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Abstract Forty agricultural soils were collected from

Chiang Mai and Lampang provinces in northern Thailand.

Bacteria, actinomycetes and fungi were isolated and

screened for their ability to degrade polylactic acid (PLA),

polycaprolactone (PCL) and poly(butylene succinate)

(PBS) by the agar diffusion method. Sixty-seven actino-

mycetes, seven bacteria and five fungal isolates were

obtained. The majority of actinomycetes were Strepto-

myces based on morphological characteristic, chemotax-

onomy and 16S rRNA gene data. Seventy-nine

microorganisms were isolated from 40 soil samples.

Twenty-six isolates showed PLA-degradation (32.9 %), 44

isolates showed PBS-degradation (55.7 %) and 58 isolates

showed PCL-degradation (73.4 %). Interestingly, 16 iso-

lates (20.2 %) could degrade all three types of bioplastics

used in this study. The Amycolatopsis sp. strain

SCM_MK2-4 showed the highest enzyme activity for both

PLA and PCL, 0.046 and 0.023 U/mL, respectively.

Moreover, this strain produced protease, esterase and lipase

on agar plates. Approximately, 36.7 % of the PLA film was

degraded by Amycolatopsis sp. SCM_MK2-4 after 7 days

of cultivation at 30 �C in culture broth.

Keywords Polylactic acid � Polycaprolactone �
Poly(butylene succinate) � Biodegradation � Bioplastic �
Thailand � Amycolatopsis sp. � Remediation

Introduction

Production of plastic has increased from 204 million tonnes

in 2002–299 million tonnes in 2013, representing a 46.6 %

increase (Plastic Europe 2015). World plastics production

has been continuously increasing for more than 50 years.

These synthetic polymers cannot be degraded and waste

plastics lead to environmental pollution. Biodegradable

biopolymer production was studied and bioplastics-degrad-

ing microorganisms were reported about 20 years ago. The

biodegradable biopolymers are referred to as bioplastics and

they can be divided into two groups, renewable resource-

based polymers and petroleum-based polymers. Polyhy-

droxyalkanoates (PHAs) and poly(lactic acid) (PLA) are

renewable source-based polymers which are produced from

biomass and are thus biodegradable polymers. On the other

hand, polycaprolactone (PCL) and poly(butylene succinate)

(PBS) are petroleum based, but, they can be degraded by

microorganisms (Tokiwa et al. 2009). Degradation of these

plastics in soil depends on the environment. So, analysis and

isolation of plastics degrading microbes were carried out.

There are many species of microorganisms which can

degrade PLA, PCL and PBS such as actinomycetes, bac-

teria, fungi and yeast. Several actinomycetes including

Amycolatopsis sp. 3118 (Ikura and Kudo 1999), Amyco-

latopsis sp. HT-6 (Pranamuda et al. 1999), Saccharothrix
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waywayandensis JMC9114 (Jarerat and Tokiwa 2003),

Kibdelosporangium aridum JMC7912 (Jarerat et al. 2003),

Actinomadura keratinilytica T16-1 (Sukkhum et al. 2011),

Amycolatopsis thailandensis PLA07 (Chomchoei et al.

2011), Streptomyces bangladeshensis 77T-4 (Hsu et al.

2012), Streptomyces thermoviolaceus subsp. thermovio-

laceus 76T-2 (Chua et al. 2013) were reported as bioplastic

degraders. In addition, Bacillus brevis 93 (Tomita et al.

1999), Acidovorax delafieldii BS-3 (Uchida et al. 2000),

Paenibacillus amyloticus TB-13 (Teeraphatpornchai et al.

2003), Bacillus pumilus 1-A (Hayase et al. 2004), Borde-

tella petrii PLA-3 (Kim and Park 2010), Pseudomonas

aeruginosa PBSA-2 (Lee and Kim 2010), Shewanella sp.

CT01 (Sekiguchi et al. 2010) are examples of bioplastic-

degrading bacteria. Many studies on fungal degradation of

the bioplastic have also been performed including Pae-

cilomyces lilacinus D218 (Oda et al. 1995), Fusarium

moniliforme Fmm (Torres et al. 1996), Aspergillus flavus

ATCC9643 (Benedict et al. 1983), Thermoascus auranti-

acus IFO31910 (Sanchez et al. 2000), Tritirachium album

ATCC22563 (Jarerat and Tokiwa 2001), Paecilomyces

verrucosum (Szumigaj et al. 2008) and Aspergillus sp.

XH0501-a (Li et al. 2011). Cryptococcus sp. S-2 (Masaki

et al. 2005) and Pseudozyma antarctica JCM10317 (Shi-

nozaki et al. 2013) were reported to be bioplastic-degrading

yeasts.

