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Abstract. Polypropylene (PP) is one of the most widely used plastics around the world. However, PP is recal-
citrant to degradation under natural conditions, and its accumulation is increasingly threatening the environ-
ment. The stain LICME-ZWZR-10 was isolated from a landfill using PP as its sole carbon source. It was found

to share 99.50% genetic similarity with Psychrobacillus sp. AK 1817. Upon incubation with Psychrobacillus sp.
LICME-ZWZR-10, PP particles developed a rough surface with depressions and cracks, which were discerned
through scanning electron microscopy (SEM). At a moderate temperature of 20 °C, this strain successfully
degraded PP particles with an average diameter of 850 um, leading to a 9+0.40% reduction in particle weight
over a span of 30 days. Fourier transform infrared spectroscopy (FTIR) released the emergence of carbonyl
and ether-based functional groups on PP. Furthermore, genomic analysis unveiled the presence of a laccase-
encoding gene in Psychrobacillus sp. LICME-ZWZR-10, suggesting its potential involvement in the biodegra-

dation of PP.
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1. Introduction

Due to their extraordinary versatility and low price, plas-
tics are widely used in all aspects of our daily life. The
simple polyolefins polyethylene (PE) and polypropylene
(PP) account for almost half of the plastics produced
globally (Canopoli et al., 2020). However, they are com-
paratively difficult to be degraded because of the high
molecular weight, strong hydrophobicity, high chemical
bond energy and low bioavailability (Kal¢ikova, 2020; Lo-
zano & Rillig, 2020). Thus, polyolefins can persist in the
environment for decades or even hundreds of years, with
possibly deleterious effects on the biosphere (Carbery
et al., 2018; Kedzierski et al., 2020). Conventional plas-
tic disposal methods include incineration and landfilling
(Zhang et al., 2021), but these approaches generate large

amounts of greenhouse gases or occupy large areas of
land. Therefore, various advanced plastic treatment tech-
nologies have been developed, such as photodegrada-
tion (Delre et al.,, 2023), thermal degradation (Chen et al,,
2023) and biodegradation (Thew et al., 2023). Biodeg-
radation of plastics, which uses live cells or enzymes, is
environmentally friendly (Zhang et al., 2021).

Since the early 1970s, researchers have been engaged
in studying the biodegradation of polyolefins and found
certain microorganisms, such as Aspergillus variegatus,
Penicillium xanthophyllum and Penicillium oxalicum, which
exhibit degradation effects on high-density polyethylene
or low-density polyethylene (Zhang et al., 2022a). In addi-
tion, microbes such as Bacillus, Pseudomonas, Staphylococ-
cus, and Streptococcus also showed the ability to degrade
PE (HDPE and LDPE) (Zhang et al., 2022b).
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PP is the second most abundant plastics, with the
global demand of 87.35 million tons predicted in 2022
(Bai et al.,, 2019). PP is a typical plastic with a carbon-car-
bon skeleton (Ghatge et al., 2020). Its recalcitrance to bio-
degradation can be attributed to three main factor: 1) Its
chemical structure is stable, with chemical groups that
cannot easily be oxidized or hydrolyzed; 2) Its molecular
size is too large to enter any cell, so extracellular enzymes
are be involved in the early stage of PP degradation; 3) It
is highly hydrophobic, which makes it difficult for cells and
enzymes to contact and react with it, also contributing to
the difficulty of PP biodegradation. A few bacterial isolates
of Bacillus subtilis, Bacillus flexus and Pseudomonas aeru-
ginosa isolated from the soil were reported to be able to
utilize PP as the only source of carbon (Aravinthan et al.,
2016; Wang et al., 2022). Microbiota have also been stud-
ied for their ability of PP degradation, which will shorten
the lead time (Lim et al., 2022). Recently, several teams
attempted to improve the biodegradation efficiency of PP
by pretreatments, and UV irradiation or metal ion oxidants
were able to facilitate the biodegradation of PP to some
extent (Yasin et al, 2022). Although there a number of
microorganisms were reported to degrade PP, there are
much fewer PP degraders than species capable of degrad-
ing other plastics. Therefore, it is necessary to screen new
microorganisms for efficient PP biodegradation.

