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Nareciso-Ortiz Leticia', Pefia-Montes Carolina' , Peralta-Peldez Luis A.", Fernandez-Romero Fanny', Anzures-Jacinto Maira L.",
Sulbarin-Rangel Belkis?, Vazquez-Alcantara Laura C., Cérdoba-Silveira Stephany N.?, Pacheco-Rivera Keyla M.!

! Tecnolégico Nacional de México Campus Veracruz. Unidad de Investigacién y Desarrollo en Alimentos. Av. Miguel Angel de Quevedo
2779, Colonia Formando Hogar, CP 91897, Veracruz, Veracruz, México

2 Universidad de Guadalajara, Centro Universitario de Tonalad (CUTonal4), Av. Nuevo Perifrico No. 555 Ejido San José Tateposco, C.P.
48525, Tonal4 Jalisco, México

Abstract: The “Sistema Arrecifal Veracruzano” (SAV) is a vital marine ecosystem; its resources are continually perturbed due to contamina-
tion by anthropogenic activities, with multiple contaminants such as plastics. In aquatic ecosystems, plastics are almost immediately coated
by inorganic and organic matter, which is then colonized by microbes to form a biofilm on plastic surfaces. This work aimed to isolate and
identify plastic-degrading microorganisms isolated mainly from plastic residues of the SAV biosphere reserve. Eight bacteria and three fungi
were isolated from a biofilm in plastic residues from islands of SAV. All the bacteria and one fungus showed evidence of degrading PET, over
10% for two bacteria and 17% for the fungus. All fungi belong to the genus Aspergillus, and bacteria belong to the genera Aneurinibacillus,
Bordetella, Bacillus, and Lysinibacillus. Aneurinibacillus migulanus and Aspergillus flavus showed the highest values for PET degradation.
Carboxylic ester hydrolase (CEH) activity was detected in all crude extracts from fungi and bacteria growing with PET triturates as a carbon
source; the maximum CEH in bacteria was 255 U mg ™' and 780 U mg™* for fungi.
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1 Introduction

The “Sistema Arrecifal Veracruzano” (SAV) is a coral reef
ecosystem located in the southern Gulf of Mexico, on the
continental shelf of Veracruz state, off the coast of Boca del
Rio, Alvarado municipalities (Dussud et al., 2018). The SAV
is a Biosphere Reserve (UNESCO, 2006), a National Ma-
rine Park since 1992 (DOF, 1992), and Ramsar site number
1346 (SISR, 2004). The SAV is a vital ecosystem due to its
ability to protect the coast, reduce the intensity of extreme
hydrometeorological events, and provide economic activi-
ties such as tourism and maritime trade (Escamilla-Pérez
et al., 2021). SAV resources are continually perturbed due
to contamination by anthropogenic activities, i.e., marine
traffic, wastewater and agriculture discharges, cities and in-
dustrial development, tourism activities and the expansion
project of Port of Veracruz (Mapel-Hernandez et al., 2021;

Ramirez-Macas et al., 2018). Anthropogenic activities sig-
nify the presence of multiple contaminants in the SAV, such
as heavy metals (Montoya-Mendoza et al., 2019), pesticides
(Martinez et al., 2017), hydrocarbons, or plastics (Narciso-
Ortiz et al., 2020). Plastics are now indispensable for several
uses, such as electronics, construction, engineering, packag-
ing, healthcare, and textiles, due to their low cost, durability,
and strength (Amobonye et al., 2020; Zhao et al., 2022). In-
creasing plastic production frequently leads to the entry of
its residues into aquatic ecosystems as the SAV, representing
an immense environmental problem with negative conse-
quences for ecosystems because plastic residues take many
years to be degraded in the environment (Danso et al., 2019).
Some microorganisms produce enzymes that catalyze plas-
tic polymers degradation; the most famous is the bacterium
Ideonella sakaiensis, which degrades polyethylene tereph-
thalate (PET) and the intermediate mono(2-hydroxyethyl)
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terephthalic acid (MHET) in terephthalic acid and ethylene
glycol by two enzymes: PETase and MHETase (Yoshida et
al., 2021). In fungi organisms, cutinase enzymes are associ-
ated with PET degradation; for example, the cutinase enzyme
MRCUT1 of Moniliophthora roreri, when used for heterolo-
gous expression in Escherichia coli, degraded 31% of PET
(Vazquez-Alcantara et al., 2021). The first stage of biodegra-
dation is biodeterioration, which starts with the adherence
of microorganisms on the plastic surface (Amobonye et al.,
2020; Asiandu et al., 2020). In aquatic ecosystems, plastics
are almost immediately coated by inorganic and organic mat-
ter, which is then colonized by microbes to form a biofilm on
the plastic surface (Dussud et al., 2018). Microbial biofilms
that form on plastic residues are named “plastisphere” and
can develop on any surface, including microplastics (Wright
et al., 2020). This work aimed to isolate and identify plastic-
degrading microorganisms from plastic residues of the SAV
biosphere reserve and quantify CEH activity expressed dur-
ing the growth of microorganisms in the presence of polymer.

2 Materials and Methods
2.1 Sampling

Sampling was done on three SAV islands, “Sacrificios” (IS),
“Salmedina” (ISM), and “Isla Verde” (IV). Decomposing plas-
tics and other materials with microbial growth were taken
in sterile conditions and transported to the analysis labo-
ratory. Sampling was done following the Mexican norm
PROY-NMX-AA-138-SCFI-2006.