There are many types of enzymes reported to be involved

in bioplastics degradation. For example, Williams (1981)

was the first to report the enzymatic degradation of PLA

using proteinase K, bromelain and pronase. Among these

enzymes, proteinase K from Tritirachium album was the

most effective for PLA degradation. Several proteases such

as trypsin, elastase, and subtilisin also hydrolyzed L-PLA

(Lim et al. 2005). Proteinase K and other serine proteases

are capable of degrading L-PLA and DL-PLA, but not

D-PLA. It was reported that lipase could hydrolyze low

molecular weight L-PLA and random copolymers of PLA

such as: DL-PLA, poly(L-lactide-co-glycolide) and poly(D-

lactide-co-glycolide) but not D-PLA, PGA and high

molecular weight L-PLA (Tokiwa and Calabia 2006).

Lipases constitute an important group of esterases for

enzymatic degradation of aliphatic polyesters. A lipase

cleaves the ester bond randomly along the main chain of the

polymer substrate, e.g. PCL, PBS or other polyesters having

a relatively large number of methylene groups in their

molecules (Tokiwa and Suzuki 1977; Nakayama et al. 1997,

1998). For example, PlaA is a type of lipase from Paeni-

bacillus amylolyticus strain TB-13 that exhibited degrada-

tion activities toward DL-PLA (Akutsu-Shigeno et al. 2003).

PCL can be degraded by lipases and esterases (Tokiwa et al.

2009). Moreover, cutinase from Aspergillus oryzae has been

reported to degrade PBS and PBSA (Maeda et al. 2005).

Enzymes play a significant role in the degradation of

polymers. The microbial degradation of polymers is

attributed to the biosynthesis of lipases, esterases and

proteases. In the case of PLA degradations, the enzymatic

degradation of aliphatic polyesters by hydrolysis is a two-

step process. The first step is adsorption of the enzyme on

the surface of the substrate through a surface-binding

domain and the second step is hydrolysis of the ester bond

(Tokiwa and Calabia 2006).

In this study, we report the isolation of microorganisms

capable of degrading either bioplastics or biopolymers in

particular PLA, PCL and PBS. Investigation of the types of

enzymes responsible for bioplastics degradation by the

microbial isolates is also described.

Materials and methods

Chemicals and materials

PLA pellets (4043D grade) with the number-average

molecular weight (Mn) of 1.30 9 105 gmol-1 and the

weight-average molecular weight (Mw) of 1.50 9 105

gmol-1 were supplied by NatureWorks LLC (Minnesota,

USA). PBS [grade GS-Pla AZ91TN: Mn = 57,200 gmol-1,

PDI = 3.0, melt flow rate = 4.5 g (10 min-1)] was pur-

chased from Mitsubishi Chemical Corporation (Toyoto,

Japan) and polycaprolactone (PCL 440744) with Mn

80,000 gmol-1 andMw/Mn\2 was purchased from Sigma-

Aldrich (Brunei, Singapore). PLA film (thickness & 50 lm)

was prepared via the blown film technique at the Department

of Chemistry, Faculty of Science, Chiang Mai University

(Girdthep et al. 2015). T4 DNA ligase and DNA polymerase

were purchased from Promega (Madison, WI, USA). Iso-

proply-b-D-thiogalactopyranoside (IPTG), 5-bromo-4-

chloro-3-indolyl-b-D-galactopyranoside and ampicillin were

purchased from Sigma-Aldrich (Munich, Germany). All

other chemicals were of the highest reagent grade commer-

cially available. Commercial proteinase K was purchased

from Vivantis (Selangor Darul Ehsan, Malaysia) and lipase

from Candida rugosa was purchased from Sigma-Aldrich

Japan K.K. (Tokyo, Japan).

Bacterial strains, plasmids and media

Escherichia coli JM109 and pGEM-T Easy (Promega,

Madison, USA) were used as the host and plasmid,

respectively; E. coli strains carrying plasmids were grown at

37 �C in Luria–Bertani (LB) medium (Sambrook and Rus-

sell 2001) containing 0.1 mg/mL of ampicillin. The basal

medium was as follows (g/L): (NH4)2SO4—4; K2HPO4—2;

KH2PO4—1; MgSO4�7H2O—0.5 and yeast extract—1; the
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final pH was 7.0 (Tomita et al. 2003). For a solid medium,

agar (20 g/mL) was added to the basal medium. Emulsified

biopolymers were prepared as follows: 1 g of each

biopolymer (PLA, PCL and PBS) pellets was dissolved in

20 mL dichloromethane and emulsified using an ultrasoni-

cator (VC 505-VC 750; Sonics & Materials Inc., Newtown,

USA) with 50 % power for 5 min in autoclaved, distilled

water or 10 mM potassium phosphate buffer (pH 7.0)

(modified from Sukkhum et al. 2009). International Strep-

tomyces Project Medium 2 (ISP2) agar (g/L): malt extract

10, yeast extract 40, glucose 40 and agar 20, was used to

culture actinomycetes. Bacteria were re-cultured on nutrient

agar (DifcoTM Nutrient Broth, Becton, Dickinson and

Company, France). Fungi were grown on Potato Dextrose

agar (DifcoTM Potato Dextrose Broth, Becton, Dickinson

and Company, France) and Yeast Mold medium (DifcoTM

Yeast Mold Broth, Becton–Dickinson and Company,

France) was used for testing substrate uptake.

