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Abstract Microfungi were selectively isolated for pro-
duction of polyethylene terephthalate (PET) fiber-degrad-
ing enzymes potentially to be used to modify the surface of
polyester fabric. A range of fungi were isolated from plant
surfaces and soil samples using a polycaprolactone (PCL)
plate-clearing assay technique, and screened for cutinolytic
esterase (cutinase) activity. Twenty-two of 115 isolates
showed clearing indicating the production of cutinase. The
ability of the fungi to produce cutinase in mineral medium
(MM) using either potato suberin or PET (1cm of
untreated pre-washed PET fiber) fiber as substrates was
assessed based on the hydrolysis of p-nitrophenyl butyrate
(p-NPB). All isolates exhibited activity towards p-NPB,
isolate PBURU-BS5 giving the highest activity with PET
fiber as an inducer. PBURU-BS5 was identified as Fusarium
solani based on its conidial morphology and also nucleotide
sequencing from internal transcribed spacer region of the
ribosomal RNA gene (rDNA-ITS). Enzymatic modification
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of PET cloth material properties using crude enzyme from
strain PBURU-BS5 showed hydrolysis of ester bonds of the
PET fiber. The modification of the PET fabric resulted in
increase of water and moisture absorption, and general
enhancement of hydrophilicity of the fabric, properties that
could facilitate processing of fabric ranging from easier
dyeing while also yielding a softer feeling fabric for the
user.

Keywords Cutinase - Cutinolytic esterase - Fusarium -
Polyethylene terephthalate

Introduction

Polyethylene terephthalate (PET) is the most widely used
polymer for the production of synthetic textile fibers over
the past 50 years [14, 17, 21, 28, 33]. Its wide use is a result
of its strength, combined with its resistance to chemicals
and abrasion, stretching, shrinking, and wrinkling [33].
However, the great disadvantage of the PET fiber is its low
hydrophilicity and inactive surface. These affect processing
of the fibers such as coloring and also coziness of the fabric
to the wearer. The conventional modification of PET fiber
properties is through strong alkaline treatment under high
processing temperature which concomitantly gives both
weight loss and excessively hydrophilic fibers. The alkaline
wastes and the high processing temperature invoke envi-
ronmental concern [14, 29]. An interesting alternative in
the surface modification of PET fibers is the application of
hydrolytic enzymes which can be accomplished under mild
conditions. Hydrolases, esterases, and lipases that act on
biopolyesters such as cutin and suberin could have potential
in surface modification of PET fiber [5, 6, 13, 29].
Although PET-fabrics were initially considered quite inert,
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there has been accumulating evidence for enzymatic modi-
fication of PET fibers. Sato [25] found changes in the phys-
ical properties of PET fibers including their tensile strength,
viscoelasticity, and extension behavior following incuba-
tion with an enzyme preparation from Cladosporium clado-
sporioides. Treatments of the polyester fabrics with several
lipases improved their water wettability and absorbent
properties indicating an increase in hydrophilicity due to
enzymatic hydrolysis [11, 12]. Polyester-hydrolyzing bac-
terial and fungal esterases reduce the pilling properties of
PET fabrics [2]. Yoon et al. [33] showed the modification
of surface of PET fibers by a serine esterase resulted in
enhanced the hydrophilicity, wettability, and cationic dye
binding ability of the fibers. The treated PET fabrics
showed less pilling and improved oil stain removal proper-
ties. The application of Arthrobacter and Trichosporon
enzymes for the modification of PET fibers has also been
described [23]. Cutinases (EC 3.1.1.74) from the phyto-
pathogenic fungus, Fusarium solani f. sp. pisi and a ther-
mophilic actinomycete, Thermomonospora fusca, have
been successfully used for the modification of PET [21, 29]
including their ability to improve the hydrophilic properties
and activation of the surface of PET fibers [22].

