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ARTICLE INFO ABSTRACT

Keywords: Objectives: Polystyrene is a plastic that leads to environmental pollution. In particular, expanded
Acinetobacter septicus polystyrene is very light and takes up much space, causing additional environmental problems.
Biodegradation The aim of this study was to isolate new symbiotic bacteria which degraded polystyrene from
M,ealwoml } mealworms.

Micro-sprayed polystyrene particle

Methods: The population of polystyrene degrading bacteria was increased by enrichment culture
of intestinal bacteria from mealworms with polystyrene as a sole carbon source. The degradation
activity of isolated bacteria was evaluated by morphological change of micro-polystyrene parti-
cles and the surface change of polystyrene films.

Results: Eight isolated species (Acinetobacter septicus, Agrobacterium tumefaciens, Klebsiella gri-
montii, Pseudomonas multiresinivorans, Pseudomonas nitroreducens, Pseudomonas plecoglossicida,
Serratia marcescens, and Yokenella regensburgei) were identified that degrade polystyrene.
Conclusion: Bacterial identification shows that a broad spectrum of bacteria decomposing poly-
styrene coexists in the intestinal tract of mealworms.

Polystyrene

1. Introduction

Plastic production has increased by about 10% every year since 1950, with total plastic production increasing from 1.3 million tons
in 1950 to 245 million tons in 2006 [1]. And it increased to 350 million tons in 2017 [2]. The consumption of plastics has created a lot
of waste, which is now causing enormous environmental pollution [3,4]. Approximately 6.3 billion tons of plastic waste was generated
in 2015, of which only 9% was recycled; the rest had to be incinerated or landfilled [5]. The expanded polystyrene (EPS), used as
insulations or packaging materials, accounted for 7% of the total plastic production in 2014 [6-8]. However, polystyrene does not
decompose, unlike styrene monomers and oligomers, due to its large molecular weight and structural stability [9-11]. To solve this
problem biologically, polystyrene degradation experiments using bacteria and fungi from soil and landfills have been proposed, but the
degradation rate was less than 3% after four months [12-14].

The biological mechanism of styrene degradation has been proposed in Pseudomonas spp. [15,16], Xanthobacter sp. [17], and
Rhodococcus sp [18]. Styrene degradation products of bacteria were identified by gas chromatography [19]. However, little research
has been reported on the biodegradation mechanism of polystyrene, and it is also unknown whether polystyrene produces styrene as an
intermediate metabolite when biodegraded [20]. Polystyrene degradation by mealworms, the larvae of Tenebrio molitor, is well-known
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biodegradation [20-22], and through extensive studies on the mealworms, it will be possible to propose an efficient polystyrene
biodegradation mechanism.

Many microorganisms, which play a significant role in the degradation of polystyrene, exist in the gut of mealworms [21,23-25].
After it became known that mealworms could grow by feeding only EPS, many studies reported polystyrene-degrading bacteria, such
as Exiguobacterium sp., Pseudomonas sp., Bacillus sp., Aeromonas sp., Klebsiella pneumoniae from the intestines of mealworms [26-28].
Besides mealworms, superworms, the larvae of Zophobas morio, are also known to grow by feeding on EPS [28-30], but mealworm is
known to biodegrade EPS faster than superworms [31].

In previous studies, some microorganisms and enzymes involved in the degradation of polystyrene have been suggested [26,28,32],
but the overall degradation mechanism for polystyrene has not been revealed yet. In addition, the possibility of the presence of un-
identified polystyrene degrading symbiotic bacteria from mealworms has been suggested in previous studies [25]. Finding and
isolating more polystyrene-degrading microorganisms and revealing their degradation characteristics will help to elucidate the overall
polystyrene biodegradation mechanism. In this study, we obtained polystyrene-degrading bacteria by culturing the microorganisms
from the digestive tract of mealworms after feeding them with only EPS as the sole nutrient, and the degradation of polystyrene by the
isolated and identified bacteria from mealworms was demonstrated.

2. Materials and methods
2.1. Mealworms, chemicals, and solutions

Mealworms, the larvae of T. molitor, and the bran of wheat were purchased from ‘nb Mealworm Insect Farm’ (Yangju, Korea).