Sample collection

Forty soil samples were collected for PLA-degrading

microbe isolation from various sites in Chiang Mai and

Lampang provinces, northern Thailand during January–

April 2011. Sampling sites (Table 1) included: Muang,

Chiang Mai (lat. 18�480N and long. 98�570E); Sansai,

Chiang Mai (lat. 18�540N and long. 99�040E); Mae Rim,

Chiang Mai (lat. 18�520N and long. 98�570E); Muang,

Lampang (lat. 18�300N and long. 99�380E) and Hang Chat,

Lampang (lat. 18�190N and long. 99�170E). A composite

sample of 100 g soil was placed in plastic bags, sealed, put

in an icebox and transferred by car to the laboratory at

Chiang Mai University. All samples were kept at 4 �C in a

cold room. Ten grams of soil were analyzed for the pres-

ence of fungi, actinomycetes and bacteria within 24 h of

collection.

Isolation of PLA-degrading microorganisms

A serial tenfold dilution of 10 g soil samples was carried

out. One hundred microliters from 10-4, 10-5, 10-6 dilu-

tion of each sample were spread in three replicates on basal

medium agar containing 0.1 % (w/v) emulsified PLA. The

plates were incubated at 30 �C for 30 days and observed

for a clear zone daily. Isolates showing a clear zone around

their colonies were collected and stored in 20 % (v/v)

glycerol at -20 �C.

Screening of emulsified PLA, PCL and PBS-

degrading microorganisms on agar plates

The isolated microorganisms grown on agar plates con-

taining 0.1 % (w/v) PLA for 30 days, commercial pro-

teinase K (1 mg/mL) and lipase (1 mg/mL) were added to

basal medium agar plates containing 0.1 % (w/v) emulsi-

fied PLA, PCL and PBS. Degradability was determined by

the clear zone formation around the colony or the enzyme

on the opaque plates after 14 days of incubation at 30 �C
(Jarerat et al. 2002). Biopolymer Degradation Index (BDI),

the ratio between clear zone diameter and the colony

diameter, was calculated.

Screening of emulsified PLA, PCL and PBS-

degrading microorganisms in liquid culture

Twenty-five mL of the basal medium containing [0.1 %

(w/v)] PLA, PCL and PBS emulsion were added to 125 mL

Erlenmeyer flask as a carbon source and inoculated with

the isolated microorganisms. The flasks were incubated on

a reciprocal shaker for 14 days at 150 rpm and 30 �C.
Samples were withdrawn at regular intervals and analyzed

for PLA, PCL and PBS-degrading enzyme activity.

Assay for biopolymer-degrading enzyme activity

The turbidity method was used for measuring biopolymer-

degrading enzyme activity. Each emulsified PLA, PCL and

PBS [0.1 % (w/v)] in 10 mM potassium phosphate buffer

(pH 7.0) was used as the substrates. Mixtures of enzyme

solutions (0.1 mL) and each substrate emulsion (PLA, PCL

and PBS) (1.9 mL) were put into glass test tubes and

incubated at 37 �C for 30 min. The decrease in turbidity of

the PLA, PCL and PBS emulsions was measured at

wavelengths of 630, 650 and 650 nm, respectively, using a

Table 1 Sample collection

sites and number of fungi,

actinomycetes and bacteria

isolated from soils

Sampling locations Number of isolates

Fungi Actinomycetes Bacteria Total

Muang, Chiang Mai, 16 sites 3 9 2 14

Sansai, Chiang Mai, 10 sites 1 44 5 50

Mae Rim, Chiang Mai, 4 sites ND 5 ND 5

Muang, Lampang, 6 sites 1 5 ND 6

Hang Chat, Lampang, 4 sites ND 4 ND 4

Total 5 67 7 79
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spectrophotometer (Spectronic GENESYS 20; Thermo

Electron Scientific Instrument Corp., Madison, WI, USA).

One unit (U) of PLA-degrading activity was defined as a

1-U decrease in absorbance at 630 nm per min under the

assay conditions described (Nakamura et al. 2001). One

unit of the PCL-degrading activity was defined as the

amount of enzyme required to decrease the OD650 per min

by 1.0 under assay condition (Oda et al. 1997). One unit of

the PBS-degrading enzyme activity was defined as 0.001

OD decrease in absorbance at 650 nm per min under the

described conditions (Li et al. 2011).