Using PP as the sole carbon source, we isolated a
bacteria strain from the soil of the Nanjing waste dump,
which was designated as LICME-ZWZR-10. Further 16S
rDNA sequencing confirmed its taxonomic classification as
Psychrobacillus sp., a Gram-positive, rod-shaped bacterium
that belongs to the Bacillus family. Colonies cultured on
Luria-Bertani (LB) appeared round, pale white and yellow.
The strain is adapted to proliferate in a relative cold envi-
ronment, with an optimal growth temperature of 0-20 °C.
It has been reported to be involved in the biotransforma-
tion of triterpenes and oil degradation (Chiang et al., 2017;
Choi et al., 2020). After 30 days of incubation in the mini-
mal medium with PP particles as the sole carbon source,
Psychrobacillus sp. LICME-ZWZR-10 achieved a weight
loss of PP particles equivalent to 9+0.40%. Additionally,
we investigated the physical and chemical changes on
the surface of PP degraded by Psychrobacillus sp. LICME-
ZWZR-10. Furthermore, we examined the genome of Ba-
cillus sp. FJAT-22090, which shares a 99.50% genetic simi-
larity with LICME-ZWZR-10, to speculate on the potential
enzymes involved in the PP degradation process.

2. Materials and methods

2.1. Isolation and identification
of the PP-degrading strain

Soil samples were collected from the campus dump of
Nanjing Normal University, and dissolved with sterile
0.9% NaCl, and placed into 250 mL Erlenmeyer flasks con-
taining 100 mL minimum salts medium (MSM), with PP as
the only carbon source, to screen microorganisms utilizing
PP at 30 °C, 220 rpm for 15 days.
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The minimal medium was prepared as follows: K,;HPO,
0.5 g/L, KH,PO,4 0.04 g/L, NaCl 0.1 g/L, CaCl,.2H,0
0.002 g/L, (NH,) ,SO, 0.2 g/L, MgS0O,.7H,0 0.02 g/L,
FeSO, 0.001 g/L. PP particles without any additives (CAS
9003-07-0, white, d = 856.1 + 69.7 um, Mn = 10 000 +
500 Da, p = 0.9 g-cm™3) were purchased from MACKLIN
(Shanghai), washed with 75% ethanol solution, and steril-
ized under the UV lamp (20 W) of an ultra-clean bench
for 12 h.

After 30 days, some flasks became turbid, and the
suspensions were spread on LB agar plates for culture at
30 °C for 24 h. Individual colonies were picked and pas-
saged at LB agar plates three times to obtain pure colo-
nies, which were further verified for their ability to utilize
PP in MSM as the sole carbon source, resulting in strain
LICME-ZWZR-10.

The 16S rRNA gene of the strain was amplified us-
ing the universal primers 27F (5'-AGAGTTTGATCCTGGCT-
CAG-3") and 1492R (5'-AAGGAGGTGATCCAGCCCGCA-3"),
and searched against the National Center for Biotechnol-
ogy Information (NCBI) database using the Basic Local
Alignment Search Tool (BLAST).

3. Degradation of PP by the isolated strain

3.1. Monitoring the bacteria growing in MSM
with pure PP particles

Inoculum development was conducted in LB medium, af-
ter which the cells of LICME-ZWZR-10 were collected by
centrifugation at 3075 g, washed with sterile 0.9% NaCl
three times to remove residual LB medium, resuspended
in the same buffer, and used to inoculate MSM with or
without 5% (w/v) PP. MSM with PP but without the bac-
teria was also incubated under the same conditions as a
negative control, and three replicates were included for all
cultures. All the groups were incubated at 20 °C, 220 rpm
for 30 days, during which the ODgy, was measured eve-
ry week using a UV-1800PC spectrophotometer (BioTek
Corp., Shanghai).