Expanded polystyrene (EPS) was provided without a charge from Woosung Resin Co., Ltd. (Gimhae, Korea). The volume of EPS is
about 55 times that of polystyrene with a diameter of 0.4-1.7 mm and consisted of 93-96% EPS (CAS number: 9003-53-6), 4-7%
pentane (CAS number: 109-66-0), and less than 1% of 1,2,5,6,9,10-hexabromocyclododecane (CAS number: 3194-55-6). Polystyrene
powder (catalog number: HI-LENE PSP-30, Sinwon Industrial Co., Ltd., Pyeongtaek, Korea) consisted of 95-100% ethenylbenzene
homopolymer (CAS No. 9003-53-6), 0-5% general plastic lubricant was provided from Sinwon Industrial Co., Ltd. (Pyeongtaek,
Korea). Polystyrene film (catalog number: ST31-FM-000150, GoodFellow, Seoul, Korea) was an additive-free styrene polymer with a
thickness of 0.05 mm. EPS was sterilized for 10 min at 80 °C and cooled at room temperature before feeding. Polystyrene powder was
immersed in 75% ethanol for 5 min, separated from ethanol using an aspirator and filter paper, and dried sufficiently with UV light on a
clean bench before use.

A saline solution was prepared by mixing 0.85% (w/v) sodium chloride and distilled water. Luria-Bertani (LB) medium was
prepared by mixing 25 g of LB broth (catalog number: 244620, Becton, Dickinson and Company Korea, Seoul, Korea) in 1 L of distilled
water. Tryptone yeast extract (TYE) medium was prepared by dispersing 10 g of tryptone (catalog number: 211705, Becton, Dickinson,
and Company Korea) and 5 g of yeast extract (catalog number: 212750, Becton, Dickinson, and Company Korea) in 1 L of distilled
water. LB and TYE agar plates were prepared by adding 15 g/L of agar (catalog number: 214010, Becton, Dickinson, and Company
Korea) to the LB and TYE medium. A 50% glycerol solution was prepared by mixing glycerin (catalog number: 4066-4400, Daejung
Chemicals & Metals Co., Ltd., Siheung, Korea) and distilled water in a volume ratio of 1:1. Mineral medium was prepared at pH 6.8 by
mixing 0.7 g of KHyPOy4, 0.7 g of KoHPOy4, 1.0 g of NH4NOs3, 0.005 g of NaCl, 0.7 g of MgS0O4-7H0, 0.002 g of FeSO4-7H50, 0.002 g of
ZnS04-7H50, and 0.001 g of MnSO4-H20 in 1 L of distilled water according to ASTM G22-76 [27,33]. To prevent precipitation during
the preparation of the mineral medium, KHyPO4, KoHPO4, NH4NO3, and NaCl were dissolved in the distilled water and autoclaved at
121 °C for 20 min. Solutions of MgSO4-7H30, FeSO4-7H30, ZnSO4-7H20, and MnSO4-H,0 were sterilized with a syringe filter of 0.2 pm
pore size (catalog number: FJ25ASCCA002DL01, GVS Korea Ltd., Namyangju, Korea) separately. These filtered solutions were added
to the autoclaved solution after cooling. The mineral agar plates were prepared by adding 1.5% agar to the mineral medium. EPS
solution was prepared by dissolving polystyrene film in chloroform (catalog number: 2548-4100, Daejung Chemicals & Metals Co.,
Ltd.) at 1% (w/v). When the plastic solution was sprayed onto the mineral agar plates, it was sprayed at a pressure of 20 psi using an air
spray gun vertically for 20 s at a height of 50 cm in a fume hood, according to a previous study (Shin et al., 2021). The prepared plates
were used on a clean bench after UV sterilization for 30 min.

2.2. Mealworm breeding and extraction from the digestive tract

A polypropylene box with an 8 L volume (catalog number: 57004, Komax Industrial Co., Ltd., Seoul, Korea) was used for mealworm
breeding. Mealworms were fed with wheat bran for seven days. After dividing into groups with 12.1 + 0.3 g of total weight of each
group, mealworms were fed with EPS for fifteen days. They were bred at room temperature with a lid in the dark. The lid was opened
and ventilated twice a day. Mealworm carcasses, cuticles, and pupae were removed daily to make EPS the sole energy source for
mealworms.

After breeding, the mealworms were separated from EPS and weighed. The mealworms were immersed in 75% ethanol for 40 s and
rinsed twice using saline solution [34]. The digestive tract was separated by pulling the tail of the mealworms from the body with
sterile tweezers. The separated digestive tract was immediately transferred to a tube and cut into small pieces using sterile scissors.
About 0.3 g of the separated digestive tract was collected and used for analyzing symbiotic bacteria.
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2.3. Separation and identification of symbiotic bacteria from the gut of mealworms

About 0.3 g of the separated digestive tract was inoculated into 80 mL of mineral medium with 1.0 g of polystyrene powder and
incubated with a shaking speed of 150 rpm at 21 °C. After nine-day incubation, 80 pL of the culture medium was sub-cultured in 80 mL
of mineral medium with 1.0 g of polystyrene powder and incubated with a shaking speed of 150 rpm at 21 °C for fifty-six days. After
culture, the cell culture medium was serially diluted, and 100 pL of the diluted cell was spread on an LB agar plate and incubated at
21 °C for 40 h. After arbitrarily choosing a specific region on the plate, around 100 colonies were picked up regardless of the colony
characteristics and streaked on a new LB agar plate. After incubation at 21 °C for 40 h, a single colony was picked up from each
streaked plate, streaked again on the LB agar plate, and incubated at 21 °C for 40 h. A single colony obtained from the secondary
streaked plate was inoculated into 5 mL of LB medium and incubated with a shaking speed of 200 rpm at 21 °C. After incubation for 40
h, the culture solution was stored at —80 °C with 25% glycerin.