Degradation of PLA films in liquid culture

Twenty-five millilitre of the basal medium [containing

0.5 % (w/v) sterile PLA film] was added to a 125 mL flask

and inoculated with 2.5 mL of each selected isolate. The

flask was incubated on a reciprocal shaker for 7 days at

150 rpm and 30 �C. For microscopic observation (Jarerat

et al. 2003), the film samples were washed with distilled

water to remove attached cells and air-dried overnight. The

films were coated with gold using a SPI MuduleTM Sputter/

Carbon Coater (SPI� supplies, Pennsylvania, USA) and

observed using a JEOL scanning electron microscope

(SEM), Model JSM-5910LV, operating at 15 kv accelera-

tion (JEOL Ltd., Tokyo, Japan).

Identification of selected microorganisms

For actinomycetes, isolates were assigned to the genus

Streptomyces or non-Streptomyces according to Bergey’s

Manual of Determinative Bacteriology (Holt et al. 1994)

after direct microscopic observation of their vegetative and

aerial mycelia. Cell wall diaminopimelic acid (A2pm) was

analyzed for chemotaxonomy as described by Hasegawa

et al. (1983). The morphology and cultural characteristics

of actinomycetes were examined according to the guide-

lines of the International Streptomyces Project (ISP)

(Shirling and Gottlieb 1966). Cultures of the pure isolates

were observed on various ISP media after incubation at

30 �C for 14 days. The colors of the aerial and substrate

mycelia were determined and recorded using the National

Bureau of Standards (NBS) color name charts (Kelly

1964). Purified bacteria were identified based on morpho-

logical characteristics on nutrient agar, and Gram staining

was carried out. Macroscopic and microscopic morpho-

logical characterization of purified fungal isolates were

carried out and described, e.g. fungal colony growth pat-

tern, pigment production, spore formation, conidia forma-

tion, septate or non-septate hyphae for identification to

genus (Barnett and Hunter 1987).

About 1 mL of the culture medium was used for DNA

extraction by Wizard� Genomic DNA Purification Kit

(Promega, Madison, WI, USA) and stored at -20 �C until

use. Genomic DNA of these isolates was amplified by

polymerase chain reaction (PCR) using GoTaq�Flexi DNA

Polymerase (Promega, Madison, WI, USA), with primers;

ITS4 and ITS5 for 18S rRNA gene of fungi (White et al.

1990), 27F and 1525R for 16S rRNA gene of actino-

mycetes and bacteria (Edwards et al. 1989) in 25 lL
reactions. The PCR products of 16S rRNA and 18S rRNA

gene were purified using a Wizard� SV Gel and PCR

Clean-Up System (Promega, Madison, WI, USA) and were

cloned into the pGEM-T Easy cloning vector (Promega,

Madison, WI, USA), transferred into E. coli JM109-com-

petent cells, and plated on LB agar plates containing

ampicillin, isopropyl-b-D-thiogalactopyranoside (IPTG)

and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside as

recommended by the manufacturer. Cloned 16S rRNA and

18S rRNA gene were sequenced using an ABI Prism 310

DNA sequencer (Perkin-Elmer Applied Biosystems, Foster

City, CA, USA), using the ABI Prism dye terminator cycle-

sequencing ready-reaction kit (Perkin-Elmer Applied

Biosystems). All sequence chromatograms were edited

using Sequence Scanner Software version 2 (Applied

Biosystems, Foster City, CA, USA) and were compared

with 16S rRNA and 18S rRNA gene sequences available in

the GenBank databases by BLAST Search. DNA Data

Bank of Japan (DDBJ) accession numbers for the resultant

sequences are listed in Table 3. Then the identification of

phylogenetic neighbours and the calculation of pairwise

16S rRNA and 18S rRNA gene sequence identities were

achieved using the EzTaxon-e database (http://eztaxon-e.

ezbiocloud.net/; Kim et al. 2012). Multiple sequence

alignments were performed using CLUSTAL W (Thomp-

son et al. 1994). Phylogenetic analyses were carried out

using Kimura 2-parameter model (Kimura 1980) using

MEGA 6.0 (Tamura et al. 2013) and bootstrap values based

on 1000 replications (Felsenstein 1985).

