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Abstract

Aspergillus niger (AG-1) metabolized dimethylterephthalate through monomethylterephthalate, terephthalate and
protocatechuate. Degradation of dimethylterephthalate was followed by extraction of residual dimethylterephthalate
from the spent medium. The quantitative UV analysis showed that 58% of the dimethylterephthalate supplement
was taken up in 144 h. The metabolites were isolated from resting cell cultures. Thin layer chromatography
analysis of the extract revealed the presence of two intermediates, monomethylterephthalate and terephthalate.
Use of an inhibitor in resting cell culture experiment demonstrated the accumulation of protocatechuate. The
time course of protocatechuate acccumulation was also studied. Metabolites were identified by employing various
physicochemical methods. Enzyme studies using cell-free extracts exhibited dimethylterephthalate esterase and
protocatechuate dioxygenase activities. Protocatechuate was oxidized by the mefa cleavage pathway. A tentative
pathway for the degradation of DMTP has been proposed in A. niger.

Abbreviations: A. niger — Aspergillus niger (AG1), DMSO - dimethy! sulfoxide, DMTP — dimethylterephthalate,
MMTP - monomethylterephthalate, MS — mass spectra, NMR — nuclear magnetic resonance spectra, PCA —

protocatechuate, TLC — thin layer chromatography, TP — terephthalate, UV — ultra violet spectra

Introduction

Phthalate esters have found enormous application in
the plastic and textile industries. Their residues enter
the environment in the form of industrial sewage and
effluents. Hence these compounds have been labelled
as environmental pollutants (Keith & Telliard 1979;
Lawrence & Tuell 1979). The toxic nature of phthalate
esters has been investigated and they are considered to
be teratogenic to man and animals (Shiota & Nishimu-
ra 1982). Bacterial degradation of phthalate esters has
been investigated by several workers (Keyser et al.
1976; Engelhardt et al. 1975, 1977; Karegoudar &
Pujar 1984). Among the phthalate esters, dimethyl-
terephthalate has received considerable interest since
it is extensively used in the textile industry (Slizen et
al. 1989; Sivamurthy & Pujar 1989). Fungal studies on
phthalate esters recently have been reported by Siva-
murthy et al. (1991). These investigators have observed

the transformation of DMTP to MMTP and TP by the
fungus, Sclerotium rolfsii. However, this strain did
not show complete degradation of DMTP. The present
study was undertaken to show the mode of degradation
of DMTP in Aspergillus niger.

Materials and methods
Organism and growth conditions

Aspergillus niger (AG-1) maintained in our laboratory
culture collection was used for the degradation stud-
ies. The organism was grown on a synthetic medium
(Byrde et al. 1956) supplemented with 0.19% DMTP.
This medium was distributed in 500 ml Erlenmeyer
flasks (100 ml per flask) and sterilized by autoclaving
at 120° C for 15 min. Stock cultures were maintained
on the slants of the same medium solidified with 2%
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agar. The flasks were inoculated with a heavy sus-
pension of spores in sterile water, obtained from 72 h
old agar slants. The flasks were incubated on rotary
shaker at 100 rpm at 35 4 2° C for 72 h. The mycelia
were separated by filtering through sterile cheese cloth.
The mycelia so obtained were used for the preparation
of cell-free extracts and in resting cell culture experi-
ments.

Resting cell culture of A. niger

Mycelial pellets of A. niger at various phases of growth,
were harvested and suspended in 100 ml of phos-
phate buffer (0.025 M) pH 5.5 containing 0.1% DMTP.
For the isolation of the dihydroxy compound, o,a-
dipyridyl (5 mM/ml) was used with 0.1% TP. The flasks
were incubated on rotary shaker at 100 rpm at 35 +
2° C for 12 h. The metabolites formed were analysed
at regular intervals.

Isolation of metabolites

Metabolites of the degradative pathway were isolated
from the resting cell culture of A. niger. Mycelial pel-
lets of A. niger were removed by filtration. The filtrate
was acidified to pH 2 with 4 N HCL. The metabo-
lites were extracted three times with ethylacetate. The
extracts were dried over anhydrous sodium sulphate,
concentrated in vacuo on a rotary evaporator and sub-
jected to TLC analysis.