The shape of the isolated bacteria was observed with an optical microscope (Zeiss Scope. A1, AXIO, Oberkochen, Germany). The
separated bacteria were identified using a 16S rRNA sequence. Bidirectional 16S rRNA sequences of isolated bacteria were analyzed by
Biofact Co., Ltd. (Daejeon, Korea). Bidirectional 16S rRNA sequencing was performed using two primers, 27F and 1492R, Polymerase
chain reaction conditions for amplification were one cycle of pre-denaturation at 95 °C for 15 min, 30 cycles of amplification at 95 °C
for 20 s, 56 °C for 40 s, and 72 °C for 90 s, and one cycle of post-elongation at 72 °C for 5 min 16S rRNA sequences of 97 strains were
obtained from 100 isolated symbiotic bacterial strains. Among them, three strains from Acinetobacter septicus and one from every nine
species, a total of 12 strains, were selected for the further polystyrene degradation test. In species with two or more isolates, test strains
were randomly selected using the ‘RANDBETWEEN’ function in Microsoft Excel. Phylogenetic analysis was performed with MEGA4
software using the 16S rRNA sequence of the 12 selected strains by the neighbor-joining method with bootstrap analysis of 1000
replicates [35].

2.4. Cell growth in LB and TYE medium

Twelve strains were individually streaked on LB agar and cultured at 21 °C for 40 h. The obtained single colony was inoculated into
20 mL of LB medium in a 250 mL baffled flask and cultured at 21 °C with 200 rpm for 40 h. The pre-cultured strain was inoculated with
Absggp = 0.05 cells in 20 mL of the main culture LB medium. The main culture was incubated for 24 h at 21 °C with 200 rpm, and
absorbance was measured at 600 nm every 2 h.

In the case of measuring growth in the TYE medium, the same method described above was used, and the TYE medium was used
instead of the LB medium. The experiment was carried out in three repetitions, and the mean value and standard deviation were
calculated.

2.5. Attachment of microorganisms on the polystyrene film

Before inoculation, the film was sterilized with 95% ethanol and dried on a clean bench. After pre-culture of each strain in 5 mL of
LB medium at 21 °C with the shaking speed of 200 rpm, the cells with Absego = 1 of the final concentration were inoculated in 5 mL of
mineral medium. A polystyrene film with 14 mm X 14 mm was completely immersed in the medium solution and incubated at 21 °C
for 1 h. The film was rinsed with 0.85% saline solution twice. The bacterial cells on the film’s surface were observed using a microscope
(Zeiss Scope. Al, AXIO) at a magnification of X 400.

2.6. Degradation of micro-sprayed polystyrene by microorganisms

For measuring micro-sprayed polystyrene degradation on the mineral agar plate, the strains stored at —80 °C were streaked on the
LB agar plate and cultured at 21 °C for 40 h to obtain single colonies. The single colony was inoculated in 5 mL of LB medium and
incubated at 21 °C with a shaking speed of 200 rpm for 40 h. The pre-culture medium was inoculated into 5 mL of fresh LB medium
with Absggg = 0.05 and incubated with a shaking speed of 200 rpm at 21 °C until Absggg = 1.0. The cells in 1 mL of the main culture
were rinsed three times with mineral medium using centrifugation (6,750 X g, 1 min) and then resuspended in 1 mL of mineral
medium.

The resuspended cells with 10 pL were placed as a spot on the mineral agar plates, micro-sprayed with polystyrene, and incubated
at 21 °C for fourteen days. The cell growth was measured by photographing the inoculated spot, and the decomposition of polystyrene
particles was observed under an optical microscope (Zeiss Scope. A1, AXIO). As a control, the mineral medium was spotted on the same
medium and cultured for fourteen days together, and Escherichia coli 0157:H7 ATCC 43895 was used as a negative control.