2.2 Microorganisms isolation and selection

A representative portion of plastic samples were inoculated in
liquid saline minimal medium (SMM) for bacteria reported
by Paniagua-Meza (2008) and in minimal media (MM) for
fungi, according to Hill and Kéfer (2001), both containing
NaCl (34 g L=1). In the case of MM, the following slight
modifications were done: glycerol (0.2%), glutamine (0.0073
g mL™1), and methionine (0.0014 g mL~1!) sterilized by
filtration were added after MM sterilization by autoclave.
Bacteria were incubated for seven days for microbial adapta-
tion at 37°C and fungi for 15 days at 28°C. Microorganisms
from the adaptation step were inoculated in SMM or MM
plates with PET from commercial water bottle residues sizing
<1 mm (4 g L™1) as the only carbon source for microbial
selection. Microorganisms were incubated for 30 days for mi-
crobial adaptation at the temperatures mentioned above. The
selected microorganisms were inoculated in nutritive agar
plates for bacteria and potato dextrose agar (PDA) plates
for fungi. Itraconazole (0.5 pug L~!) was added for bacte-
ria isolation and chloramphenicol (0.085 g mL~1!) for fungi
isolation.

2.3 Microbial identification

Microbial culture plates were observed in a stereoscope (10X)
for macroscopic identification. Microscopic identification

was realized with Gram stain for bacteria (100X) and Bro-
mophenol blue stain for fungi (40X).

Molecular identification was done by 16S rRNA and ITS
amplicon sequencing. For this purpose, the microorgan-
isms were inoculated in a nutritive (bacteria) or PDA (fungi)
broth with agitation for 15 days at conditions mentioned
in section 2.2. Bacteria were collected by centrifugation
and mycelia by filtration; both cells were disrupted using a
mortar and pestle in liquid nitrogen. DNA extraction was
done, according to Ausubel et al. (1992). The 16S rRNA
and ITS genes were amplified for polymerase chain reaction
(PCR). The 16S primers for bacteria (P1: AGAGTTTGATC-
CTGGCTCAG; P3: AAGGAGGTGATCCAGCC) and ITS
primers for fungi (ITS1: TCCGTAGGTGAACCTGCGG;
ITS4: TCCTCCGCTTATTGATATGC) were used (Weisburg
et al.,, 1991; White et al., 1990). DNA and PCR product
concentration and purity were determined in the Epoch 2
microplate spectrophotometer (BioTek), and integrity was
confirmed in 1% agarose gel electrophoresis. PCR ampli-
cons were sequenced at the Biotechnology Institute (UNAM)
using an automatic 16-capillary DNA sequencer 3130x1 (Ap-
plied Biosystems). Obtained DNA sequences were analyzed
in the Chromas program, aligned in the MultAlin program
and compared with reported sequences in databases of the Na-
tional Center for Biotechnology Information (NCBI) (Good-
stadt and Ponting, 2001; Corpet, 1988).

2.4 Determination of PET degradation

2.4.1 Growth of microorganisms in the presence of
PET

The PET degradation was evaluated by growing the microor-
ganisms in 4 g L™! of PET in 50 mL of MM or SMM liquid
cultures using PET triturate from commercial water bottles
(< 355 pum) generating PET microplastics (PET-MP) as a
carbon source. The fungi cultures were inoculated with 1
x 108 spores mL —1 and bacteria cultures were inoculated
with 200 pL of liquid MM culture samples (DO 600 nm =
0.9). Bacteria were incubated for 8 days at 37°C and fungi
for 15 days at 28°C in a stationary incubator. Samples were
collected every 24 h for eight days in bacterial cultures and
every 24 h for 15 days in fungi cultures for the following
analysis. A control without microorganisms was evaluated
under the same conditions.

2.4.2 Determination of polymer degradation

PET degradation was evaluated by dry weight measurement,
titration, scanning electron microscopy (SEM) and infrared
spectroscopy (IR), and data were normalized (Vazquez-
Alcéantara et al., 2021). For dry weight measurements, after
hydrolysis, the residual PET-MP were washed with ethanol
and dried in an oven at 50°C until constant weight before
weight registration. For titration measurements, 1 mL of
the medium was titrated with 0.01 N NaOH and phenolph-

12 Applied Environmental Biotechnology (2024) - Volume 9, Issue 1



Narciso-Ortiz, Pefia-Montes, Peralta-Peldez, Fernandez-Romero, Anzures-Jacinto, Sulbardn-Rangel, Vazquez-Alcantara, Cérdoba-Silveira, Pacheco-Rivera

thalein as an indicator, then the expenditure of NaOH was
recorded. In both cases, a negative control was evaluated,
corresponding to the hydrolysis reaction without the addition
of microorganisms.

Scanning electron microscopy (SEM) of PET-MP obser-
vations was done in an FEI Sirion XL.30 SEM instrument
with a field emission gun (FEG-SEM). A thin layer of Au
was deposited on the polymeric particles to avoid charge
accumulation during the SEM observations. FTIR was per-
formed on a Bruker Alpha spectrometer. The spectral output
was recorded in transmittance mode, and 16 scans were ac-
quired in the 400-4 400 cm~! range and a resolution of 4
cm™!. The resulting spectra were compared with reference
polymers (standards) or those available in the Open Access
Spectral Database (https://spectrabase.com/).

2.5 Enzymatic assays
2.5.1 Esterase activity measurement

The p-nitrophenyl acetate (p-NPA) was used as a substrate,
and the esterase activity quantification was evaluated as de-
scribed by Vazquez-Alcantara and coworkers (2021). Es-
terase activity in crude extracts from SMM and MM liquid
cultures with PET-MP from commercial water bottles was
determined following absorbance at 420 nm for 30 min every
5 min after p-NPA addition. An enzymatic activity unit (U)
is the enzyme amount that transforms one pmol of p-NPA
per minute.

2.5.2 Protein determination

Protein concentration was determined using the Bradford
method (1976). Proteins were quantified according to the
instructions provided by the manufacturer reagent (Bio-Rad).
A standard curve of 0.01 mg to 0.1 mg of bovine serum
albumin (BSA) was used.

3 Results

3.1 Samples collection

A brief description of the samples collected in SAV and the
location of the collection sites is shown in Table 1. The
samples had biofilms on the surface or were in contact with
biofilms. Principally, pieces of various plastics and hydrocar-
bon residues were found.