Characterisation of metabolites

The metabolites were purified and identified by
TLC using following solvent systems: (A) ben-
zene:ethylacetate:acetic acid (20:40:1 v/v) and (B)
benzene:DMSO:acetic acid (80:5:2 v/v). The aromatic
compounds were detected on the chromatogram by UV
light. Phenolic compounds were identified by spray-
ing with 1:1 mixture of 1% potassium ferricyanide
and 2% ferric chloride solution. Aromatic acids were
recognised by spraying with 1% bromocresol green in
ethylalcohol. The compounds from the chromatogram
were eluted with ethylalcohol and were identified by,
recording their UV spectrum using a Hitachi UV-VIS
spectrophotometer model 150-20. The NMR spectra
were recorded using a NMR spectrometer model WH-
270 and mass spectra were recorded using a JEOL
model D-300 mass spectrometer.

Estimation of DMTP utilization by A. niger

The degradation of DMTP by A. niger was followed by
extracting the residual DMTP from 100 ml of culture
medium, which initially contained 0.1% DMTP. The
medium was collected at different incubation periods
and fungi were removed by filtration. The filterate was
acidified to pH 2 with 4 N HCl and extracted with ethy-
lacetate. Neutral and acidic fractions from the extracts
were separated using 5% NaHCOs solution. TLC of
neutral fraction showed the presence of DMTP alone
which was estimated by quantitative UV analysis at
240 nm (A4 of DMTP). A similar experiment in the
absence of A. niger cultures was carried out to assess
the loss of DMTP due to evaporation.

Time course for accumulation of protocatechuate

The time course for the accumulation of PCA as a
transient intermediate was studied. The mycelia (72 h
old) were inoculated into 100 ml synthetic medium
supplemented with 0.1% TP and incubated on rotary
shaker at 100 rpm at 35 £ 2° C. The concentra-
tion of PCA formed during various phases of growth
was determined by aseptically withdrawing 1.0 ml of
medium at different time intervals and extracting with
diethylether. The PCA formed was estimated by the
method of Nair & Vaidyanathan (1964).

Mode of ring cleavage of PCA

Ring cleavage of PCA was determined by the method
described by Stanier et al. (1966) using mycelia of A.
niger.

Preparation of cell-free extracts of A. niger

Mycelial pellets of A. niger (wet weight 5 g) grown
on DMTP, TP, PCA and glucose were homogenized
in a mortar with an equal weight of glass powder
and extracted with 0.05 M phosphate buffer, pH 7.0.
The resulting slurry was centrifuged at 13,200 x g for
20 min at 5° C. The supernatant was used as the crude
enzyme preparation. Protein content of the cell-free
extracts was determined by the method of Lowry et al.
(1951).

Enzyme assays

PCA dioxygenase activity was determined spectropho-
tometrically by monitoring the decrease in absorbance
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Fig. 1. Mass spectra of isolated monomethylterephthalate,
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Fig. 2. Mass spectra of isolated terephralic acid.

at 290 nm due to the disappearance of PCA (MacDon-
ald et al. 1954). The assay system in 3.0 ml contained
PCA (2.0 pmol), phosphate buffer (pH 7.0; 200 pmol),
and a suitable amount of crude enzyme in a cuvette of
1 cm light path at 30°C. DMTP esterase was assayed

using p- nitrobenzylester of TP as substrate (Siva-
murthy et al. 1991). The assay mixture (3 ml) contained
p-nitrobenzylester of TP (5 pmol), phosphate buffer
(pH 7.5; 50 mM), and suitable amount of crude enzyme
in a 1 cm cuvette. The enzyme activity was measured
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Table 1. Utilization of dimethylterephthalate by

Aspergillus niger.
Period of Concentration of
growth (h) DMTP utilized (mg/ml)*
0 0.000
24 0.000
48 0.056
72 0.157
96 0.467
120 0.534
144 0.582

* Variable factor & 0.002%.

Table 2. The Ry values, Amqq and melting point (M.P) of the
isolated and authentic compounds.

Compound Ry values in solventsystems  Amge MP
A B nm °C
MMTP a0.58 1.00 2396 230
6057 1.00 2396 231
TP a037 036 2380 300
b037 0.36 238.0 302
PCA a076 0.12 2900 202
b0.76 012 2900 201

a— authentic; b - isolated.

by monitoring the increase in absorbance at 276 nm
due to the formation of p-nitrobenzylalcohol. Cate-
chol dioxygenase activity was determined spectropho-
tometrically by monitoring the increase in absorbance
at 375 nm due to the formation of 2-hydroxymuconic
semialdehyde (Farr & Cain 1968). The assay mixture
(3.0 ml) contained catechol (0.5 gmol), Tris-HC1 buffer
(pH7.2; 300 umol) and crude enzymein a 1 cm cuvette.
Protocatechuate non-oxidative decarboxylase activity
was determined by the method of Kamath et al. (1987)
using protocatechuate as substrate. One unit of enzyme
activity is defined as the amount of enzyme that cat-
alyzes the transformation of one pmol of the substrate
or the formation of one pmol of the product per minute
under the standard assay conditions.