2.7. Measuring polystyrene film degradation by scanning electron microscope

In order to observe changes in the surface of polystyrene by bacteria isolated from mealworms, the surface of polystyrene film was
analyzed using a scanning electron microscope (SEM). The cells were cultured in the same manner described in the previous section,
“Degradation of micro-sprayed polystyrene by microorganisms.” The resuspended cells with 10 pL were placed on the mineral agar
plates. After the spotted bacterial strains dried, a polystyrene film was covered over the cells. A polystyrene film was the only carbon
source. After incubating at 21 °C for 30 days, the surface of the polystyrene film in contact with the strain was analyzed by SEM. In
order to observe the surface change in the polystyrene film caused by bacteria, the film was incubated with 2% sodium dodecyl sulfate
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solution for 4 h to remove the attached bacterial cells and rinsed thoroughly with distilled water [31]. The washed polystyrene film was
attached to the jig using carbon tape and then coated with platinum for 30 s. The surface image of the polystyrene film was obtained at
5 kV acceleration voltage using SEM (model: JSM-7610F, Jeol Ltd., Tokyo, Japan), and the analysis was carried out by the Joint
Experimental Equipment Center of Kookmin University (Seoul, Korea).

3. Results
3.1. Isolation and identification of bacteria degrading polystyrene from intestine of mealworms

Previous studies have demonstrated that mealworms digest EPS, and it has been suggested that the intestinal symbiotic microbes
play a significant function in EPS degradation [21,32,36]. This study was conducted assuming that the digestion of EPS alone increases
the portion of EPS-degrading microorganisms in the intestine of mealworms. Four groups with about 50 mealworms per group were
bred. The EPS intake by mealworms was confirmed by the irregular shape of EPS in Fig. 1. Mealworm weight changes before and after
EPS feeding are shown in Table 1. On average, mealworms lost 10.8% of their weight after a fifteen-day EPS-only diet. This result
confirmed that EPS is a dietary substance but not a good nutrient for mealworms, as in a previous study [37].

After a fifteen-day EPS-only diet, the digestive tract of mealworms was isolated to obtain total symbiotic microorganisms. Intestinal
microorganisms were spread on LB agar plates after fifty-six-day enrichment culture. About 97 colonies were non-selectively obtained
from an arbitrarily determined area and then taxonomically identified through 16S rRNA sequencing (Supplementary Table S1). The
summary of identified taxonomic species is shown in Table 2.

To measure the polystyrene degradation activity, bacteria as many as the number in parentheses in Table 2 were randomly selected.
The size and the shape of the selected twelve bacteria are shown in Fig. 2. All cells were rod-shaped, the length of the cells was 0.8-2.7
pm, and the thickness was 0.7-1.0 um. The phylogenetic tree of the selected strain is shown in Fig. 3. There were 11 strains in the class
of Gammaproteobacteria and 1 strain in the class of Alphaproteobacteria. Gammaproteobacteria were classified into five families,
Enterobacteriaceae, Yersiniaceae, Aeromonadaceae, Pseudomonadaceae, and Moraxellaceae.

3.2. Isolated bacterial growth in nutrient media

Before confirming the polystyrene degrading activity of the selected 12 candidate strains, the growth curves were observed in LB
(Fig. 4) and TYE (Fig. 5) nutrient media to identify the growth characteristics of the bacteria. The TYE medium is a medium in which
sodium chloride has been removed from the LB medium and was used to determine whether salt affects the growth of strains [38].

In the cell growth curve measured by absorbance at 600 nm, except for three strains of A. septicus (A. septicus MA21, A. septicus
MAG62, and A. septicus MA65), the cells grew well and showed typical bacterial cell growth. The three strains of A. septicus could not
accurately measure their growth due to autoaggregation. This autoaggregation of A. septicus was observed microscopically in Fig. 6.

Before feeding After feeding

A.

Fig. 1. The shape of the expanded polystyrene (EPS) spheres destroyed by the ingestion of the mealworms. It was a perfectly spherical EPS with a
diameter of about 0.4-1.7 mm before feeding, but the torn irregular shape confirms that the mealworms ingested it.

Table 1
Weight change of mealworms due to EPS diet.
Group number Weight before feeding (g) Weight after feeding (g) Reduced weight (g) Relative weight change (%)
1 12.1 10.6 -1.5 -11.8
2 11.9 10.5 -1.4 -11.4
3 12.0 10.9 -1.1 -9.4
4 12.2 109 -1.3 -10.6
Average 121 £0.13 10.7 £0.21 1.3+0.17 —10.8 = 1.06
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Table 2

The summary of isolated bacterial strains obtained from the digestive tracts of mealworms that were fed only EPS for 15 days.
Strains were identified through 16S rRNA sequence analysis and its BLASTN homology search in the nucleotide database of
National Center for Biotechnology Information. The detail BLASTN homology search results are shown in Supplementary

Table S1.