Substrate uptake

DifcoTM Yeast Mold agar was amended with 5 % (w/v)

skim milk, 1 % (v/v) triolein and 2 % (v/v) tributyrin with

0.4 % (v/v) Tween 20 as a carbon source to test protease,

lipase and esterase activity, respectively. The plates were

incubated at 30 �C for 7 days. Proteolytic enzyme pro-

duction and their activity were observed based on the clear

zones in opaque milk protein surrounding the isolates,

using proteinase K as the positive control. The opaque zone

was measured for esterase on tributyrin agar and orange

fluorescent halos under UV light (254 nm) was observed

for lipase after incubated for 7 days, using lipase from

Candida rugosa as the positive control. The halo zone

(ratio between the clear zone and colony diameter) was

recorded.
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Statistical analysis

All experimental data were analyzed by SPSS program

version 17.0 (2008 SPSS Inc., Chicago, IL, USA). The data

were subjected to analysis of variance (ANOVA) using

Duncan’s test (P\ 0.05) for mean separation.

Results

Isolation of PLA-degrading microorganisms

Forty soil samples collected from Lampang and Chiang

Mai province were separated into three groups; garbage

dump, park and agriculture soil. The details of fungi,

actinomycetes and bacteria isolated from each type of soil

are shown in Table 1. In total 79 isolates of fungi, acti-

nomycetes and bacteria obtained from various soil samples

showed clear zones on PLA agar plates when incubated at

30 �C for 30 days. Five isolates were fungi, 67 isolates

were actinomycetes and seven isolates were bacteria

(Table 1). Actinomycetes (84.8 %) were the predominant

microorganism found, and were isolated from 40 soil

samples. Fifty isolates (63.3 %) were isolated from Sansai

district, Chiang Mai province. Figure 1 shows that soil

from an agricultural site in Sansai district, Chiang Mai

province gave the highest number of PLA-degrading iso-

lates (31, 39.2 %).

Screening for PLA, PCL and PBS-degrading ability

Seventy-nine isolated microorganisms were screened for

PLA, PBS and PCL degrading activity. Clear zones on

PLA, PBS and PCL degradation were graded into four

levels using the BDI index at P\ 0.05 using Duncan’s

test (Fig. 2). Four isolates showed a high BDI index on

PLA agar, 13 isolates showed a high BDI index on PBS

agar and 17 isolates showed a high BDI index on PCL

agar, and were rated as level A. For level B, 12 isolates

showed moderate clear zones on PLA agar, 14 isolates

showed moderate clear zones on PBS agar and 10 isolates

showed moderate clear zones on PCL agar. For level C,

low BDI indices were shown by 10 isolates on PLA agar,

17 on PBS agar and 31 on PCL agar. The remaining

isolates did not form clear zones on PLA, PBS and PCL

agar plates, and were categorized as level D. The results

in this study showed that microbial degradation of PLA

was rarer than PBS and PCL. Seventy-nine isolates could

generate clear zone on PLA agar when incubated for

30 days but only 26 isolates showed clear zone within

14 days.

Sixteen isolates were selected to study PLA, PBS and

PCL-degrading enzyme production in liquid media using

PLA, PBS and PCL as substrates. The selected isolates

exhibited the highest clear zones (BDI index) on both PLA,

PBS as well as PCL agar. We found that 16 isolates could

produce PLA-degrading enzymes in the culture medium at a

higher level than PBS-degrading enzymes. Only four iso-

lates (MRCM_Horse-1, SCM_MK2-4, SCM_MKF-5 and

SCM_MKF-8) were found to have PCL-degrading activity.

Isolate SCM_MK2-4 demonstrated low degradative ability

on the PLA agar plate, but showed the highest biopolymer

activity when PLA and PCL were used as substrates in

liquid culture broth. The positive control strain A. thailan-

densis CMUPLA07, showed higher PLA-degrading activity

(0.052 U/mL) than Amycolatopsis sp. SCM_MK2-4 (0.046

U/mL) and SCM_MK3-3 (0.031 U/mL) in our study.

However, A. thailandensis CMUPLA07 and isolate

SCM_MK3-3 showed PLA and PBS-degrading activity, but

not PCL-degrading activity (Fig. 3).

Fig. 1 Number of isolated microorganisms and distribution in

garbage dump, park and agricultural soils from Muang—Chiang

Mai (MCM), Sansai—Chiang Mai (SCM), Mae Rim—Chiang Mai

(MRCM), Muang—Lampang (ML) and Hang Chat—Lampang (HL)