Results
Studies on degradation of DMTP by A. niger indicated

that the utilization of DMTP commenced after about
48 h incubation and reached a maximum after 144 h
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Fig. 3. Time course of accumulation of protocatechuate from TP
by Aspergillus niger.

Table 3. Specific activities of enzymes.

Enzymes Specific actitiby (U/mg of protein)
DMTP TP PCA

grown  grown  grown  grown

Glucose

DMTP esterase 35.65 ND ND ND
PCA dioxygenase 978 1136 1821 ND

ND ~ Not determined.

incubation. About 58% of the added DMTP was taken
up by A. niger within 144 h incubation (Table 1).

A TLC examination of the metabolites isolated
from the resting cell culture (0.1% DMTP as substrate),
showed accumulation of two compounds (I & II). The
R; value and the A, 4. of these two compounds corre-
sponded with those of authentic MMTP and TP respec-
tively (Table 2). The NMR spectrum of compound I
showed the presence of carboxymethyl protons at 3,88
§ as a singlet. Four aromatic protons appeared as a sin-
glet at 8.06 6, and carboxyl protons displayed at 13.4
§. Mass spectral analysis of this compound showed the
parent ion peak at m/z 180 (Fig. 1) which is in good
agreement with empirical formula CoHgOj. The frag-
mentation pattern showed ion peaks at m/z: 163 base
peak (M-OH), 149 (M-OCH3), 135 (M-COOH) and
121 (M-COOQOH3). The NMR and MS data of compound
I corresponded with authentic MMTP. The NMR spec-
trum of compound 1T revealed the presence of four
aromatic protons at 8.05 § as a singlet and carboxyl
protons at a higher field value. MS analysis showed
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Fig. 4. Proposed pathway for the degradation of dimethylterephthalate by Aspergillus niger.

the parent ion peak at m/z 166 (Fig. 2) which is in
good agreement with empirical formula CsHgO4. The
fragmentation pattern showed the ion peaks at m/z:
149 base peak (M-OH), 121 (M-COOH). The NMR
and MS data of compound II were also found to be
identical with authentic TP.

In order to accumulate the dihydroxy intermediate,
0.1% TP was used as a substrate with o,a-dipyridyl
(5 mM/ml) as a dioxygenase inhibitor in a resting cell
experiment. The results showed the accumulation of
dihydroxy compound (IIT). The TLC analysis and UV
spectrum of this compound III agreed with authentic
PCA (Table 2).

A time course of the transient accumulation of PCA
was carried out by estimating the PCA formed from
TP at different time intervals. It was found that max-
imum accumulation of PCA occurred at 96 h incuba-
tion. Beyond 96 h PCA was rapidly degraded (Fig.
3).

The enzymes of DMTP degradative pathway are
strictly inducible. DMTP esterase and PCA dioxyge-
nase activity were not detected in the extracts of the
mycelium grown on glucose alone. Also the cell-free
extracts of the mycelium grown on TP and PCA did
not exhibit DMTP esterase activity. DMTP esterase
activity was detected only in cell-free extracts of A.
niger grown on DMTP. PCA decarboxylase and cate-
chol dioxygenase activity were not observed in A. niger
(Table 3).

Studies on ring cleavage of PCA showed the for-
mation of yellow product after incubation for 5 h
at 37° C. The A, of this yellow product was
found to be 410 nm at pH 9, which corresponded
t0 Apar Of y-carboxy-a-hydroxymuconic semialde-
hyde (Crawford 1975). The formation of y-carboxy-c-
hydroxymuconic semialdehyde indicated distal meta
cleavage of PCA.

Discussion

This is the first report on the complete degradation of
DMTP in fungal systems. The results provide evidence
that DMTP is metabolized via, MMTP, TP and PCA
in A. niger. The hydrolysis of DMTP to TP is cat-
alyzed by DMTP esterase. Such a carboxyl esterase
has been reported by several anthors (Sivamurthy et al.
1991; Farkkinen 1980). The free acid formed is further
degraded through PCA, which has been isolated as one
of the intermediate. In certain other fungi, PCA is con-
verted to catechol by the action of PCA decarboxylase
{Cain et al. 1968).