Identified strain Number of identified strains (Number of strains for the EPS degradation test)
Acinetobacter septicus 69 (3)
Aeromonas hydrophila 7 (1)
Agrobacterium tumefaciens 8 (1)
Enterobacter soli 1)
Klebsiella grimontii 1)
Pseudomonas multiresinivorans 1)
Pseudomonas nitroreducens 7 (1)
Pseudomonas plecoglossicida 1)
Serratia marcescens 1(1)
Yokenella regensburgei 1)

A. hydrophila MA32 S. marcescens MA42 A. septicus MA62

K. grimontii MA76 P. nitroducens MA77  A. tumefaciens MA92  P. plecoglossicida MA93

Fig. 2. Shape and size of twelve bacterial cells selected for evaluating polystyrene degradability. The scale bar on the lower right indicates 10 pm.
(a) E. soli MAO04; (b) P. multiresinivorans MA11; (c) Y. regensburgei MA19; (d) A. septicus MA21; (e) A. hydrophila MA32; (f) S. marcescens MA42; (g)
A. septicus MA62; (h) A. septicus MA65; (i) K. grimontii MA76; (j) P. nitroreducens MA77; (k) A. tumefaciens MA92; (1) P. plecoglosticida MA93.

The growth of P. nitroreducens MA77 in the LB medium (Fig. 4B (o)) was much lower than in the TYE medium (Fig. 5B (0)). For
K. grimontii MA76 and P. nitroreducens MA77, the doubling time in the LB medium was 139% and 137% longer, respectively, than that
in the TYE medium. This observation suggested that K. grimontii MA76 and P. nitroreducens MA77 were sensitive to salt. Based on the
doubling time in LB medium of 68.3 min in the exponential phase of E. coli, A. tumefaciens MA92, P. nitroreducens MA77,
P. multiresinivorans MA11, K. grimontii MA76, and P. plecoglosticida MA93 showed a longer doubling time of 113.4 min, 106.8 min,
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Family Order Class
100 [ Pseudomonas multiresinivorans MA11
100 { Pseudomonas nitroreducens MAT7 b Pscudomonadaceae
Q Pseudomonas plecoglossicida MA93 | Pseudomonadales
Acinetobacter septicus MA62
X . Moraxellaceae
100 Acinetobacter septicus MA21
Acinetobacter septicus MA65 I Gammaproteobacteria
Aeromonas hydrophila MA32 I Acromonadaceae I’ Aeromonadales
100 Serratia marcescens MA42 I Yersiniaceae
Enterobacter soli MA04
. | Enterobacterales
6 Yokenella regensburgei MA19 Enterobacteriaceac
1001 Klebsiella grimontii MA76
Agrobacterium tumefaciens MA92 I Rhizobiaceae I, Hyphomicrobiales I» Alphaproteobacteria
| U —
0.02

Fig. 3. Phylogenetic analysis of twelve bacterial cells selected for evaluating polystyrene degradability using their 16S rRNA sequence. Phylogenetic
tree constructed by the neighbor-joining method with bootstrap analysis of 1000 replicates using MEGA4 software.
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Fig. 4. Cell growth curve in Luria-Bertani (LB) medium. E. coli ATCC 43895 (M), E. soli MAO4 (a), P. multiresinivorans MA11 (A\), Y. regensburgei
MA19 (@), A. septicus MA21 (o), A. hydrophila MA32 (¢), and S. marcescens MA42 (o) are shown in (a). E. coli ATCC 43895 (M), A. septicus MA62
(), A. septicus MA65 (/\), K. grimontii MA76 (@), P. nitroreducens MA77 (o), A. tumefaciens MA92 (4), and P. plecoglosticida MA93 (¢) are shown
in (b).

105.9 min, 104.4 min, and 83.84 min, respectively. E. soli MA4, Y. regensburgei MA19, and A. hydrophila MA32 had similar doubling
times to E. coli, 66.8 min, 62.2 min, and 59.8 min, respectively, but S. marcescens MA42 had a short doubling time of 39.8 min. The
three strains of A. septicus could not calculate the doubling time due to autoaggregation.



J.-W. Park et al. Heliyon 9 (2023) e17352

>

10
2 8
<
—~ 6
2
2 4
]
<
S 2
Q

0

0 4 8 12 16 20 24
Incubation time (hrs)

B.

10

Cell density (Absg)

0 4 8 12 16 20 24
Incubation time (hrs)

Fig. 5. Cell growth curve in tryptone yeast extract (TYE) medium. E. coli ATCC 43895 (M), E. soli MAO4 (a), P. multiresinivorans MA11 (/\),
Y. regensburgei MA19 (@), A. septicus MA21 (o), A. hydrophila MA32 (4), and S. marcescens MA42 (o) are shown in (a). E. coli ATCC 43895 (WD),
A. septicus MA62 (A), A. septicus MA65 (/A\), K. grimontii MA76 (@), P. nitroreducens MA77 (o), A. tumefaciens MA92 (4), and P. plecoglosticida MA93
() are shown in (b).