3.2 Microorganisms isolation and selection

Microbial growth was observed in M2 ISM, M3 ISM, M1 IS,
M1 IV, M4 IV, M5 IV and M6 IV samples after incubation
in SMM and MM with a high concentration of salt (NaCl
34 g L71). Besides, after the microorganism’s adaptation,
microorganism growth was obtained in SMM or MM plates
with PET as the only carbon source.

3.3 Microbial identification
3.3.1 Bacterial identification

The macroscopic and microscopic characteristics and the
molecular identification of isolated bacteria are described in
Table 2.

All macro- and microscopic descriptions are in accordance
with the molecular identification. Bacteria were isolated from
samples from the three assessed islands: one from Sacrifi-
cios, three from Salmedina, and three from Isla Verde. It
is essential to mention that we have obtained two strains
of Aneurinibacillus migulanus isolated from two different
samples (M1 IS (red bottle cap) and M2 ISM (hydrocarbon
fragment)) from different islands (“Sacrificios” and “Salme-
dina”). On the other hand, two strains of Bacillus cereus
were obtained from two widely different samples (M1 IV
(hydrocarbon residue) and M6 IV (white rigid plastic foam)
from the same island (“Isla Verde”). Bordetella petri and A.
migulans were isolated from the same hydrocarbon fragment
collected on the “Salmedina” island. Bacillus thuringesis was
isolated from different residues on the “Salmedina” island.
Lysinibacillus fusiformis was collected from a white rigid
thick plastic at “Isla Verde,” and Bacillus pacificus was ob-
tained from different residues (Tree bark, blue plastic bottle
cap, white plastic lollipop stick) in “Isla Verde.”

3.3.2 Fungal identification

One fungus was isolated from each island sampled from
M2 1V, M2 ISM, and M3 IS samples. The macroscopic
and microscopic characteristics of fungi and their molecular
identification are described in Table 3, and all descriptions
are in accordance. Interestingly, all identified fungi belonged
to the Aspergillus genus.

In Figure 1, the microscopic view of A. niger isolated from
the M3 IS sample can be observed; it shows a characteristic
conidial head, where a conidiophore terminated by a vesicle
with phialides, and conidia are observed.

E

Figure 1. Microscopic view of Aspergillus niger (M3 IS sample)
stained with bromophenol blue (40 X).
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Table 1. Samples recollected in SAV

Sample ID Ubication Description Image
“Sacrificios” island (IS)

Latitude 19°10°27.09” N Red and purple plastic bottle cap, solid
M1 1S hydrocarbon residue, piece of plastic
Longitude  96°05°34.43” O straw

Latitude 19°10°30.36” N Wood fragments with adherences similar !

M21S to fungi

Longitude  96°05’33.83” O

Latitude 19°10°28.92" N Piece of plastic fork, hydrocarbon

M3 IS .
residues

Longitude  96°05°33.83” O

Latitude 19°10°01.24” N Piece of blue rigid plastic, red plastic
M4 1S bottle cap with hydrocarbon, white rigid
Longitude  96°05°33.83” O plastic

“Salmedina” island (ISM)

Latitude 19°04°47.06” N
M1 ISM Piece of green rigid plastic
Longitude  95°57°19.05” O

Latitude 19°04°46.99” N
M2 ISM Hydrocarbon rigid fragment
Longitude  95°57°18.88” O

Latitude 19°12°00.05” N Piece of marron expanded polystyrene,
M3 ISM plastic bottle cap, piece of white rigid
Longitude  96°04°02.49” O plastic, hydrocarbon fragment.

Latitude 19°11’59.72”" N
M4 ISM Piece of tubular plastic
Longitude  96°04°02.85” O

Latitude 19°12°02.46” N Coral fragment, yellow thin rigid plastic,

MS ISM hydrocarbon residue

Longitude  95°04°02.30” O
“Isla verde” island (1V)

Latitude 19°12°02.96” N
M1 IV Hydrocarbon rigid residue
Longitude  96°04°00.70” O

Latitude 19°12°02.96” N Piece of expanded polystyrene, white

M2 IV rigid and thin plastic

Longitude  96°04°00.70” O

Latitude 19°12°01.86” N
M3 IV Red plastic bottle cap
Longitude  96°03’59.84” O

Latitude 19°12°01.86” N
M4 IV White, rigid, thick plastic
Longitude  96°03’59.84” O

Latitude 19°12°01.61" N Tree bark, blue plastic bottle cap, white

M5 IV plastic lollipop stick

Longitude  96°03°59.64” O

Latitude 19°12°01.61” N Piece of white foam rigid plastic with
M6 IV green and brown adherences and
Longitude  96°03°59.64” O hydrocarbon adherences and hydrocarbon
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Table 2. Bacterial identification

Macroscopic characteristics

Bacterial colony aspect

Sample ID
Form Border Color Surface Consistency/texture Elevation
M1 1S Circular Undulate Light brown Wrinkled Mucoid Raised
M2ISM 1 Irregular Undulate Dark brown Smooth Butyrose Convex
M2 ISM 2 Circular Enteri Light brown Wrinkled Mucoid Raised
M3 ISM Circular Enteri Dark brown Wrinkled Mucoid Convex
M1 1V Circular Undulate Light brown Smooth Dry Flat
M4 1V Irregular Undulate Light brown Smooth Mucoid Convex
M5 IV Circular/ Fusifom Lobete Gray-Brown Smooth Butyrose Convex
M6 IV Circular Enteri Light brown Smooth Butyrose Convex
Microscopic characteristics and molecular identification
Microscopic description Molecular identification
Sample ID - -
Morphology Gram Microorganism % ldentity E value
M11S Bacillus + Aneurinibacillus migulanus 99.54 0
M2 ISM 1 Coccus — Bordetella petrii 100 0
M2 ISM 2 Bacillus + Aneurinibacillus migulanus 99.79 0
M3 ISM Bacillus + Bacillus thuringiensis 99.75 0
M1 IV Bacillus + Bacillus cereus 99.58 0
M4 IV Bacillus + Lysinibacillus fusiformis 99.52 0
M5 IV Bacillus + Bacillus pacificus 99.86 0
M6 IV Bacillus + Bacillus cereus 99.85 0

Percentage weight loss of PET

M1IS M2ISM1  M2ISM2  M3ISM M1V M4V M5 TV M6 TV
Bacterial sample

Percentage weight loss of PET
5

M21V M2 ISM M3 1S

Fungi sample

Figure 2. PET degradation determined by the percentage of weight
loss after 8 or 15 days of growth in the polymer presence of bacterial
and fungi strains, respectively. The results are the means from three
replicates.