This range of studies illustrates the proof of concept for
the modification of PET fibers, yet new and more efficient
enzymes need to be considered for industrial development.
Esterase activity per se apparently is not the absolute crite-
rion in this regard and the need for correlation to PET fiber
modification is necessary. In this study, we address the iso-
lation further fungal esterases including assessment of their
efficiency with regard to PET surface modification.

Materials and methods
Screening for PET-hydrolyzing enzymes

Fungi were screened for PET-hydrolyzing enzymes. The
sources of fungi were from the surfaces of plants including
leaves, flowers, underground storage organs, and fruits,
plus soil nearby the roots of these plants. A range of eco-
logic habitats from habitats in nine Thai provinces were
sampled (Table 1). The surface of leaves, flowers, under-
ground storage organs, and fruits were aseptically cut into
small pieces (0.5 x 0.5 cm) and placed on selective agar of
mineral medium (MM) supplemented with a suspension of
polycaprolactone (PCL) 0.5 g/l (MM-PCL) [19]. This cutin
analog, PCL (mol. wt. 14,000), was purchased from Sigma-
Aldrich Inc. St Louis, MO, USA. For isolation of soil fungi,
samples were diluted and spreaded onto MM-PCL plates.
All cultures were incubated at 30 °C for 7 days and exam-
ined daily for growth and capability to clear the MM-PCL
agar plates. The fungi producing clearing zones were iso-
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lated and transferred to fresh medium. The active isolates
were cultivated in liquid mineral medium (LMM) [19] con-
taining either potato skin suberin 2 g/l, isolated from Sola-
num tuberosum Linn. [30] or PET yarns 2 g/l (1 cm,
untreated prewashed 100% PET filament fibers, the kind
gift of Dr. Th. Bohme KG, Geretsried, Germany). Inocula
were prepared in LMM containing glucose 0.1% (w/v) and
incubated at 30 °C for 4 days. These inocula were trans-
ferred to the LMM containing suberin or PET fiber, and the
cultures incubated at the same temperature up to 21 days.
The culture supernatants were assessed for esterase activity
daily using p-nitrophenyl butyrate (p-NPB) as substrate
[26]. An enzyme unit (1 U) was defined as the amount of
enzyme required to release 1 pmol of p-nitrophenol per min
at pH 7.0 and 25 °C.

Fungal identification
Morphological observation

Fungal cultures were grown on potato dextrose agar (PDA)
at 30 °C for several days and the colony morphology (color
and texture) were examined. Slide cultures were prepared
using banana leaf agar (BLA) [27] and stained with lac-
tophenol-cotton blue, and examined by bright-field micros-
copy (mycelium, mycelium color, septa, and conidia).
Isolates were identified to genus level [4] and Fusaria by
use of Seifert [27].

Nuclear ribosomal DNA internal transcribed spacer (ITS)
sequencing of isolate PBURU-B5

This isolate produced the most promising enzyme and was
focused on. Fresh mycelia of PBURU-B5 grown in potato
dextrose broth (PDB) for 5 days (pH 7.0, 30 °C, 150 rpm)
were collected by filtration on paper filter under suction and
then washed with Tris—=HCI buffer (50 mM, pH 7.5). The
mycelium was disrupted by grinding in liquid nitrogen in
mortar, and genomic DNA was extracted using the CTAB
method [24]. The ITS region of the ribosomal DNA (rDNA)
was amplified using primers ITS5 (GGAAGTAAAAGTCG
TAACAAGG) and ITS4 (TCCTCCGCTTATTGATATGC)
[32]. Amplification reactions were performed using Peltier
PTC-100™ Thermal Cycler (MJ ResearchTM Inc. MA,
USA) in a total volume of 100 pl containing 10 mM Tris—
HCI buffer, 50 mM KCl, 2.5 mM MgCl,, 12.5 pmol each
dNTP, 50 pmol each primer, 2 U Taq polymerase, 4 pl of
undiluted genomic DNA, and 55.5 ul of sterile distilled
water. The amplification conditions included a hot start for
6 min at 80 °C and a denaturation step for 2 min at 95 °C,
followed by primer annealing for 30 s at 56 °C and primer
extension for 1 min at 72 °C. After 35 cycles, an extension
step was followed at 72 °C for 10 min. Successful PCR prod-
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ucts were cleaned of primers and salts, using the QIAquick
PCR Purification Kit (QIAGEN Inc. Valencia, CA, USA).
ABI PRISM® 3100 BigDye Terminators v3.0 Cycle
Sequencing reactions (Applied Biosystems, Foster City, CA,
USA) were prepared according to the manufacturer’s proto-
col, using primers ITS5 and ITS4 and the PCR product as
templates [32]. Sequences were analyzed on an ABI
PRIAM® 3100 Automated DNA Sequencer (Applied Bio-
systems, Foster City, CA, USA).