3.3. Bacterial cell attachment on the polystyrene film

Since bacteria’s biodegradation of the polystyrene film starts by attaching to the film surface [39], the adhesion of selected bac-
terial cells to the polystyrene film surface was evaluated (Fig. 6). E. soli MA4 and A. hydrophila MA32 had less adhesion to polystyrene
film like E. coli, the negative control. Y. regensburgei MA19, K. grimontii MA76, P. nitroreducens MA77, A. tumefaciens MA92, and
P. plecoglosticida MA93 could adhere to polystyrene film. P. multiresinivorans MA11 and S. marcescens MA42 adhered well to the
polystyrene film. Three strains of A. septicus (A. septicus MA21, A. septicus MA62, and A. septicus MA65) were attached to the poly-
styrene film surface by autoaggregation.

3.4. Degradation of micro-sprayed polystyrene by isolated bacteria

Micro-sprayed polystyrene was used as a quick method to evaluate the polystyrene degradation activity of bacteria. The small
particles increase the body surface area so that the degradation takes place in a short time [31,40]. Micro-sprayed polystyrene as the
sole carbon source on the mineral medium was supplied to the agar plate, and 10 pL of the isolated bacteria were placed on a spot. The
change was observed for fourteen days (Figs. 7-8).

As a result of observing the spot inoculated with the strain (Fig. 7), in the case of E. soli MA4, and A. hydrophila MA32 did not grow
well on the polystyrene micro-sprayed plate like the negative control E. coli. Thick cell spots of the remaining 10 strains suggested that
polystyrene was used as a nutrient for their growth. Interestingly, A. septicus MA62 had a thick spot after four days, but other A. septicus
MAZ21 and A. septicus MA65 had a thick spot from one day of culture (Supplementary Fig. S1). This observation suggested that the
degradation ability of polystyrene may be different even in the same A. septicus species.

After fourteen days of culture, the micro-sprayed polystyrene particles were observed through a microscope (Fig. 8). There was no
significant difference in polystyrene particles of E. soli MA4 and A. hydrophila MA32, similar to the negative control inoculated with E.
coli. It was observed that the size of the polystyrene particles was reduced, the number of particles was less, and the edge sharpness of
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A

E. oli MAO04 - P. multiresinivorans MAI

e !}%- ‘a

K. grimontii MA76 P. nitroducens MA77 A. tumefaciens MA92  P. plecoglossicida MA93

Fig. 6. Attachment to the surface of the polystyrene film. Bacteria were incubated with polystyrene film for 1 h, and after rinsing, the attached
bacterial cells were observed under a microscope. The scale bar on the lower right indicates 20 pm. (a) E. coli ATCC 43895 as a negative control; (b)
E. soli MAO4; (c) P. multiresinivorans MA11; (d) Y. regensburgei MA19; (e) A. septicus MA21; (f) A. hydrophila MA32; (g) S. marcescens MA42; (h)
A. septicus MA62; (i) A. septicus MAG65; (j) K. grimontii MA76; (k) P. nitroreducens MA77; (1) A. tumefaciens MA92; (m) P. plecoglosticida MA93.

the particles was decreased by Y. regensburgei MA19, A. septicus MA21, A. septicus MA62, A. septicus MA65, K. grimontii MA76, and
P. nitroreducens MA77. In the case of four strains, P. multiresinivorans MA11, S. marcescens MA42, A. tumefaciens MA92, and
P. plecoglosticida MA93, it was impossible to observe the change in polystyrene particles clearly under a microscope because there were
too many bacteria on the surface of polystyrene particles. Among these four strains, P. multiresinivorans MA11, S. marcescens MA42, and
P. plecoglosticida MA93 were identified as strains with a high degree of adhesion in adhesion experiments on polystyrene film (Fig. 6).

3.5. Destruction of surface integrity of polystyrene film by isolated bacteria

The microscopic changes on the surface of the polystyrene film by isolated bacteria were observed by scanning electron microscopy
after fourteen-day cell incubation (Fig. 9). Corrosion, holes, and pits were observed on the surface of the polystyrene film degraded by
bacteria in previous studies [26,31]. The surface of the polystyrene film incubated in the culture medium without microorganisms was
smooth and clean (Fig. 7A). E. coli (negative control), E. soli MAO4, and A. hydrophila MA32 also showed a similar surface appearance to
the polystyrene film without microorganism inoculation. P. multiresinivorans MA11, Y. regensburgei MA19, and S. marcescens MA42
produced micro-cracks on the polystyrene film surface. In the other 7 strains (A. septicus MA21, A. septicus MA62, A. septicus MA65,
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Fig. 7. The cell growth with micro-sprayed polystyrene as a sole nutrient. The cells were inoculated as a spot. The white intensity of the cell spot
reflected the cell growth. The scale bar on the lower right indicates 10 mm. (a) E. coli ATCC 43895 as a negative control; (b) E. soli MAO4; (c)
P. multiresinivorans MA11; (d) Y. regensburgei MA19; (e) A. septicus MA21; (f) A. hydrophila MA32; (g) S. marcescens MA42; (h) A. septicus MA62; (i)
A. septicus MA65; (j) K. grimontii MA76; (k) P. nitroreducens MA77; (1) A. tumefaciens MA92; (m) P. plecoglosticida MA93.