Fig. 2 Number of biopolymer degrading microorganisms on 0.1 %

(w/v) PLA, PBS and PCL agar by using the agar diffusion method

based on the four levels of the Biopolymer Degradation Index

(BDI):where A, B, C, and D = high, medium, low and no activity,

respectively
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All 16 isolates significantly produced PLA-degrading

enzymes. Therefore, they were tested in the PLA film

degrading study. Isolates SCM_MK3-3 and SCM_MK2-4

degraded and showed 79 and 58 % PLA film weight loss,

respectively (data not show). About 36.67 % of the PLA

film was degraded after 7 days and 58 % of PLA film

were degraded after 14 days at 30 �C in the liquid media

by Amycolatopsis sp. SCM_MK2-4. SEM was used to

observe film characteristic after incubation with Amyco-

latopsis sp. SCM_MK2-4 in liquid culture. After 7 days,

numerous small–large holes were observed throughout the

film surface, and the holes became deeper over time

(Fig. 4). When we compared the clear zone method and

turbidity method, the majority of the 16 isolates formed

halo zones on all three biopolymers agar plates but did

not decrease the turbidity of all three biopolymers in

liquid solution and could not cause disintegration of the

PLA film. Only two isolates (SCM_MK2-4 and

SCM_MK3-3) had a high enzymatic ability to degrade

PLA film.

Identification of selected microorganisms

For actinomycetes, they were classified as Streptomyces or

non–Streptomyces based on their morphological characteris-

tics and type of amino acids in cell walls (Table 2). The

number of Streptomyces (59.5 %) was higher than non-

Streptomyces (22.8 %). However, two isolates could not be

identified because both LL andmeso-DAPwere found in their

whole cell hydrolysates. They also did not form spores on

ISP2 agar plate. Of the seven bacterial isolates, three were

Gram positive and four Gram negative. Five fungal isolates

were classified into three genera. Aspergillus was the most

commonly isolated fungus (three isolates) (Fig. 5). Fourteen

microbial isolates formed marked clear zones on PLA, PBS

and PCL agar in 14 days including one bacterial isolate, two

fungi and 13 actinomycete isolates. The results described

above were supported by phylogenetic analysis based on 16S

rRNA gene sequences. Eleven isolates exhibited 98–99 %

16S rRNA gene sequences similarity with Streptomyces. A

few of these, may represent a novel species within the genus

Streptomyces. For example, isolates SCM_MKF-3 and

SCM_MKF-8 which shared only 98.16 and 98.09 % simi-

larity, respectively, with S. atriruber. Similary, isolate

SCM_MK2-3 shared 98.29 % similarity with S. cinna-

moneus. Many type strains of Streptomyces species, for

example Streptomyces thermocarboxydus, Streptomyces

thermodiastaticus and Streptomyces thermoviolaceus subsp.

thermoviolaceus share high 16S rDNA sequence similarity

values with one another (98.7–99 %) but can be separated on

the basis of DNA:DNA relatedness data (Kim et al. 1998).

Currently, a 16S rRNA gene sequence similarity of

\98.7–99 % was proposed for description of a novel species

(Stackebrandt and Ebers 2006). The formal description of

these strains based on polyphasic taxonomic study will be

published elsewhere. The sequences of isolates SCM_MK2-4

and SCM_MK3-3 showed 99 % similarity with members

of the genus Amycolatopsis. In addition, the isolate

Fig. 3 Production of PLA, PBS and PCL-degrading enzymes by

isolated microorganisms in liquid basal medium using emulsified

PLA, PBS and PCL as carbon source

Fig. 4 PLA film observed under SEM 0 day (a) and 7 days (b) after incubation with Amycolatopsis sp. SCM_MK2-4 in liquid medium at 30 �C
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SCM_MKPN-3 is closely related to Paenibacillus barci-

nonensis with 98.92 % homology. For fungi, the 18S rRNA

gene sequence of isolate MCM_Drom4-1 and MCM_Hu-

manF8-1 indicated that they are closely related to Cladospo-

rium (100 %) and Purpureocillium (99.82 %), respectively.

The neighbor-joining phylogenetic tree is shown in Fig. 6.

Sequence similarity of 16 PLA-degrading microorganisms

and their closest neighbours are shown in Table 3, along with

their accession number. The largest group of polyester-de-

grading microorganisms consisted of 11 Streptomyces iso-

lates. However, two fungal isolates (Cladosporium sp. and

Purpureocillium sp.) showed the largest clear zone on the

three polyester agar media at P\0.05. The Paenibacillus

isolate formed clear zones on PLA, PCL and PBS agar.

Substrate uptake

Screening for protease, esterase and lipase activities

involved 16 isolated microbes, two commercial enzymes

and Amycolatopsis thailandensis PLA07. As indicated in

Table 4, Streptomyces sp. ML_R7 showed the largest halo

zones on skim milk agar. Streptomyces sp. SCM_MK2-4

and MRCM_Horse-1 showed large halo zone on tributyrin

agar. Streptomyces sp. strain ML_R7, SCM_MKF-3,

SCM_MKF-8, SCM_MKPN-8 and SCM_TT-5 showed

large halo zones on triolein agar. In this study, since all of

the isolates except isolates MCM_Horse-1, SCM_MJ-1,

SCM_MKPN-3 and SCM_MKPN-8 could use skim milk

as a carbon source, these isolates may produce protease to

degrade PLA polymers. Some isolates could produce a

little esterase or/and lipase. Amycolatopsis sp. SCM_MK2-

4 could use all three carbon sources (skim milk, tributyrin

and triolein) tested, so this isolate is capable of producing

protease, esterase and lipase. A. thailandensis produced

protease and esterase, but not lipase.