In the present study A. niger, which was grown on
DMTP, oxidized PCA but failed to oxidize catechol.
The lack of catchol dioxygenase and PCA decarboxy-
lase activities in A. niger precludes the possibility of
conversion of PCA to catechol. Thus PCA is formed
as terminal aromatic metabolite. Further ring cleavage
studies indicated the operation of distal meta cleavage
of PCA. A strain of Penicillium sp. converted PCA to
pyruvate, suggesting the existence of meta type of ring
cleavage among fungi (Cain et al. 1968).

The evidence presented in the foregoing discussion
justifies the metabolic scheme represented (Fig. 4).

Acknowledgements

The authors are thankful to University Grants Comm-
mission New Delhi India for financial assistance.

References

Byrde RIW, Harri JF & Woodcock D (1956) The metabolism of w-
(2-Naphthyloxy)-n-alkylcarboxylic acids by Aspergillus niger.
Biochem. L. 64: 154-160



66

Cain RB, Bilton RF & Darrah JA (1968) Metabolism of aromatic
acids by microorganisms. Biochem. J. 108: 797-828

Crawford RL (1975) Novel pathway for the degradation of protocat-
echuic acid in Bacillus species. J. Bacteriol. 121: 531-536

Engelhardt G, Wallnofer PR & Hutzinger O (1975) The microbial
metabolism of di-n-butylphthalate and related dialkylphthalates.
Bull. Environ. Contamin. Toxicol. 13: 342-347

Engelhardt G, Tillmanns PR, Wallnofer PR & Hutzinger O (1977)
Biodegradation of di-isobutylphthalate and related dialkylphtha-
lates by Penicillium lilacinum. Chemosphere 6: 347-354

Farr DR & Chain RB (1968) Catechol oxygenase induction in Pseu-
domonas aeruginosa. Biochem. J. 106: 879885

Kamath AV, Dasgupta D & Vaidyanathan CS (1987) Enzyme catal-
ysed non-oxidative decarboxylation of aromatic acids: Purifica-
tion and spectroscopic properties of 2,3 dihydroxybenzoic acid
decarboxylase from Aspergillus niger. Biochem. Biophys. Res.
Commun. 145: 586-595

Karegoudar TB & Pujar BG (1984) Metabolism of diethylphthalate
by a soil bacterium. Curr. Microbiol. 11: 321-324

Keith LH & Telliard WA (1979) Priority pollutants I. A perspective
view. Environ. Sci. Technol. 13: 416-423

Keyser P, Pujar BG, Eaton RW & Ribbons DW (1976) Biodegrada-
tion of phthalates and their esters by bacteria. Environ. Health.
Perspect. 18: 159-166

Lawrence WA & Tuell SF (1979) Phthalate esters: The question of
safety an update. Clin. Toxicol. 15: 447466

Lowry OH, Rosenbrough NJ, Farr AL & Randal RJ (1951) Protein
measurement with Folin phenolreagent. J, Biol. Chem. 193:265—
275

MacDonald DL, Stanier RY & Ingrahm JL (1954) Enzymatic for-
mation of 3-carboxymuconic acid. J. Biol. Chem. 210: 809-820

Nair PM & Vaidyanathan CS (1964) A colorimetric method for deter-
mination of pyrocatechol and related substances, Anal. Biochem.
7:315-321

Parkkinen E (1980) Multiple forms of carboxylesterase in bakers
yeast. Cell. Mol. Biol. 26: 147-154

Shiota K & Nishimura H (1982) Teratogenicity of Di(2-
ethythexylphthalate (DEHP) and Di-n-butylphthalate (DBP) in
mice. Environ. Health Perspect. 45: 65-70

Sivamurthy K & Pujar BG (1989) Bacterial degradation of dimethyl-
terephthalate. J. Ferment. Bioeng. 68: 375-377

Sivamurthy K, Swamy BM & Pujar BG (1991) Transformation of
demethylterephthalate by the fungus Sclerotium rolfsii. FEMS
Microbiol. Lett. 79: 37-40

Slizen ZM, Zimenko TG, Samsonova AS & Volkova GM (1989)
Dimethylterephthalate utilisation by Rhodococcus erythropolis.
Micro.<biology (Russian) 58: 382-386

Stanier RY, Palleroni NJ & Doudoroff M (1966) The aerobic Pseu-
domonads: a taxonomic study. J. Gen. Microbiol. 43: 159-271