Preparation of crude enzyme from PBURU-B5

Crude extracellular PET-hydrolyzing enzyme was prepared
by culturing isolate PBURU-BS in production medium
(mineral medium containing 0.2% (w/v) suberin, pH 7.0) in
two litre shake flasks (500 ml working volume, 10 flasks)
with incubation on rotary shaker at 150 rpm (30 °C). After
21 days, culture supernatant was recovered following filtra-
tion through filter paper under suction. The residual materi-
als, suberin, and mycelia (352 g wet weight), were also
extracted by stirring in 0.1% Triton X-100 in one liter of
50 mM phosphate buffer (pH 7.0) at 4 °C overnight [8]. The
insoluble residues were again removed by filtration. These
culture supernatant (4,640 ml) and Triton X-100 wash
(974 ml) were pooled and then lyophilized. This crude
enzyme was dissolved in 200 ml 50 mM phosphate buffer
(pH 7.0) and concentrated by ammonium sulfate precipita-
tion (50-80% saturation), followed by removal of the salt
by dialysis. This crude enzyme was used for further study.
The enzyme activity was determined using p-NPB as
described above. Protein concentration was determined
using the Bradford assay [3].

Determination of enzymatic effects towards
the PET materials

Measurement of PET-hydrolyzing activity

The terephthalic acids (TPA), PET monomers, released
from PET fibers were measured following incubation of
PET yarn (0.2 g, in 100 ml 50 mM phosphate buffer, pH
7.0) with the enzyme preparation (20, 40, or 80 U). Reac-
tion mixtures were incubated at 30 °C and sampled periodi-
cally up to 168 h, followed by analysis via absorbancy at
240 nm [33]. Controls included mixtures lacking enzyme
and also inactivated autoclaved enzyme. All assays were
minimally performed in duplicate.

Measurement of water absorption of the enzyme treated
PET fabrics

The effect of the enzyme on modification in the water
adsorption ability of PET fabrics was determined using the
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rising height test following a standardized method (DIN
53924). The PET fabrics (weave, warp, and weft: 167 dtex,
192 g/m?) were a kind gift of Suthep Permpornsakul from
Asia Fiber Public Company, Bangkok, Thailand. The
swatches (25 x 3 cm) were incubated with enzyme prepa-
rations (20, 40, and 80 U) in 100 ml of 50 mM phosphate
buffer, pH 7.0 at 30 °C on a rotary shaker at 125 rpm for up
to 168 h. Controls were performed without enzymes and
treated with the same buffers. After the treatment, residual
proteins on the fabric surface were removed by rinsing with
sodium carbonate solution 2 g/L., pH 7.0 at 70 °C on a
rotary shaker at 125 rpm for 30 min [22]. The fabrics were
washed several times with distilled water and dried at room
temperature. The rising height of water in treated PET fab-
rics was measured.

Measurement of moisture content of enzyme treated PET
fabrics

Enhanced hydrophilicity of treated PET fabrics was dem-
onstrated by measuring the changes of moisture content of
fabrics before and after treatment with the enzyme. The
swatches (10 x 10 cm) were pre-treated with enzyme prep-
arations (20, 40, and 80 U) as described above. The mois-
ture content of enzyme treated-fabrics was determined
using an AD 4715 infrared moisture determination balance
(A&D weight, Bradford, MA, USA) for 5 min. All analyzes
were performed five times.