Discussion

From 40 soil samples, we found that agricultural soil

(mostly rice fields) from Sansai district, Chiang Mai

province gave the highest number of PLA-degrading

microorganism. Rice field samples were cultivated soil

with relatively higher population of microorganisms than

Table 2 Colony and microscopic characteristics of 13 isolated actinomycetes

Isolates Colony characteristics on ISP-2 after 4 weeks Microscopic characteristics DAP Identified

genus
Size

(mm)

AM SM PG

ML_R7 3 Yellow Yellow – Cocci shaped spores and formed

sclerotia

LL Streptomyces

MRCM_Horse-1 2 Greenish yellow Greenish yellow – Long chains of spores LL Streptomyces

SCM_MJ-1 4 Yellowish brown Yellowish brown Brown – LL Streptomyces

SCM_MK1-5 4 Green Brown – Spiral and long chains of spores LL Streptomyces

SCM_MK2-3 1 Reddish brown Reddish brown – Hooks and long chains of spores LL Streptomyces

SCM_MK2-4 3 White Olive Olive Long chain of rod-shaped spores meso Amycolatopsis

SCM_MK3-3 3 Gray Brown Yellowish brown Long chain of rod-shaped spores meso Amycolatopsis

SCM_MKF-3 2 Brown Brown – – LL Streptomyces

SCM_MKF-5 4 Reddish white Reddish brown – – LL Streptomyces

SCM_MKF-8 2 White Yellowish brown – Formed sclerotial granules LL Streptomyces

SCM_MKPN-8 3 Brownish white Brown – – LL Streptomyces

SCM_MKPN-9 5 Green Yellowish brown Yellowish brown Open spirals and long chains of

spores

LL Streptomyces

SCM_TT-5 3 Dark grayish Black – Hooks of spores LL Streptomyces

AM color of aerial mycelium, SM color of substrate mycelium, PG diffusible pigments released into the medium, DAP cell wall diaminopimelic

acid

Fig. 5 Number of isolates and distribution of fungi, actinomycetes

and bacteria in soils from Muang—Chiang Mai (MCM), Sansai—

Chiang Mai (SCM), Mae Rim—Chiang Mai (MRCM), Muang—

Lampang (ML) and Hang Chat—Lampang (HL)
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the fallow land. The soils rich in organic matter generally

contain more microbial population than sandy and eroded

soils (Kennedy and Smith 1995). Moreover, actino-

mycetes were a dominant microorganism isolated from 40

soil samples. Many previous studies reported that Amy-

colatopsis was a major genus that can degrade PLA bio-

plastic (Pranamuda and Tokiwa 1999; Jarerat and Tokiwa

2003; Sukkhum et al. 2009; Chomchoei et al. 2011). We

found that most of the three polyester-degrading

microorganisms were species of Streptomyces (11 iso-

lates). Tokiwa and Jarerat (2004) reported that the dis-

tribution of the genus Streptomyces in nature is higher

than other actinomycetes with 95 % of the isolated soil

actinomycetes are classified as Streptomyces strains.

Previous studies also showed that Streptomyces strain MG

caused clearly detectable hydrolysis on PCL, PHB and

PBS plates (Tokiwa and Calabia 2004). Moreover, a PCL-

degrading Streptomyces thermoviolaceus subsp. ther-

moviolaceus isolate 76T-2 was isolated from soil in Tai-

wan (Chua et al. 2013). Hoang et al. (2007) reported that

out of 305 actinomycetes strains, 12 actinomycetes iso-

lates could degrade the three polyesters (PHB, PES and

PCL), and that this ability could be identified based on the

clear zone appearance of isolates. The majority of isolates

belonged to the genus Streptomyces (91.9 %). In addition,

Chomchoei et al. (2011) isolated A. thailandensis, a novel

actinomycete, from soil in northern Thailand that was

capable of degrading poly(L-lactic acid). Sukkhum et al.

(2011) isolated a novel poly(L-lactide)-degrading ther-

mophilic actinomycete, Actinomadura keratinilytica

strain T16-1. However, there was no report on PCL and

PBS degradability of both strains. It is clear that most of

the polylactate degrading microorganisms reported were

actinomycetes. However, one bioplastic-degrading bac-

terium was isolated and was preliminarily classified as

Paenibacillus sp. Previously, Teeraphatpornchai et al.