K. grimontii MA76, P. nitroreducens MA77, A. tumefaciens MA92, and P. plecoglosticida MA93), it was observed that the surface of the
polystyrene film was decomposed and destroyed to the extent that debris fell off.

4. Discussion

The microbes in the digestive tract of mealworms are essential for the degradation of polystyrene [21,24]. The biological mech-
anisms of polystyrene degradation microorganisms will provide clues to the biological waste treatment of polystyrene. In order to
quickly isolate the intestinal symbiotic microorganisms of mealworms, 97 bacteria were isolated from the intestines of mealworms
after fifty-six-day enrichment culture. Among them, 12 strains were randomly selected based on species, and their degradation activity
on polystyrene was evaluated.

As a result of cell adhesion to the polystyrene film surface, cell growth in the polystyrene particle layer, decomposition of micro-
sprayed polystyrene particles, and surface destruction of polystyrene film, Y. regensburgei MA19, A. septicus MA21, A. septicus MA62,
A. septicus MA65, K. grimontii MA76, and P. nitroreducens MA77 consistently exhibit polystyrene degrading activity. Although it was
difficult to observe the changes in micro-sprayed polystyrene particles, P. multiresinivorans MA11, S. marcescens MA42, A. tumefaciens
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sis

St 34 =
A. hydrophila MA32

K. grimontii MA76 P. nitroducens MAT77  A. tumefaciens MA92 P. plecoglossicida MA93

Fig. 8. Degradation of micro-sprayed polystyrene by bacteria. The decomposition of micro-sprayed polystyrene particles can be evaluated as a
decrease in the particle size, a decrease in the number of particles, and a change in the particle edges. The scale bar on the lower right indicates 50
pm. (a) Area without bacterial inoculation as an original control; (b) E. coli ATCC 43895 as a negative control; (c) E. soli MA04; (d)
P. multiresinivorans MA11; (e) Y. regensburgei MA19; (f) A. septicus MA21; () A. hydrophila MA32; (h) S. marcescens MA42; (i) A. septicus MA62; (j)
A. septicus MA65; (k) K. grimontii MA76; (1) P. nitroreducens MA77; (m) A. tumefaciens MA92; (n) P. plecoglosticida MA93.

MA92, and P. plecoglosticida MA93 were also considered bacteria that can degrade polystyrene.

In previous studies, P. nitroreducens and Rhizobium radiobacter (newly named A. tumefaciens) were found together in the intestine of
Holotrichia parallela larvae [41]. Bacteria of the genera, Acinetobacter, Agrobacterium, Enterobacter, Klebsiella, and Pseudomonas, were
also found in the intestine of Aedes albopictus [42]. Aeromonas sp. TM1 and S. marcescens were isolated from the intestines of T. molitor
[28,32]. Y. regensburgei was also isolated from the intestine of Eurycantha calcarata [43]. The results of bacterial strains from meal-
worms in this study confirmed previous studies that the bacteria in this study live in the intestine of insects.

In our previous metagenomic study, more than half of the strains in the intestines of mealworms fed with EPS were two families,
Streptococcaceae and Enterobacteriaceae [44]. The strains identified in this study accounted for 80% of the families Moraxellaceae
and Pseudomonadaceae. This is attributed to the difference in the aerobic culture conditions and the EPS enrichment culture for
fifty-six days.

Acinetobacter sp. AnTc-1 isolated from the intestine of Tribolium castaneum degraded polystyrene [45]. Acinetobacter sp. NyZ450
isolated from the mealworms ingesting polyethylene mulching film as sole carbon also showed the ability to form biofilm and
decompose polyethylene [46]. Aeromonas sp. TM1 isolated from the intestines of T. molitor and Z. morio showed the ability to degrade
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Fig. 9. The surface structure change of micro-sprayed polystyrene by bacteria. Polystyrene degradation can be observed by debris and cracks. The
scale bar on the lower right indicates 10 pm. (a) No cell inoculated as a control; (b) E. coli ATCC 43895 as a negative control; (c) E. soli MA04; (d)
P. multiresinivorans MA11; (e) Y. regensburgei MA19; (f) A. septicus MA21; (g) A. hydrophila MA32; (h) S. marcescens MA42; (i) A. septicus MA62; (j)
A. septicus MA65; (k) K. grimontii MA76; (1) P. nitroreducens MA77; (m) A. tumefaciens MA92; (n) P. plecoglosticida MA93.