Results and discussion

A diverse variety of plant surfaces and soil from a range
of environmental niches yielded 22 fungi out of 115 iso-
lates that were capable of degrading PCL, as indicated by
zone of clearing on MM-PCL agar plates (Fig. 1). Such
zones could be easily observed after 3-5 days of incuba-
tion period. This diversity is not remarkable in that cutin
is abundant and is widespread occurring on the surfaces of
all aerial parts of plants (stems, petioles, leaves, flower
parts, fruits, and some seed coats), but also on internal
parts such as juice sacks of citrus [15]. The total amounts
are considerable. In higher plant leaves, cutin ranges from
20 to 600 ug/cm2 of the surface area, while in some fruits
with a well developed cuticle, the cutin content may reach
1.5 mg/cm? [15]. Thus with the ubiquity of cutin, it was
not surprising that cutin degraders were generally isolated
from different aerial parts of plants (fruit peel, leaf, and
bark) and also soil nearby roots, and all of which pro-
duced cutinolytic esterase (Table 1). In analogous inter-
pretation in that cutin is widely prevalent, it was not
remarkable to find PET degrading fungi from low (0.5 m,
Samutsakorn Province) and high (1,100 m, Chiangmai
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Fig. 1 The esterase activity of
the fungal isolates (All isolates
were Fusarium spp. apart from
the Aspergillus spp. PBURU-
B3, PBURU-B9, PBURU-B10,
and PBURU-B17, and Penicil-
lium spp. PBURU-B6 and PBU-
RU-B13. See Table 1 for the
origin of the isolates.) towards
PCL as evidenced by clearing
zones on polycaprolactone
plates. a PBURU-B1, b PBU-
RU-B2, ¢ PBRU-B3, d PBURU-
B4,e PBURU-BS, fPBURU-B6,
g PBURU-B7, h PBURU-BS,

i PBURU-BY, j PBURU-B10,

k PBURU-B11, 1 PBURU-B12,
mPBURU-B13,nPBURU-B14,
o PBURU-B15, p PBURU-B16,
q PBURU-B17, r PBURU-B18,
s PBURU-B19, t PBURU-B20,
u PBURU-B21, and

v PBURU-B22

Province) altitudes, at ranges from 20.2 (Chaingmai) to
32.0 °C (Bangkok), and from seven provinces. The sam-
pling collections included the rainy season (June, July,
August and September) and the dry season (March). Not-
ing that this is a limited survey, what was apparently
remarkable was the dominance of Fusarium cultures, 16
of 22 isolates, perhaps reflecting the common phyllo-
sphere status of Fusaria and the selective isolation tech-
nique. A few of the more generally occurring Aspergillus
and Penicillium species were isolated from soil and found
to attack PCL.

Examination by bright field light microscopy of the mor-
phology of PBURU-BS5 grown on BLA for 5 days showed
typical Fusaria characteristics [4, 27]. It produced both
macro and microconidia (Fig. 2). Macroconidia are hyaline
and canoe-shaped in side view. Microconidia were ellipsoi-
dal, produced from long monophialides in aerial mycelium.
Chlamydospore usually occurred singly or in pairs. The
colony grew to 5 cm diameter in 4 days and was whitish
(Fig. 2). It was apparently F. solani.

The sequence of the ITS region of rDNA of PBURU-B5
yielded a sequence to F. solani sequences in Genbank,

(@ (e)
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-
2

—
¢

20 pm
]

Fig. 2 Colony and morphology of Fusarium solani PBURU-BS5. a Colony (5 cm in diameter) grown on PDA for 4 days at 30 °C. b Septate hyphae
and conidia. ¢ Ellipsoidal-shaped microconidia. d Canoe-shaped macroconidia. e Chlamydospores
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Table 2 Maximum esterase yields from the polycaprolactone attack-
ing isolates