3.2. Visualization of the PP surface by
scanning electron microscopy and atomic
force microscopy

To visualize the bacteria adhering to the PP surface, the PP
particles treated with the PP-degrading strain were care-
fully washed with distilled water 3 times to remove the
loosely attached bacteria, then soaked in 2.5% glutaral-
dehyde for 12 h at room temperature to fix the bacteria
to the surface of PP, and gradually dehydrated with 50%,
70% and 100% ethanol. After drying in a 65 °C oven, all
the samples were fixed onto copper plates and sputtered
with gold at 15 mA using an automatic sputtering coater
(JFC1600) to increase the conductivity, to enable obser-
vation by SEM (JSM-5610LV, JEOL, Japan) at a voltage
of 3.0 kV. For the PP surfaces analysis, the PP particles
incubated with or without the PP-degrading strain were
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washed three times with 75% ethanol, soaked for 12 hin a
10% sodium dodecyl! sulfate (SDS) solution to remove any
bacteria cells, and washed three times with distilled water.
After drying in a 65 °C oven, the changes of the PP surface
were observed by AFM (Dimension Icon, Veeco, Billerica,
MA, USA) at a scanning speed of 1.0 Hz, as well as by SEM
as described above.

3.3. Weight loss of PP particles

The initial weight of PP particles was measured. After
30 days of cultivation, all the PP samples were collected by
vacuum filtration through a polytetrafluoroethylene (PTFE,
0.22 pm) filter membrane. A small portion of samples ad-
hering to the wall of the shaking flask was rinsed with
distilled water and then filtered. The collected PP particles
were cleaned according to method 2.2. After drying, the
weight of the residual PP particles was measured, and the
weight loss calculated using the formula:

weight Ioss(%) =
initial PP weight — residual PP weight
initial PP weight

x100%.

3.4. Analyzing the chemical groups
on the PP surface by Fourier-Transform
Infrared Spectroscopy

The PP particles cleaned as in 2.2 were analyzed by Fourier
Transform Infrared Spectroscopy (FTIR) (Vertex 70, Bruck,
Germany). The absorbance in the mid-infrared region of
4000400 cm™! was measured with a scanning resolution
of 4 cm™. The background absorbance was measured and
subtracted from the tested samples.

3.5. Gel permeation chromatography (GPC)
analysis

Samples were dissolved in 5 ml of 1,2,4-Trichlorobenzene.
The molecular weights were determined by PL-GPC220 at
140 °C using 1,2,4-Trichlorobenzene as mobile phase.

4. Genome analysis

In order to investigate the mechanism of PP degrada-
tion by Psychrobacillus sp. LICME-ZWZR-10, the genome
of Bacillus sp. FJAT-22090, with a similarity of 99.5% to
LICME-ZWZR-10 was analyzed. Sequence alignment was
performed with the enzymes degrading polyolefin plas-
tics and the proteins encoded by the genome of Bacil-
lus sp. FJAT-22090 to speculate on the possible enzymes
degrading PP in Psychrobacillus sp. LICME-ZWZR-10.

5. Statistical analyses

All the experiments were performed in triplicates and the
results presented as a mean value with standard deviation
(mean + SD). The data were analyzed using analysis of

variance, and the significance of differences between the
means was assessed using student’s t-test at a significance
level of p < 0.050. Statistical analysis was conducted us-
ing SPSS statistics software version 27.0 (IBM Corp., USA).

6. Results and discussion

6.1. Screening and identification
of PP-degrading bacteria

PP particles were sterilized by a UV lamp for 12 h. To ex-
clude any potential influence of the UV treatment, we used
FITR to compare the samples with and without UV treat-
ment. The results showed that no discernible changes oc-
curred following UV irradiation (Figure S1). As a result, we
employed the UV-treated PP samples for bacterial screen-
ing.

When utilizing MSM with PP as the sole carbon source,
the appearance of turbidity in one flask signified the pres-
ence of proliferating microorganisms. Subsequently, a
bacterial strain was isolated and confirmed to utilize PP
as the sole carbon source. According to the phylogenetic
analysis of the 16S rRNA genes, this strain was classified as
Psychrobacillus sp., sharing a remarkable genetic similarity
of 99.50% with Psychrobacillus sp. AK 1817. Accordingly,
this strain was designated as Psychrobacillus sp. LICME-
ZWZR-10 (Figure 1) and has been deposited in the China
Center for Type Culture Collection under the accession
number CCTCC M 2021013. It is noteworthy that other
members of the genus Psychrobacillus sp., such as Psy-
chrobacillus sp. AK1817 (Pham et al., 2015) and Psychro-
bacillus sp. PL87 (Kato et al., 2019), have demonstrated
the capacity to degrade petroleum and poly 3-hydroxybu-
tyrate-co-3-hydroxyhexanoate, respectively. This suggests
that certain characteristics of Psychrobacillus sp. may be
beneficial for the decomposition of long-chain alkanes.