3.4 PET Biodegradation

The ability of the isolated microorganisms to degrade PET-
MP was evaluated. Figure 2 shows the PET weight loss
percentage after the hydrolysis by the strains. Weight loss
was observed in all bacteria treatments after eight days of
culture; however, the highest values were obtained after the
growth of the two isolated strains of Aneurinibacillus migu-
lanus from samples (M1 IS and M2 ISM), over 10% of PET
weight loss.

In fungus cultures, only Aspergillus flavus showed a weight
loss of PET, about 17%. This result was confirmed by the
acid titration of the crude extract (CE). The CE of A. flavus
presented acidity after seven days of culture, which increased
until fourteen days of incubation, having the highest value
after 12 days of A. flavus growth (Figure 3). In the case of
A. oryzae and A. niger, it is important to mention that a low
PET degradation determined by acid titration was observed
after 1 and 3 days, respectively (Figure 3).

Fig. 4 shows the SEM image of PET triturates after
Aneurinibacillus migulanus hydrolysis; in contrast with the
control (4A), porous regions can be observed after A. migu-
lanus growth (4B). SEM images of PET treated with A. flavus
showed holes and an eroded surface after fourteen days (Fig-
ure 4C & 4D).

Figure 5 shows the FTIR spectra for PET triturates with-
out treatment (black) and PET treated with Aspergillus flavus
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Table 3. Fungal identification

Macroscopic characteristics

Image of petri dish with fungal colony

Sample ID Colony morphology
Front view Reverse view
M2 IV Velvety, green, dark color
M2 ISM Velvety, white color
M3 IS Velvety, black and white color
. '}
Microscopic characteristics and molecular identification
Microscopic description Molecular identification
Sample ID
Morphology Identification % Identity E value
Mycelium is macrosiphonate, septate and hyaline and
M2 IV has long conidiophores, a circular vesicle with two Aspergillus flavus 99.52 0
series of phialides.
Conidiophores are long, rough-walled, conidial head X
M2 I1SM large, radiate with globose conidia. Aspergillus oryzae 100.00 0
Mycelium is macrosiphonate, septate and hyaline, has
M3 IS long conidiophores, and a circular vesicle with two Aspergillus niger 99.08 0

series of phialides at 360 ° angle, the first phialide
series is extensive, and the second is small (Figure 1).

(red). The spectra have differences in transmittance, espe-
cially in the carboxyl and hydroxyl functional groups (2 and
3), demonstrating the ester bond hydrolysis. The alkane
chain (1) had just a 0.01 difference in transmittance, and the
aromatic ring (4) did not show a difference.

3.5 CEH activity in crude extracts of isolated

microorganisms growing in PET-MP
presence

The leading group of enzymes reported as PET hydrolases is
the carboxylic ester hydrolases (CEH), such as cutinases, li-
pases, and PETases (Vazquez-Alcédntara et al., 2021; Yoshida
et al., 2021; da Costa et al., 2020). In this study, we focus
on determining the enzymatic activity of CEH when the mi-
croorganisms are in the presence of PET. Table 4 shows the
maximum CEH activity detected in each crude extract of
bacteria or fungi growing in PET presence as a sole carbon
source during 8 and 15 days, respectively.

Table 4. Maximum CEH specific activity in crude extracts of bacte-

ria and fungi growing in PET

Sample bacterial ID Day of Culture U mg” protein
Aneurinibacillus migulanus 1 36
Aneurinibacillus migulanus 1 82

Bacillus cereus 1 27

Lysinibacillus fusiformis 1 113

Bacillus pacificus 1 113

Bacillus cereus 1 160

Bacillus thuringiensis 4 %0

7 159

Bordetella petrii 7 255
Sample fungi ID Day of Culture U mg” protein

A. oryzae 8 780

A. niger 9 647

11 121

A. flavus 13 266
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Figure 3. Kinetics of PET degradation by isolated fungi measured by acid titration of crude extracts.

Figure 4. PET micrograph. (A) PET control (B) PET treated with
Aneurinibacillus migulanus (C) PET control (D) PET treated with
Aspergillus flavus, 5500X.

In the case of bacteria, most of them had significant CEH
activity after 24 h, except for B. thuringensis and B. petrii.
B. thuringensis showed two activity peaks at 4 and 7 days;
despite this, the sample had a minor % of weight loss of PET
(4%). B. petrii showed the maximum CEH activity on day 7,
displaying 8% PET weight loss after eight days; additionally,
this bacterium had the highest CEH activity from all bacteria
isolated.

For fungi, the significant CEH activity was between 11
and 13 days (121 and 266 U mg ™1, respectively) in the crude
extract of A. flavus; this agrees with the already mentioned
PET biodegradation by A. flavus, where the highest value
was obtained after 12 days. A. oryzae had the maximum
enzymatic activity at eight days of culture (780 U mg™1)
followed by A. niger at nine (647 U mg_l); however, de-
spite the CEH activity being more significant than that of A.
flavus, these fungi did not display observable PET biodegra-
dation evidence determined by weight loss. Still, low PET

degradation was observed by acid titration after 1 and 3 days,
respectively (Figure 3).