polystyrene [28]. Agrobacterium sp. can grow in the digestive tract of mealworms with a polystyrene diet [47]. The ISO1 strain from
partially degraded plastic waste found in a local rural market showed high hydrophobicity and the ability to degrade high-impact
polystyrene, which was 99% consistent with the Enterobacter genus [48]. Klebsiella oxytoca was found in the intestine of meal-
worms that digested polystyrene [25]. In addition, Klebsiella pneumoniae ZM1 was isolated from the intestines of T. molitor and Z. morio
and showed the ability to degrade polystyrene [28]. P. plecoglossicida was isolated from the polyethylene plastic sample and can grow
on paraffin as a carbon source [49]. Moreover, high-impact polystyrene composed of a mixture of polystyrene and polybutadiene can
be degraded by an unclassified Pseudomonas sp. However, there was only a 10% weight loss in the 200 mg high-impact polystyrene film
[26]. Pseudomonas sp. DSM50071 isolated from the intestines of superworms degraded polystyrene by S-formylglutathione hydrolase
and serine hydrolase [31]. S. marcescens was a representative strain of the intestinal microbiota of T. molitor that degrades polystyrene
[32]. Serratia sp. WSW isolated from the intestine of Plesiophthalmus davidis formed a biofilm on polystyrene film and showed the
activity of degrading polystyrene [50]. Agrobacterium spp. was also found in the intestinal microbiota of mealworms fed with poly-
styrene [47]. In the case of the Yokenella genus, we could not find any research results on the degradation of plastic-related or polymer
materials.

There have been previous studies on bacteria that decompose polystyrene at the genus level. However, bacterial cells that degrade
polystyrene were obtained and identified down to the species level in this study.

A significant change in the comparison of doubling times in the exponential growth phase of LB and TYE media suggested that salt
affected the growth of two bacteria, K. grimontii MA76 and P. nitroreducens MA77. In the conditions for degrading polystyrene using
these two strains, salt was an essential factor to be considered.
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Autoaggregation was observed in three tested Acinetobacter strains in this study. The microorganisms of the genus Acinetobacter
utilize the AtaA protein to cause autoaggregation and promote adhesiveness to abiotic surfaces [51]. We hypothesized that this ad-
hesive ability to abiotic surfaces would provide an opportunity for Acinetobacter spp. to degrade EPS. A previous study [52] showed
that A. johnsonii and A. junii had hydrophobic cell surfaces. If this hydrophobic cell surface characteristic is also present in the Aci-
netobacter isolated in this study, it will contribute to autoaggregation and adhesion to the polystyrene surface.

Scanning electron microscope for the surface change [9,31,50,53,54], biofilm formation on the polystyrene [9,32,55],
gel-permeation chromatography for the size reduction [56], cross-polarization/magic angle spinning nuclear magnetic resonance
spectroscopy for the structural change [31,34], and thermogravimetric analyzer coupled with a Fourier-transform infrared spec-
trometer for the mass change [9,22,34,57-59] were used for analyzing polystyrene degradation activity of microorganisms. In this
study, the polystyrene decomposition ability of bacteria was confirmed by micro-sprayed polystyrene onto a solid mineral medium
[40]. The small polystyrene particles increase the body surface area, making observing efficient degradation by microorganisms easier.

In further research, it is possible to propose a biochemical polystyrene degradation mechanism by analyzing the genomic sequence
of each bacteria to identify genes that degrade polystyrene and comparing the identified polystyrene degradation genes between
bacteria to derive common points. Although the bacteria identified in this study are symbiotic microorganisms in the intestinal tract of
mealworms, studying the identified bacteria may provide a clue as to what environment and conditions should be created to promote
the biodegradation polystyrene in nature.

5. Conclusions

The symbiotic microorganisms were isolated from the intestine of the mealworms grown using expanded polystyrene as a sole
nutrient, and 97 bacteria were isolated through enrichment culture for fifty-six days with polystyrene powder. Among them, twelve
bacteria were selected, and the polystyrene decomposition ability was evaluated using micro-sprayed polystyrene as a sole nutrient to
observe the growth, decomposition of micro-polystyrene particles, and degradation on the surface of polystyrene films. Ten bacteria,
P. multiresinivorans MA11, Y. regensburgei MA19, A. septicus MA21, S. marcescens MA42, A. septicus MA62, A. septicus MA65, K. grimontii
MA?76, P. nitroreducens MA77, A. tumefaciens MA92, and P. plecoglosticida MA93, degraded polystyrene. By analyzing and comparing

the genomic DNA of the isolated bacteria to identify the standard polystyrene degrading genes, a biological mechanism for polystyrene
degradation could be proposed in further studies.
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