Isolate Maximum esterase activity

(mU/ml)*

Suberin PET

powder fiber
Fusarium sp. PBURU-B1 76 3
Fusarium sp. PBURU-B2 36 6
Aspergillus sp. PBURU-B3 20 5
Fusarium sp. PBURU-B4 20 7
Fusarium sp. PBURU-B5 308 61
Penicillium sp. PBURU-B6 21 8
Fusarium sp. PBURU-B7 23 8
Fusarium sp. PBURU-BS8 494 6
Aspergillus sp. PBURU-B9 99 4
Aspergillus sp. PBURU-B10 132 5
Fusarium sp. PBURU-B11 552 5
Fusarium sp. PBURU-B12 29 9
Penicillium sp. PBURU-B13 84 5
Fusarium sp. PBURU-B14 11 11
Fusarium sp. PBURU-B15 527 3
Fusarium sp. PBURU-B16 353 3
Aspergillus sp. PBURU-B17 25 7
Fusarium sp. PBURU-B18 135 4
Fusarium sp. PBURU-B19 1,126 4
Fusarium sp. PBURU-B20 777 5
Fusarium sp. PBURU-B21 20 5
Fusarium sp. PBURU-B22 1,053 3

Enzymes from culture supernatants of isolates grown in liquid mineral
medium containing either suberin powder or PET fiber as sole carbon
source (see text)

# Determined with p-nitrophenyl butyrate as substrate—the extinction
coefficient of p-nitrophenol = 1.84 x 10*M~! cm™!

including the following: NRRL 22354 (AF178402), NRRL
32817 (DQ094583), NRRL 232756 (DQ094535), FRC#
s1592 (DQ094746), FRC#s669 (DQ094765), FRC#s1223

Table 3 Purification of Fusarium solani PBURU-BS5 cutinolytic esterase

(DQ094767), FRC#s752 (DQ094725) and FRC#s617
(DQ094694). On this basis isolate PBURU-B5 is identified
as F. solani and its ITS sequence was submitted to Gen-
Bank—accession number EU008940. In an earlier initial
study, identification based on its morphology alone, sug-
gested it to be F. oxysporum [22]. The current study is in
greater detail both as regards identification and also total
enzymology.

There was no obvious correlation between esterase
activities produced by the fungi and sizes of clearing zones
(Fig. 1 and Table 2). However, the size of the clearing zone
includes the amount of enzyme, its release, and also the rate
of growth of the fungus. Such a correlation between
enzyme yield and clearing zone size is further obscured in
that some enzyme apparently remains mycelial bound
(Table 3). Further enzyme was released following Triton
X-100 treatment.

The use of PCL as a selective isolation substrate merits
comment. Cutinase, a serine esterase, secreted by many
phytopathogenic fungi including F. solani f. sp. pisi [19],
can have low substrate specificity. Certain cutinases hydro-
lyze cutin and are also capable of degrading PET [18, 29].
Cutinase is induced by cutin or suberin [19], and can be
repressed by glucose [18]. On these general bases, PCL
hydrolysis was used as an initial screen to find fungal iso-
lates producing enzyme that may be active on aromatic syn-
thetic polyesters such as PET.

All isolates when cultivated on suberin produced ester-
ases with maximum activities ranging from 11 (PBURU-
B14) to 1,126 mU/ml (PBURU-B19) (Table 2). However,
it is noteworthy that only one fungus (F. solani PBURU-
B5) was able to grow to any reasonable extent on PET
fibers with activity (61 mU/ml) after 21 days growth
(Table 2).