(2003) reported that Paenibacillus amyloticus strain TB13

could degrade PLA, PBS, PCL and PES but not PHB-co-

valerate. This study was the first report that Cladosporium

and Purpureocillium fungi could form clear zones on

PLA, PBS and PCL agar plates. Zheng et al. (2005)

reported that Cladosporium sp. obtained from soil was

found to degrade ester-based polyurethane.

The distribution of the polyester-degrading microorgan-

ism in soils was found to decrease in the order of

PCL = PHB[PBS[PLA (Nishida and Tokiwa 1993;

Pranamuda et al. 1997; Tansengeo and Tokiwa 1997; Jarerat

et al. 2002). Seventy-nine isolated microorganisms were

tested on PLA, PBS and PCL agar plates. Only two isolates

(SCM_MK2-4 and SCM_MK3-3) of genus Amycolatopsis

could degrade PLA film in culture broth. Comparison

between the clear zone method and film degradation

Table 3 16S rRNA and 18S rRNA gene sequence similarity between PLA-degrading microorganisms and their most closely related strains

Isolates Accession number Length (bp) The most closely related strain 16S rRNA or 18S rRNA

gene sequence identity (%)

MCM_Drom4-1 AB915808 441 Cladosporium cladosporioides 100.00

MCM_HumanF8-1 AB915809 620 Purpureocillium lilacinum 99.82

ML_R7 AB915810 1377 Streptomyces sclerotialus 99.85

MRCM_Horse-1 AB915811 1399 Streptomyces coerulescens 99.57

SCM_MJ-1 AB915812 1387 Streptomyces cinnamoneus 98.77

SCM_MK1-5 AB915813 1401 Streptomyces chartreusis 99.36

SCM_MK2-3 AB915814 1404 Streptomyces cinnamoneus 98.29

SCM_MK2-4 AB915815 1388 Amycolatopsis azurea 99.35

SCM_MK3-3 AB915816 1507 Amycolatopsis azurea 99.66

SCM_MKF-3 AB915817 1518 Streptomyces atriruber 98.16

SCM_MKF-5 AB915818 1396 Streptomyces atriruber 98.57

SCM_MKF-8 AB915819 1519 Streptomyces atriruber 98.09

SCM_MKPN-3 AB915820 1384 Paenibacillus barcinonensis 98.92

SCM_MKPN-8 AB915821 1392 Streptomyces atriruber 98.70

SCM_MKPN-9 AB915822 1401 Streptomyces chartreusis 99.36

SCM_TT-5 AB915823 1385 Streptomyces cyaneus 99.49

bFig. 6 Neighbor-joining phylogenetic tree, based on 18S rRNA

(a) and 16S rRNA (b) gene sequences, showing the taxonomic

positions of sixteen isolates among members of their neighbor genera.

Numbers at the nodes are the bootstrap values based on 1000

resamplings. Bootstrap values of above 50 % are shown at branch

points. Out group sequences used for analysis were from Penicillium

spp. (a) and Pseudomonas spp. (b). Bar 0.05 (a) and 0.02

(b) substitutions per nucleotide position
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method, most of isolated microorganisms could form halo

zones on agar plates but could not degrade PLA film into

small pieces. Tokiwa et al. (2009) reported that the clear

zone method on agar plates was a widely used technique for

screening polymer degrading microbes and for assessment

of the polymer degradation potential of different microor-

ganisms. The formation of halo zones around the colonies

happens when the polymer-degrading microorganisms

excrete extracellular enzymes, which diffuse through the

agar and degrade the polymer into water soluble materials.

Amycolatopsis sp. strain SCM_MK2-4 could form halo

zones on skim milk agar, tributyrin agar and triolein agar

which indicated that they might produce protease, esterase

and lipase enzyme, respectively. Tokiwa and Calabia (2004)

reported that lipase can hydrolyze the ester bonds of

polyesters having a relatively large number of methylene

groups, e.g. PCL, PEC, PES, PBS and PBSA but lipase

cannot degrade optically active polymers with high Tm such

as PHB, PHV and PLA. As reported by Reeve et al. (1994)

proteinase K was not able to cleave the D-stereoisomers of

PLA. It seems reasonable to conclude that PLA-degrading

enzymes are proteases which recognize the L-lactic acid unit

of the PLA such as the L-alanine unit of silk fibroin (protein)

but do not degrade PCL, PBS and PHB (Pranamuda et al.

2001; Nakamura et al. 2001; Jarerat and Tokiwa 2001).

Further analyses concerning, enzyme production optimiza-

tion and film degradation by Amycolatopsis sp. SCM_MK2-

4 are necessary. Our next aim is to assess bioplastic degra-

dation (PLA, PCL and PBS) and increase production of

PLA-degrading enzymes from this strain.
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