99 I: Psychrobacillus CAU 14997 (MK 053919)
Psychrobacillus 2-22T (MW240415)
Psychrobacillus DSM 106035T(MN537504)
100 I: Psychrobacillus psychrodurans FIAT 459407(KY038715)
Psychrobacillus psychrodurans ES1T(KP334978)

LICME-ZWZR-10
Psychrobacillus AK 1817"(MH756174)

493‘: Psychrobacillus SO-12T(MN519615)
Psychrobacillus EB314T(MH127768)

95 Psychrobacillus psychrodurans GS1T(KC354598)
91 ‘; Psychrobacillus GC2J1"(MZ959810)

96

—
0.01

Figure 1. Neighbor-joining (NJ) phylogenetic tree based on
16S rRNA gene sequence showing the phylogenetic position
of strain LICME-ZWZR-10 among closely related taxa

6.2. Proliferation of LICME-ZWZR-10 in MSM
with PP as the sole source of carbon

When the LICME-ZWZR-10 strain was cultivated in the
MSM with PP, the ODgqq exhibited a continuous increase
within 2 weeks, followed by a stabilization during the sec-
ond to third week, and a notable decline at the 28th day
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Figure 2. Characterization of PP particles incubated with LICME-ZWZR-10 for 30 days: a) The ODg of bacterial culture with
PP particles and statistical analysis of differences in ODgqg; b) The weight loss percentage of PP particles incubated with or
without LICME-ZWZR-10. All values represent mean + SD (n = 3). Significance (Student's t-tests) is indicated by asterisks:

*p < 0.05, **p < 0.01, ***p < 0.001; ns — no statistical significance

(Figure 2a). There was no increase in the ODg of the ster-
ile MSM with PP, or that of MSM inoculated with LICME-
ZWZR-10 but without PP, indicating that increase in the
ODggp of MSM with PP and LICME-ZWZR-10 was due to
utilization of PP by the strain. In a previous report (Auta
et al,, 2018), the ODgg of Bacillus sp. strain 36 also showed
a significant decline in the initial period of cultivation with
PP as the sole carbon source. This may be due to the nu-
trient deficiency of MSM culture medium and the inability
of microorganisms to fully adapt to the culture conditions.
However, the growth curve of LICME-ZWZR-10 still differed
to some extent from that of reported PP degrading bacte-
ria (Auta et al., 2017; Habib et al., 2020; Jeon et al., 2021),
which might be related to the characteristics of the bacte-
rial species themselves, such as the substrate colonization
pathways and their abilities to adapt to the environment
(Ru et al., 2020). Indeed, the weight of the degraded PP
decreased by 9+0.4% (Figure 2c). This weight loss can be
directly attributed to the proliferation of LICME-ZWZR-10,
as shown in Figure 2a. Compared with the previously re-
ported PP-degrading bacteria, the degradation efficacy of
LICME-ZWZR-10 was outstanding. It should be noted that
various composting methods and intense pre-treatment
can promote microbial degradation behavior (Jeon & Kim,
2016; Skariyachan et al., 2018). However, we used a simple
MSM medium and there was no intense pre-treatment of
PP in this study. The structure of PP includes crystalline
and amorphous regions (Vardai et al.,, 2022). Biodegrada-
tion first occurs in the amorphous part (Canopoli et al.,
2020). Thus, the partial weight loss might be attributed to
the preferential consumption of the amorphous zones of
PP, leaving the highly crystalline zones mostly intact.