4 Discussion and Conclusions

The samples where bacterial growth was identified in this
study have a plastic or hydrocarbon waste origin. There are
few reports on the degradation of plastic waste by bacteria of
the genera found in this study, even more so when they are
of marine origin. In 2012, Chaisu and coworkers reported A.
migulanus isolated from soil in Taiwan as an organism with
a degrading capacity of PLA, demonstrating in 2016 that
the bacterium can degrade commercial bioplastic packaging
(Chaisu, 2016).

On the other hand, Bordetella petrii isolated from a
pesticide-degrading mixed bacterial culture in India has
been reported as capable of degrading endosulfan and en-
dosulfate by biosurfactant-producing bacteria and 1,2.4-
trichlorobenzene (Odukkathil et al., 2015; Wang et al., 2007).
B. petrii has been isolated from marine sponges, river sedi-
ment, and polluted soil; it encodes genes involved in aromatic
compound degradation and detoxification of heavy metals
(Gross et al., 2008; Lechner et al., 2009). It is important to
mention the research of Kim and Park (2010), where B. petrii
isolated from the soil in Korea is reported as a degrader of
PLA, a bioplastic. Besides, El Awady et al. (2022) reported
that the B. petrii bacterium is a degrader of the polymer
polyurethane (PU).

Ray (2019) reported Bacillus thuringiensis as a bacterium
capable of low-density polyethylene (LDPE) biodegradation
individually and in conjunction with Lysinibacillus sphaer-
icus; both bacteria were obtained from Carolina Biological
Supply Company. Interestingly, Roberts et al. (2020) in-
formed that a consortium of five strains containing Bacillus
thuringiensis grew with PET as a carbon source; they were
collected six inches beneath the topsoil layer from the Gulf
Coast of southeast Texas within the greater Houston area
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Figure 5. FTIR spectra of PET treated with A. flavus (red) and PET control (black).

and near the shoreline at East Beach in Galveston. Other
kinds of contaminants can be degraded effectively by Bacillus
thuringiensis as cypermethrin, used as an insecticide (Bhatt
et al., 2020), and chlorpyrifos, used as an organophosphate
pesticide (Ambreen et al., 2021).

Bacillus cereus isolated from sediment samples of man-
grove sites in the east, west, south, and north of Peninsu-
lar Malaysia has scientific evidence about its capacity to
grow with different microplastic polymers as the sole carbon
source, such as PET, PS, and polyethylene (PE) (Auta et al.,
2017; Suresh et al., 2011). Additionally, Arefian et al. (2020)
identified lipase and amylase activity during polycarbonate
degradation with B. cereus.

Lysinibacillus fusiformis is a reported bacterium degrader
of aflatoxin B1 (Adebo et al., 2016); petroleum hydrocar-
bons (Li et al., 2020) and LDPE generally used for plastic
bags, where, L. fusiformis was collected from the wastewater
collected from the Bangur area of Kolkata Municipal Cor-
poration (Mukherjee et al., 2016; Kalia et al., 2022) and PP
(Jeon et al., 2021).

B. pacificus has been reported as an effective halotolerant
bacterial biodegrading naphthalene; it was isolated from an
oil-spilled contaminated site from Ennore Beach, Chennai,
Tamil Nadu, India (Bhandari et al., 2021). Additionally, a
cellulase from this strain was studied by Krishnaswamy and
coworkers in 2022; it was demonstrated that the enzyme
could degrade LDPE.

In resume, all the bacteria genera found in this study
have been reported for the plastic degradation capacity of
other polymers than PET: Bordetella petrii (PLA), Aneurini-
bacillus migulanus (PLA), Bacillus thuringiensis (LDPE and
other pollutants), Bacillus cereus (PS and PE), Lysinibacillus
fusiformis (LDPE) and Bacillus pacificus (LDPE). Addition-

ally, some of these bacteria genera have degradation evidence
in the literature of other pollutants; Lysinibacillus fusiformis
is a degrader of aflatoxins, and Bordetella petrii is reported
as an endosulfan and heavy metals degrader.

On the other hand, fungi have been reported for the
biodegradation of plastics (Zeghal et al., 2021). It is
known that they produce enzymes such as cutinases that
can hydrolyze polyesters found in plastic residues (Vazquez-
Alcéntara et al., 2021; Ahmaditabatabaei et al., 2021). They
usually have been isolated from terrestrial environments, and
few marine fungi for plastic degradation have been reported;
indeed, as many fungi are ubiquitous, having a clear defini-
tion of “marine fungus” is challenging (Zeghal et al., 2021).
Lacerda et al. (2020), found that the genus Aspergillus was
the most abundant after studying the fungal diversity associ-
ated with plastics in the surface waters of the Western South
Atlantic and the Antarctic Peninsula. In this sense, it is im-
portant to mention that all the marine fungi isolated in this
study belonged to the Aspergillus genera.

In general, fungal isolates exhibited higher CEH activ-
ity compared to bacteria, being the fungi A. oryzae and A.
niger with the highest activity. We found an observable PET
degradation by A. flavus after 11 days using the weight loss
technique, which agrees with the maximum CEH activity
found after 11 days of fungi growth on PET presence. In the
case of A. oryzae and A. niger, a high CEH activity was found
only during the first days of growth (1 and 3 days, respec-
tively), which could be related to the low PET degradation
observed by acid titration after 8 and 9 days, afterward, prob-
ably the CEH activity is inhibited by the reaction products.
The PET degradation by these two Aspergillus species must
be deeply studied to determine better polymer degradation
conditions and identify the induced CEH to characterize their
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inhibition and stability during PET degradation.

