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Fig. 3. A sea turtle plastic straw stung
From a movie that research team of Texas A&M U posted
on YouTube on 20150810.

Fig. 1. Plastic pollution in Kuju
beach (Shimoda).

Fig. 2. Derelict fishing gear in coral
reef.

Damage to marine ecosystem

Environmental issues caused by marine
plastic debris

46% of plastic debris around
Great Pacific Garbage Patch from
fishing nets, Lebreton et al. Sci.
Rep. 4(2018)4666.

Damage to the landscape Damage to economic activity
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Most plastics leaking into environments go 
to the oceans 

5
Pathways and fluxes of plastics into oceans
Marine litter vital graphics, UNEP, 2016. JR Jambeck, et al. Science, 2015.

1. Plastics that were originally used in the ocean would caused environmental 
damage at high probability(ALDFG :Abandoned Lost or otherwise Discarded Fishing Gear).  

2. Most plastic waste that leaks into environments could reach to the ocean.

1. Recovery
2. Innovation
3. Empowerment

What are the problems ?

What are the solutions ?

⇨ Development of new
biodegradable plastics

Osaka Blue Ocean Vision
G20 OSAKA Summit



Chemosphere, 2008, 73, 429.

NO3

Biodegradable plastics would solve such issues.
What is Biodegradable plastics?
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Polymers Environmental degradability
Excellent Depending on site Poor

PHAs Soil
Freshwater
Brackish water
Seawater
Aerobic sludge
Anaerobic sludge
Compost

- -

PESu Soil
Freshwater
Compost
Activated sludge

- Seawater

PBSu Compost Soil
Seawater
Activated sludge
Freshwater

PBAT Compost Soil Freshwater
Seawater

PLA Compost Soil Seawater

PCL Soil
Freshwater
Seawater
Compost

- -
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Now most biodegradable plastics we can buy do not degrade in marine
environments except for PHAs and PCL.

Biodegradability of biodegradable plastics in
environments (including marine environments).
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Biodegradable plastics have conflicting elements
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Fast biodegradation 
after use

What are perfect biodegradable plastics: TBP ?

Specific use：
Uncollectible after use (Agricultural and fishing gears, e.t.c.)

To make perfect biodegradable plastics, 
initial time of biodegradation must be controlled. 

It is defined as “Timing biodegradable plastics: TBP”,
which has a switch function to start degradation. 

Keeping good properties 
in use

Difficult goals



Proposal: To create TBP, “Potentially biodegaradable
plastics: PBP” and ”Trigger system” could be used.

Biodegradability of
PBP depends on
environments

10

Marine
Non-biodegradable

Terrestrial
biodegradable

Triggers
• Environmental factors

• Biological factors

Receivers
• Cleavage sites

Trigger system

Biodegradation
starts by “Trigger
system”.

PBP in marine

+
TBP
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To create TBP, “Potentially biodegaradable plastics:
PBP” and ”Trigger system” could be used.

Biodegradability of
PBP depends on
environments
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Marine
Non-biodegradable

Terrestrial
biodegradable

Triggers
• Environmental factors

• Biological factors

Receivers
• Cleavage sites

Trigger system

Biodegradation
starts by “Trigger
system”.

PBP in marine



Most aliphatic polyesters would be promising 
candidates for PBP 

PBADs could not induce degrading enzymes.
Biodegradabilities of them would be related to abundance of
respective degrading microbes.

We conclude that PBADs are some kind of PBP, of which the
onset of biodegradation can be controlled.
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Polym Degrad Stabil 138, 18-26, 2017

Marine
Non-biodegradable

Terrestrial
biodegradable

PBP in marine



To create TBP, “Potentially biodegaradable plastics:
PBP” and ”Trigger system” could be used.