6.3. Surface topography analysis of degraded
PP particles by SEM and AFM

Surface morphological alterations on the PP particles were
visualized by SEM and AFM. The biodegradation process
of polymers can be divided into four steps: biodeteriora-
tion, depolymerization, bioassimilation, and mineralization
(Lucas et al., 2008; Zhang et al., 2021). Among these stages,

the initial formation of biofilms by microorganisms on the
surface of polymers marks the onset of biodeterioration.
As expected, the LICME-ZWZR-10 strain adhered to the
PP surface, which was demonstrated through SEM imag-
ing (Figure 3c). Since PP plastic is stable, PP particles were
almost completely smooth under SEM after incubation in
MSM without bacteria for one month (Figure 3a). By con-
trast, incubation with LICME-ZWZR-10 in MSM for 30 days
made the PP particles rough with visible cracks (Figure 3b),
as the distinct consequence of degradation. The surface of
the plastic showed similar aging phenomena to those ob-
served in previous reports (Canopoli et al., 2020), includ-
ing cracking and peeling (Sawpan et al., 2019; Tang et al,,
2019; Wrébel et al., 2023). The formation of cracks origi-
nates from voids, which are caused by changes in specific
volume during the crystallization of PP (Craig et al., 2005;
Nakatani et al,, 2022). Microorganisms secrete a series of
extracellular enzymes that act on the surface of the plastic

a) b)

LICME-ZWZR-10: a) The control group without LICME-
ZWZR-10 bacteria; b) The experimental group with LICME-
ZWZR-10 bacteria; c) Cells of strain LICME-ZWZR-10 on the
PP surface after 30 days of cultivation
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to increase its hydrophilicity and break down the polymer
molecules into short chains, which then enter the cell to
be metabolized and completely mineralized. The contin-
ued action of the enzymes and cells eventually resulted in
erosion marks. In a recent study by Faiza et al. (2021), the
surface of composites showed similar cracks and erosion
after treatment with the plant-derived proteases papain
and bromelain. At the same time, the AFM results showed
that the surface of PP particles incubated with bacteria
showed obvious depression (Figure S2b), which were not
obserced in the control group (Figure S2a), consistent with
the SEM results.

6.4. Formation of oxidized functional groups

To further characterize the degradation of PP by LICME-
ZWZR-10, we analyzed the chemical groups of PP by using
FTIR. While, pure PP only contains C-C and C-H bonds,
biodegradation leads to reactions such as oxidation, re-
duction, esterification or hydrolysis, potentially leading to
the formation of new chemical groups such as C-O, C=0
or O-H (Canopoli et al,, 2020; Ren et al., 2019). Indeed,
the FTIR spectrum of PP treated with LICME-ZWZR-10
exhibited significant differences from that of untreated
PP. New absorption peaks appeared at 1654 cm~' and
1079 cm™, which were attributed to carbonyl (-C=0) and
ether groups (-C-O-C-), respectively (Figure 4). The emer-
gence of carbonyl groups is an important indicator of the
initiation of degradation (Pires et al., 2019). The forma-
tion of CO groups within the main chain of PP enhances
the hydrophilicity of the polymer, facilitating interactions
with degrading microorganisms and enzymes (Rana et al.,
2022). The presence of CO groups is in agreement with the
results of previous studies on PP-degrading bacteria (Devi
et al,, 2021; Sun et al,, 2023). The appearance of two new
oxygen-containing groups indicates that PP was indeed
oxidized, which was induced by the activities of LICME-
ZWZR-10. Additionally, all the samples exhibited strong
absorbance at 728 cm™, 843 cm™' and 1155 cm™', which
was attributed to the C-H bending vibration in the main
chain of PP.

6.5. Gel permeation chromatography analysis
of the molecular weight of degraded
PP particles

To investigate if the molecular weight of PP also changed
after degradation by LICME-ZWZR-10, the average mo-
lecular weight (Mn) and polydispersity index (PDI) val-
ues were measured by gel permeation chromatography
(GPC). The Mn value increased from 841 to 1092 after
15 days of degradation (Table 1). This was consistent with
the general degradation pattern of polyolefins, where the
short molecular chains are degraded first, leading to an
increase in overall molecular weight (Liu et al,, 2022; Na-
katani et al., 2022; Yang et al,, 2022). The DPI value rep-
resents the degree of variance, and its increase indicates
that there were more oligomers and monomers with vari-
ous molecular weights in the early stage of degradation
(Cho et al,, 2022).