Aspergillus flavus can utilize PU as the sole carbon source
(Khan et al., 2017); Mathur and Prasad (2012) identified an
extracellular esterase activity possibly responsible for PU
degradation. A. flavus was obtained from soil samples col-
lected from plastic waste disposal sites from Uttaranchal,
India. Zhang et al. (2020) reported the degradation of high-
density polyethylene (HDPE) microplastic by A. flavus iso-
lated from the guts of the wax moth Galleria mellonella,
probably by laccase activity. Maheswaran et al. (2023) re-
ported a strain of A. flavus and A. niger isolated from plastic
waste showing PET film degradation.

Ogunbayo et al. (2019) isolated Aspergillus niger from
the soil of a dump site at the University of Lagos, Nigeria,
and Raaman et al. (2012) isolated it from PE bags in polluted
areas of Chennai, Tamil Nadu, demonstrating the degrada-
tion of LDPE by A. niger. This fungus can also degrade
PLA when it colonizes the surface and causes cracks and
depression (Chai et al., 2022).

Aspergillus oryzae can hydrolyze the biodegradable plastic
bags of poly (butylene succinate-co-adipate) (PBSA) by a
cutinase (Tanaka and Gomi, 2021). Jayaprakash and Palem-
palli (2018) studied the process of HDPE and LDPE degra-
dation with A. oryzae isolated from the polyethylene bags
buried in the soil for six months in India.

Our results are similar to those recently reported by Mah-
eswaran and coworkers (2023), who isolated A. flavus from
sediment samples contaminated with microplastics from a
stretch of the Kaveri River in South India. However, they
demonstrated that A. flavus displayed a PET film degraded
by a 16% weight loss after 50 days.

Microorganisms do not have very high percentages of
degradation. Still, we can claim that they express the en-
zymes necessary for biodegradation, indicating that it is vi-
tal to investigate the degradation pathways and enzymes in-
volved. Interestingly, CEH activity was found after microor-
ganisms’ growth in PET presence and to this class belongs
many identified PET-degrading enzymes such as cutinases,
PET-ases, lipases and esterases. Consequently, identifying
these enzymes and transcriptomic and proteomic studies dur-
ing PET-degradation by isolated bacteria and fungi are of
great interest.

Research on marine microorganisms for waste plastic
biodegradation is scarce despite the high plastic pollution of
oceans. Twelve marine microorganisms, eight bacteria, and
three fungi were isolated from biofilms of plastic residues
from the SAV biosphere reserve. All the bacteria and one
fungus showed evidence of degraded PET-MP from water
bottles. Besides, CEH activity was detected in crude ex-
tracts of these microorganisms growing in the presence of
PET. There are few studies of PET degradation with bacteria
or fungi of marine origin, and even fewer isolated from de-
composing plastic waste. Since these microorganisms were
isolated from the plastic waste of different polymers other
than PET, it is possible that they can degrade more than one

plastic waste polymer.

5 Perspectives

A deeper study of PET residue degradation using the isolated
marine strains and evaluating the degradation of other poly-
mers such as polyethylene, polypropylene, and polystyrene
must be done. Besides, the polyester degraded in different
salt concentrations must be estimated. Investigating tran-
scriptomics and proteomics, primarily of fungus, is another
crucial step in determining the metabolic pathways and the
polymer breakdown enzymes.
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Figure 3. Kinetics of PET degradation by isolated fungi measured by acid titration of crude extracts.

Figure 4. PET micrograph. (A) PET control (B) PET treated with
Aneurinibacillus migulanus (C) PET control (D) PET treated with
Aspergillus flavus, 5500X.

In the case of bacteria, most of them had significant CEH
activity after 24 h, except for B. thuringensis and B. petrii.
B. thuringensis showed two activity peaks at 4 and 7 days;
despite this, the sample had a minor % of weight loss of PET
(4%). B. petrii showed the maximum CEH activity on day 7,
displaying 8% PET weight loss after eight days; additionally,
this bacterium had the highest CEH activity from all bacteria
isolated.

For fungi, the significant CEH activity was between 11
and 13 days (121 and 266 U mg ™1, respectively) in the crude
extract of A. flavus; this agrees with the already mentioned
PET biodegradation by A. flavus, where the highest value
was obtained after 12 days. A. oryzae had the maximum
enzymatic activity at eight days of culture (780 U mg™1)
followed by A. niger at nine (647 U mg_l); however, de-
spite the CEH activity being more significant than that of A.
flavus, these fungi did not display observable PET biodegra-
dation evidence determined by weight loss. Still, low PET

degradation was observed by acid titration after 1 and 3 days,
respectively (Figure 3).

4 Discussion and Conclusions

The samples where bacterial growth was identified in this
study have a plastic or hydrocarbon waste origin. There are
few reports on the degradation of plastic waste by bacteria of
the genera found in this study, even more so when they are
of marine origin. In 2012, Chaisu and coworkers reported A.
migulanus isolated from soil in Taiwan as an organism with
a degrading capacity of PLA, demonstrating in 2016 that
the bacterium can degrade commercial bioplastic packaging
(Chaisu, 2016).

On the other hand, Bordetella petrii isolated from a
pesticide-degrading mixed bacterial culture in India has
been reported as capable of degrading endosulfan and en-
dosulfate by biosurfactant-producing bacteria and 1,2.4-
trichlorobenzene (Odukkathil et al., 2015; Wang et al., 2007).
B. petrii has been isolated from marine sponges, river sedi-
ment, and polluted soil; it encodes genes involved in aromatic
compound degradation and detoxification of heavy metals
(Gross et al., 2008; Lechner et al., 2009). It is important to
mention the research of Kim and Park (2010), where B. petrii
isolated from the soil in Korea is reported as a degrader of
PLA, a bioplastic. Besides, El Awady et al. (2022) reported
that the B. petrii bacterium is a degrader of the polymer
polyurethane (PU).