The apparent yields released to the extracellular fluid
appear only half of total esterase activity (Table 3) in part
reflecting that the enzyme can bind to the cell and/or the
residual suberin in the medium. Such bound enzyme was

Preparation step Volume Esterase Total Protein Total Specific Yield

(ml) activity activity concentration protein activity (%)
(mU/ml) U) (pg/ml) (ng) (U/mg)

Extracellular fluid 4,640 160 742 108 501 1.48 50

Triton X-100 wash 974 758 738 276 269 2.75 50

Crude extract® (extracellular fluid 5,614 265 1,488 134 752 1.98 100

and Triton X-100 washed solution)
Freeze dried and dissolved in buffer 200 6,543 1,309 320 64 20.45 88
Ammonium sulfate precipitation (50-80%) 51 17,489 892 515 26 33.96 60

? The extracellular fluid (4,640 ml) contained secreted cutinase which was about 50% of total esterase. The enzyme that was adsorbed to mycelium
and suberin was recovered from Triton X-100 washing step was also about 50%. Extracellular fluid and Triton X-100 extract were pooled, the

enzyme recovered by ammonium sulfate precipitation
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Fig. 3 Fusarium solani PBU- 18
RU-BS esterase activity towards .
PET fibers assessed by tere- 16 o —_
phthalic acid release ---#-- 20 Units of esterase e
14 1 re
—a— 40 Units of esterase -
12 - —
—— 80 Units of esterase -——

Terephthalic acid liberated

readily recovered by treatment with buffer containing Tri-
ton X-100 [8]. Recovery enzyme using ammonium sulfate
precipitation (50-80% saturation) was yielded almost 60%
of total activity and with 17-fold of specific activity from
crude extract (Table 2). This crude enzyme was used for
further studies. However, esterase activity obtained from
culture extract of PBURU-BS (0.308 U/ml) was average
compared to the other isolates, the range being from 0.011
to 1.126 U/ml (Table 2). The yield from PBURU-BS of
0.3 U/ml is reasonable compared to other microbes. For
instance out of 232 gram-positive and gram-negative bacte-
rial isolates, only Pseudomonas aeruginosa (10 isolates)
produced more than 0.5 U/ml esterase [7]. A Botrytis cine-
rea strain yielded 1.2 U/ml cutinase [10] and that from
Monilinia fructicola showed 8.92 U/ml of esterase activity
[31]. Other fungi give lower yields, for example Venturia
inaequalis only 0.12 U/ml [16]. The F. solani PBURU-BS5
yields are reasonable and have yet to be optimized.

The PBURU-BS enzyme is active towards PET fiber in
proportional manner of a result of significance with such
insoluble substrates as fabric (Fig. 3). The moisture content
of enzyme treated PET fabrics was also increased (Fig. 4).
The relative percentage moisture increases were in propor-
tion to the amount of enzyme applied. The enzyme treat-
ment clearly decreases the hydrophobicity of the PET
fabric (Table 4, Fig. 4). The increased water and moisture
absorption by treated PET fabrics are analogous to those
obtained with microbial enzymes from Aspergillus sp.
strain St 5 [9] and Thermomonospora fusca [1].

Aromatic polyesters have previously been considered as
very resistant to degradation by hydrolytic enzymes [20].
However, the current results add to the accumulating evi-
dence that esterases and cutinases from various fungi and
bacteria can hydrolyze ester bonds in PET [21, 22, 33]. The
screening using PCL was useful in selecting a variety of

T

80

T T T T T T T T
90 100 110 120 130 140 150 160 170

70
Reaction time (h)

1.8

1.6 H

1.4 4

1.2 H

0.8

0.6

Moisture increasing (%)

0.4

0.2 A

40
Enzyme Units

20 80

Fig. 4 Increased hydrophilicity of PET fabric treated with Fusarium
solani PBURU-BS esterase (as increased moisture content—details
see text)

Table 4 Increased water absorption of PET fabric in relation to
Fusarium solani PBURU-BS esterase treatment

Treatment Rising height of
water (mm/10 min)?*

Control 10

Inactivated enzyme 12

20 U esterase 25

40 U esterase 37

80 U esterase 60

? Assay—see text
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fungi producing esterases. However, in that only one strain
produced an enzyme with major activity towards PET fiber,
a caution is raised in using this substrate in an absolute
manner. That does not detract from the isolation of a truly
positive strain of F. solani. The overall results support the
concept of the enzymatic modification of aromatic syn-
thetic polyesters and potential use in textile finishing pro-
cesses.
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