Biodegradability of
PBP depends on
environments
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Marine
Non-biodegradable

Terrestrial
biodegradable

Triggers
• Environmental factors

• Biological factors

Receivers
• Cleavage sites

Trigger system

Biodegradation
starts by “Trigger
system”.
• Abiotic-stimulation
• Bio-stimulation

PBP in marine



S - S HSSH

Reduction condition

Biodegaradable switch provided to PBP  by 
Abiotic-stimulation using environmental factors.

Polym Degrad Stabil 137, 67-74, 2017

Low ORPHigh ORP(oxidation-reduction potential)
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Switching mechanism:
1. The polymers were stable at high

ORP.
2. The polymers started cleavage of

SS after reaching sea sediments
(switch on).

3. After that, degradation products
were mineralized completely.

300mV



Reductive
cleavage

Hydrolysis

+

+

Hydrolysis
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In marine environments
TBP would be created by PBP (PBADs with SS)+ Abiotic trigger (low ORP) .
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Biodegaradable switch provided to PBP  by 
Abiotic-stimulation using environmental factors.

PBP



Polycaprolactone: PCL
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Poly(ethylene succinate): PESu

In marine environments

Polym Degrad Stabil 149, 1-8, 2018.

Highly BiodegradablePotentially biodegradable: PBP
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Biodegaradable switch provided to PBP  by 
bio-stimulation using biological factors.

Strain TKCM 64 



Deduced carbon cycle on PCL by strain TKCM 64 in 
marine ecosystem

18Fig. The inference of PCL and PESu-degrading mechanism in marine environments
Cutinase

≒
Oligomer, dimer, monomer

Fusarium
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PCL

In marine environments

In soil

Cutin



PCL-degrading bacteria
O

O

O
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POC
In marine environments
TBP would be created by PBP (PESu)+ Biostimulant trigger (PCL) .

strains NKCM3101, NKCM3201, and NKCM3202. Fig. 2 shows a
phylogenetic tree of these isolates and related species based on 16S
rDNA sequence. Strains NKCM3101, NKCM3201, and NKCM3202 are
closely related to Bacillus pumilus that belongs to the phylum
Firmicutes.

The three isolates did not form clear zones on plates containing
P(3HB) and PLA, but did form clear zones in plates containing PBSA,
PBSu, PCL, and PESu in addition to PBAT (Table 3). The isolates could
also degrade solid PBAT film (Table 3). On the other hand, B. pumilus
KT1012, previously isolated in our laboratory, could not form clear
zones on PBAT-containing plates. Among the three isolates, strain
NKCM3201 showed the highest PBAT film degradation activity
(12.2 mg/day/cm2), and was therefore further characterized in
detail. The strain grew well from 30 !C to 40 !C, and could form
large clear zones from 30 !C to 37 !C. The strain hardly metabolized
all PBAT constituents: 1,4-butanediol, adipic acid, and terephthalic
acid, during 24 h at 30 !C. The physiological and biochemical
properties of the strain are shown in Tables S2 and S3.

3.2. Cloning of the PBAT hydrolase gene from strain NKCM3201

The higher order structure of the PBAT hydrolase from Ther-
mobifida alba AHK119 showed that the enzyme is a cutinase,
namely, a lipase lacking a lid domain. We therefore focused on li-
pases with this characteristic to identify and clone an orthologous
gene from B. pumilus NKCM3201 gDNA. We found one gene (locus:
BPUM_2613) encoding a lipase (EC number: 3.1.1.3) in the B. pum-
ilus SAFR-032 genome sequence with 80% identity to Bacillus sub-
tilis lipase without a lid domain (LipA). Primers were then designed
based on this gene sequence to amplify the gene of a PBAT

hydrolase from B. pumilus NKCM3201.
DNA amplified by PCR using primers targeting the putative PBAT