Ray (2019) reported Bacillus thuringiensis as a bacterium
capable of low-density polyethylene (LDPE) biodegradation
individually and in conjunction with Lysinibacillus sphaer-
icus; both bacteria were obtained from Carolina Biological
Supply Company. Interestingly, Roberts et al. (2020) in-
formed that a consortium of five strains containing Bacillus
thuringiensis grew with PET as a carbon source; they were
collected six inches beneath the topsoil layer from the Gulf
Coast of southeast Texas within the greater Houston area
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Figure 5. FTIR spectra of PET treated with A. flavus (red) and PET control (black).

and near the shoreline at East Beach in Galveston. Other
kinds of contaminants can be degraded effectively by Bacillus
thuringiensis as cypermethrin, used as an insecticide (Bhatt
et al., 2020), and chlorpyrifos, used as an organophosphate
pesticide (Ambreen et al., 2021).

Bacillus cereus isolated from sediment samples of man-
grove sites in the east, west, south, and north of Peninsu-
lar Malaysia has scientific evidence about its capacity to
grow with different microplastic polymers as the sole carbon
source, such as PET, PS, and polyethylene (PE) (Auta et al.,
2017; Suresh et al., 2011). Additionally, Arefian et al. (2020)
identified lipase and amylase activity during polycarbonate
degradation with B. cereus.

Lysinibacillus fusiformis is a reported bacterium degrader
of aflatoxin B1 (Adebo et al., 2016); petroleum hydrocar-
bons (Li et al., 2020) and LDPE generally used for plastic
bags, where, L. fusiformis was collected from the wastewater
collected from the Bangur area of Kolkata Municipal Cor-
poration (Mukherjee et al., 2016; Kalia et al., 2022) and PP
(Jeon et al., 2021).

B. pacificus has been reported as an effective halotolerant
bacterial biodegrading naphthalene; it was isolated from an
oil-spilled contaminated site from Ennore Beach, Chennai,
Tamil Nadu, India (Bhandari et al., 2021). Additionally, a
cellulase from this strain was studied by Krishnaswamy and
coworkers in 2022; it was demonstrated that the enzyme
could degrade LDPE.

In resume, all the bacteria genera found in this study
have been reported for the plastic degradation capacity of
other polymers than PET: Bordetella petrii (PLA), Aneurini-
bacillus migulanus (PLA), Bacillus thuringiensis (LDPE and
other pollutants), Bacillus cereus (PS and PE), Lysinibacillus
fusiformis (LDPE) and Bacillus pacificus (LDPE). Addition-

ally, some of these bacteria genera have degradation evidence
in the literature of other pollutants; Lysinibacillus fusiformis
is a degrader of aflatoxins, and Bordetella petrii is reported
as an endosulfan and heavy metals degrader.

On the other hand, fungi have been reported for the
biodegradation of plastics (Zeghal et al., 2021). It is
known that they produce enzymes such as cutinases that
can hydrolyze polyesters found in plastic residues (Vazquez-
Alcéntara et al., 2021; Ahmaditabatabaei et al., 2021). They
usually have been isolated from terrestrial environments, and
few marine fungi for plastic degradation have been reported;
indeed, as many fungi are ubiquitous, having a clear defini-
tion of “marine fungus” is challenging (Zeghal et al., 2021).
Lacerda et al. (2020), found that the genus Aspergillus was
the most abundant after studying the fungal diversity associ-
ated with plastics in the surface waters of the Western South
Atlantic and the Antarctic Peninsula. In this sense, it is im-
portant to mention that all the marine fungi isolated in this
study belonged to the Aspergillus genera.

In general, fungal isolates exhibited higher CEH activ-
ity compared to bacteria, being the fungi A. oryzae and A.
niger with the highest activity. We found an observable PET
degradation by A. flavus after 11 days using the weight loss
technique, which agrees with the maximum CEH activity
found after 11 days of fungi growth on PET presence. In the
case of A. oryzae and A. niger, a high CEH activity was found
only during the first days of growth (1 and 3 days, respec-
tively), which could be related to the low PET degradation
observed by acid titration after 8 and 9 days, afterward, prob-
ably the CEH activity is inhibited by the reaction products.
The PET degradation by these two Aspergillus species must
be deeply studied to determine better polymer degradation
conditions and identify the induced CEH to characterize their

18 Applied Environmental Biotechnology (2024) - Volume 9, Issue 1



Narciso-Ortiz, Pefia-Montes, Peralta-Peldez, Fernandez-Romero, Anzures-Jacinto, Sulbardn-Rangel, Vazquez-Alcdntara, Cérdoba-Silveira, Pacheco-Rivera

oM2 IV
EM2 ISM

14 BM3 1S

WL NaOH 0.1 N mL-1 extracto crude extract
o

Figure 3. Kinetics of PET degradation by isolated fungi measured by acid titration of crude extracts.

Figure 4. PET micrograph. (A) PET control (B) PET treated with
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In the case of bacteria, most of them had significant CEH
activity after 24 h, except for B. thuringensis and B. petrii.
B. thuringensis showed two activity peaks at 4 and 7 days;
despite this, the sample had a minor % of weight loss of PET
(4%). B. petrii showed the maximum CEH activity on day 7,
displaying 8% PET weight loss after eight days; additionally,
this bacterium had the highest CEH activity from all bacteria
isolated.

For fungi, the significant CEH activity was between 11
and 13 days (121 and 266 U mg ™1, respectively) in the crude
extract of A. flavus; this agrees with the already mentioned
PET biodegradation by A. flavus, where the highest value
was obtained after 12 days. A. oryzae had the maximum
enzymatic activity at eight days of culture (780 U mg™1)
followed by A. niger at nine (647 U mg_l); however, de-
spite the CEH activity being more significant than that of A.
flavus, these fungi did not display observable PET biodegra-
dation evidence determined by weight loss. Still, low PET

degradation was observed by acid titration after 1 and 3 days,
respectively (Figure 3).

