
ively. At the 65th day, the degradation percentage of
PHB-based plastic was 72.6%, 54.6%, 84.6%, and 52.8%
for 100%AF, 75% AF, 50%AF, and 25%AF broth, respect-
ively. These results demonstrated that 50%AF broth can
be a promising option for biodegradation of PHB-based
plastic. Notably, there was a sharp increase in the deg-
radation rate of PHB-based plastic with 50%AF broth
during day 25 to day 35, which could be attributed to
the disintegration of PHB-based plastic into several
smaller pieces. This particular form of disintegration
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Fig. 7 Degradation percentages of PHB in (a) AF broth and (b) BM broth

resulted in a significant increase in the contact area be-
tween the bioplastic material and the microorganisms,
thus increasing the degradation rate. Reportedly, the
depolymerization process of PHB had a close relation-
ship with the availability of nutrients to guarantee opti-
mal growth and metabolic needs [46]. Regarding this,
100%AF broth may not be the optimal condition, which
was validated by the experimental results in this study.
As shown in Fig. 7b, for the PHB-based bioplastic bio-
degradation with fermentation broth of BM, the highest
initial degradation rate during day 1 to day 5 was ob-
tained for 100%BM, sequentially followed by 75%BM,
50%BM, and 25%BM, which was accord with the posi-
tive correlation between initial degradation rate and the
broth concentration. For the 100%BM group, it took
around 26 days to reach 50% degradation and about
40 days to reach 75% degradation, demonstrating a
higher reaction rate compared to AF (35 days for 50%
degradation and 65 days for 75% degradation). Never-
theless, after 1 week of operation, the 75%BM dis-
played a higher degradation rate than the 100%BM
group. This could be due to the fact that 75%BM
broth could be a more appropriate concentration to
achieve more balanced microbial growth, nutrient
consumption, and PHB biodegradation compared to
100%BM broth. More specifically, a healthy microbial
growth requires many environmental conditions, in-
cluding oxygen, nutrition (e.g., carbon source), pH,
temperature, and ideal habitat. In this study, the mi-
crobial communities grew in a limited experimental
growth space (i.e., 50 mL centrifugation tubes). The
provided habitat conditions could be sub-optimal for
microbes in 100%BM broth due to an excessive num-
ber of microorganisms. More studies such as com-
parison of PHB depolymerase concentration would be
carried out in our future work to further illustrate

the difference. Furthermore, from day 10 to day 65,
the highest degradation rate of PHB-based plastic
belonged to BM75% group, sequentially followed by
BM100%, BM25%, and BM50%, respectively. Taken
together, the appropriate concentration of AF and
BM for PHB-based plastic degradation was 50%AF
and 75%BM, respectively, which were recommended
for scale-up tests. In addition, the same weight of
PHB film was used in this study, regardless of film
size. Hence, the relationship between PHB size and
biodegradation rate needs further investigation.

4 Conclusions

Valorization of PHB-based plastic film in the anaer-
obic digesters of food waste for methane production
was investigated, focusing on reactor performance, mi-
crobial community analysis, and bioplastic biodegrad-
ation. The results showed that PHB-based plastic
could be biodegraded in an anaerobic digester with an
average methane yield of 102.49 mL/g VS. The supple-
mentation of Alcaligenes Faecalis (AF) and Bacillus
Megaterium (BM) successfully promoted the biodeg-
radation of PHB-based plastic films. The bioinformatic
analysis demonstrated that the supplementation of AF
and BM greatly altered the bacterial and methanogenic
archaeal communities. The major bacterial genera
were Candidatus_Cloacimonas (20.1 + 11.7%), Rikenel-
laceae (18.2+6.8%), and Defluviitoga (4.6 +2.6%),
while the dominant methanogenic archaeal genera in-
cluded Methanomassiliicoccus (42.0 + 7.5%), Methano-
sarcina (26.1 + 11.7%), and Methanosaeta (6.9 +5.3%).
The results of the biodegradation experiment of PHB-
based bioplastic in the fermentation broth of AF and
BM indicated that the concentration of 50%AF and
75%BM deserves a recommendation for potential ap-
plication of PHB-based plastic degradation.
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