hydrolase gene was cloned into pMD20, yielding plasmid pMDLP
(Table 1). E. coli harboring pMDLP (E. coli PBATH) formed clear
zones on PBAT-containing plates. In addition, B. choshinensis SP3
harboring pNCLP also formed a clear zone on the plate. These re-
sults indicate that the pbathBp gene product confers PBAT hydrolytic
ability to these host strains. Fig. S2 shows the sequence of the
cloned DNA. The 1289-base pair (bp) DNA contained a 648-bp tri-
acylglycerol lipase gene, which was designated as PBAT hydrolase
(PBATHBp) gene (pbathBp). The open reading frame (ORF) of
PBATHBp encoded a protein of 215 amino acid residues with 81%
identity to LipA. Thirty-four amino acids were identified as a signal
peptide sequence using program SignalP 4.1 Server. The molecular
mass of the mature protein was estimated to be 19.2 kDa. Based on
the comparison of PBATHBp and LipA amino acid sequences, resi-
dues Ser77, Asp133, and His156 were predicted as a catalytic triad.
The consensus motif A-X-S-X-G was also observed in the PBATHBp
amino acid sequence (Fig. S2).

Fig. 3 shows a dendrogram constructed with the amino acid
sequence of several hydrolases. PBATHBp exhibited no significant
sequence similarity with microbial enzymes that have the ability to
degrade PBAT (BTA1 (CAH17553), BTA2 (CAH17554), Est1 [36],
Est119 [11], Cbotu_EstA [20], Cbotu_EstB [20], PCLE [17], and PfL1
[19]), whereas it showed a high degree of similarity with Paeniba-
cillus amylolyticus poly(DL-lactic acid) depolymerase (PlaA) [31],
LipA [32], and B. licheniformis lipases [33] (51, 81, and 97% identity,
respectively).

Fig. 4. Prediction model of PBATHBp. Model was constructed at SWISS-MODEL (http://swissmodel.expasy.org) using Bacillus subtilis lipase (1i6w.1.A), which shares 81% amino acid
sequence identity with PBATHBp, as a template. Ribbon model of PBATHBp was depicted in (a) using program VMD 1.9.2. Alpha helix and beta sheet structures were marked with
purple and yellow, respectively. Catalytic triad, Ser77, Asp133, and His156, which were determined by mutational analysis, were shown in the model. Space-filling model of
PBATHBp, which was observed from upper site of active site (Ser77 was marked with red), was depicted in (b) using program UCSF chimera. Dashed line shows groove formed in the
vicinity of active site. Hydrophobic amino acid residues, which was marked with green, were observed in the vicinity of the active site. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 4
Purification step of PBATHBp from B. choshinensis PBATH.

Sample Total protein (mg) Specific activity (U/mg) Purification fold Total activity (U) Yield (%)

Culture supernatant 100 0.4 1 40 100
Ammonium sulfate fraction 48 0.7 1.8 34 85
Gel filtered fraction 0.6 2.7 6.8 1.6 4

F. Muroi et al. / Polymer Degradation and Stability 137 (2017) 11e22 17
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Inducer for cutinase gene expression
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Biodegradation of PESu could start in seawater
by blending PCL
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PESu film blended with small amount of PCL 

In marine environments

PBP(PESu)

Biostimulant trigger (PCL)
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Further proposals for social implementation

PBP would determine the properties 
in TBP.  

To create a variety of TBPs, we must 
create novel PBPs.
e.g. strength, formability, gas 
permeability, thermostability, e.t.c. 21

Marine
Non-biodegradable

Terrestrial
biodegradable

Triggers
• Environmental factors

• Biological factors

Receivers
• Cleavage sites

More variations of trigger 
systems should be proposed so 
that PBPs could start 
biodegradation absolutely.

e.g. by salt concentrations, 
temperatures, other bio-
stimulants, microchips, e.t.c.

PBP in marine1 2

Switch function added



Biodegradation rate could be controlled,

e.g. by control of crystallinity of polymers, primary structures, e.t.c.

by control of biofilm structures formed on the polymers(plastisphere 
control).

3

fast

slow

medium

Biodegradation rate control

Further proposals for social implementation
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