Table 1. Molecular weight of degraded PP analyzed by GPC

Samples M, DPI
PP incubated in MSM without bacteria 841 3.08
PP incubated in MSM with LICME-ZWZR-10 | 1092 3.29

Note: M, — number-average molecular weight; DPI - polydispersity index.

6.6. Evaluation of possible enzymes involved
in PP degradation

There are few reports on the enzymes involved in PP deg-
radation. To speculate on the possible enzymes of Psy-
chrobacillus sp. LICME-ZWZR-10 responsible for PP deg-
radation, the annotated genome of Bacillus sp. FJAT-22090
from NCBI was analyzed, as it shares a remarkable 99.5%
genetic similarity with Psychrobacillus sp. LICME-ZWZR-10.
The genome of Bacillus sp. FJAT-22090 contained
5.16576 Mb with a GC content of 37.15%. It was predicted
to encode 4957 proteins, which included 51 oxidoreduc-
tases. The primary structure of PP closely resembles that
of PE, both characterized by a typical C-C skeleton. There-
fore, the enzymes reported to degrade PE were compared

1.0- j {
S 08-
£ !
£ 064 -C-0-C- -C=0
g
=
8
= 0.4
—— PP incubated in MSM
—— PPincubated in MSM with LICME-ZWZR-10
0.2 L L — 1 T 1T T T 7
500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)

Figure 4. Distribution of carbonyl groups (-C=0, 1658 cm~") and ether groups (-C-O-C-, 1079 cm~") on the surface PP

incubated with strain LICME-ZWZR-10 for 30 days



with candidate proteins encoded by the genome of Ba-
cillus sp. FJAT-22090. Two enzymes are considered to
potentially have similar function if the similarity of their
amino acid sequence is above 24% (Guo et al., 2020). The
comparison results showed that a laccase, with 27.43%
similarity to the PE-degrading laccase from Rhodococ-
cus ruber (Santo et al., 2013), might be critical for the
degradation of PP by Psychrobacillus sp. LICME-ZWZR-10
(Table S1). Laccases are copper-containing polyphenol
oxidases with a high oxidizing capacity for lignocellulose
and other polymers. Notably, a laccase was reported to
oxidize kenaf fibre resulting in a significant increase of
its wetting and adhesion properties (Islam et al., 2013).
Utilizing atmospheric dioxygen as the oxidizing agent,
laccase initiates an attack on PE molecules, resulting in
the generation of oxygen-containing functional groups
such as carbonyl, hydroxyl and ether bonds (Kowalczyk
et al, 2017; Ren et al,, 2019). The four steps of biodeg-
radation, fragmentation, assimilation and mineralization
are accomplished through the action of multiple enzymes
and biosurfactants secreted by microorganisms. The
degradation process of PP by LICME-ZWZR-10 follows a
similar pattern. LICME-ZWZR-10 is likely to secret biosur-
factants, which assist in the adhesion and colonization of
the bacteria on the PP surface, facilitating the formation
of a biofilm (Figure 3c). Subsequently, oxygen-containing
groups (Figure 4) are introduced through the catalytic
action of the extracellular enzymes, which contributes to
the decomposition of PP into smaller molecules. Finally,
the smaller molecules can enter the bacterial cell to be
metabolized and finally fully mineralized. However, the
enzymes that take part in the degradation process need
to be further studied in the future.

7. Conclusions

In this work, we screened the PP-degrading strain of Psy-
chrobacillus sp. LICME-ZWZR-10 from a landfill. It showed
the ability to degrade PP at a moderate temperature
of 20 °C, and the weight loss of PP particles reached
9+0.40% after 30 days of incubation, which was out-
standing compared to previous studies. Notably, the PP
particles degraded in this study showed high weight loss
without intense pretreatment which was accompanied by
the appearance of clearly visible cracks and new oxygen-
containing functional groups. Degradation of PP is a new
function of Psychrobacillus sp., which were previously
only known to degrade petroleum and poly 3-hydroxy-
butyrate-co-3-hydroxyhexanoate. Finally, we identified a
laccase gene in the genome of a closely related strain,
which may be responsible for PP degradation. As there
are remarkably few reports on PP-degrading enzymes,
the identification of the genes encoding PP-degrading
enzymes in Psychrobacillus sp. is an important direction
for our future research.
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