4 Discussion and Conclusions

The samples where bacterial growth was identified in this
study have a plastic or hydrocarbon waste origin. There are
few reports on the degradation of plastic waste by bacteria of
the genera found in this study, even more so when they are
of marine origin. In 2012, Chaisu and coworkers reported A.
migulanus isolated from soil in Taiwan as an organism with
a degrading capacity of PLA, demonstrating in 2016 that
the bacterium can degrade commercial bioplastic packaging
(Chaisu, 2016).

On the other hand, Bordetella petrii isolated from a
pesticide-degrading mixed bacterial culture in India has
been reported as capable of degrading endosulfan and en-
dosulfate by biosurfactant-producing bacteria and 1,2.4-
trichlorobenzene (Odukkathil et al., 2015; Wang et al., 2007).
B. petrii has been isolated from marine sponges, river sedi-
ment, and polluted soil; it encodes genes involved in aromatic
compound degradation and detoxification of heavy metals
(Gross et al., 2008; Lechner et al., 2009). It is important to
mention the research of Kim and Park (2010), where B. petrii
isolated from the soil in Korea is reported as a degrader of
PLA, a bioplastic. Besides, El Awady et al. (2022) reported
that the B. petrii bacterium is a degrader of the polymer
polyurethane (PU).

Ray (2019) reported Bacillus thuringiensis as a bacterium
capable of low-density polyethylene (LDPE) biodegradation
individually and in conjunction with Lysinibacillus sphaer-
icus; both bacteria were obtained from Carolina Biological
Supply Company. Interestingly, Roberts et al. (2020) in-
formed that a consortium of five strains containing Bacillus
thuringiensis grew with PET as a carbon source; they were
collected six inches beneath the topsoil layer from the Gulf
Coast of southeast Texas within the greater Houston area
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and near the shoreline at East Beach in Galveston. Other
kinds of contaminants can be degraded effectively by Bacillus
thuringiensis as cypermethrin, used as an insecticide (Bhatt
et al., 2020), and chlorpyrifos, used as an organophosphate
pesticide (Ambreen et al., 2021).

Bacillus cereus isolated from sediment samples of man-
grove sites in the east, west, south, and north of Peninsu-
lar Malaysia has scientific evidence about its capacity to
grow with different microplastic polymers as the sole carbon
source, such as PET, PS, and polyethylene (PE) (Auta et al.,
2017; Suresh et al., 2011). Additionally, Arefian et al. (2020)
identified lipase and amylase activity during polycarbonate
degradation with B. cereus.

Lysinibacillus fusiformis is a reported bacterium degrader
of aflatoxin B1 (Adebo et al., 2016); petroleum hydrocar-
bons (Li et al., 2020) and LDPE generally used for plastic
bags, where, L. fusiformis was collected from the wastewater
collected from the Bangur area of Kolkata Municipal Cor-
poration (Mukherjee et al., 2016; Kalia et al., 2022) and PP
(Jeon et al., 2021).

B. pacificus has been reported as an effective halotolerant
bacterial biodegrading naphthalene; it was isolated from an
oil-spilled contaminated site from Ennore Beach, Chennai,
Tamil Nadu, India (Bhandari et al., 2021). Additionally, a
cellulase from this strain was studied by Krishnaswamy and
coworkers in 2022; it was demonstrated that the enzyme
could degrade LDPE.

In resume, all the bacteria genera found in this study
have been reported for the plastic degradation capacity of
other polymers than PET: Bordetella petrii (PLA), Aneurini-
bacillus migulanus (PLA), Bacillus thuringiensis (LDPE and
other pollutants), Bacillus cereus (PS and PE), Lysinibacillus
fusiformis (LDPE) and Bacillus pacificus (LDPE). Addition-

ally, some of these bacteria genera have degradation evidence
in the literature of other pollutants; Lysinibacillus fusiformis
is a degrader of aflatoxins, and Bordetella petrii is reported
as an endosulfan and heavy metals degrader.

On the other hand, fungi have been reported for the
biodegradation of plastics (Zeghal et al., 2021). It is
known that they produce enzymes such as cutinases that
can hydrolyze polyesters found in plastic residues (Vazquez-
Alcéntara et al., 2021; Ahmaditabatabaei et al., 2021). They
usually have been isolated from terrestrial environments, and
few marine fungi for plastic degradation have been reported;
indeed, as many fungi are ubiquitous, having a clear defini-
tion of “marine fungus” is challenging (Zeghal et al., 2021).
Lacerda et al. (2020), found that the genus Aspergillus was
the most abundant after studying the fungal diversity associ-
ated with plastics in the surface waters of the Western South
Atlantic and the Antarctic Peninsula. In this sense, it is im-
portant to mention that all the marine fungi isolated in this
study belonged to the Aspergillus genera.

In general, fungal isolates exhibited higher CEH activ-
ity compared to bacteria, being the fungi A. oryzae and A.
niger with the highest activity. We found an observable PET
degradation by A. flavus after 11 days using the weight loss
technique, which agrees with the maximum CEH activity
found after 11 days of fungi growth on PET presence. In the
case of A. oryzae and A. niger, a high CEH activity was found
only during the first days of growth (1 and 3 days, respec-
tively), which could be related to the low PET degradation
observed by acid titration after 8 and 9 days, afterward, prob-
ably the CEH activity is inhibited by the reaction products.
The PET degradation by these two Aspergillus species must
be deeply studied to determine better polymer degradation
conditions and identify the induced CEH to characterize their

18 Applied Environmental Biotechnology (2024) - Volume 9, Issue 1



	Introduction
	Materials and Methods
	Sampling
	Microorganisms isolation and selection
	Microbial identification
	Determination of PET degradation
	Growth of microorganisms in the presence of PET 
	Determination of polymer degradation

	Enzymatic assays
	Esterase activity measurement
	Protein determination


	Results
	Samples collection
	Microorganisms isolation and selection
	Microbial identification
	Bacterial identification
	Fungal identification


	Perspectives 



