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A B S T R A C T

Di(2-ethylhexyl) phthalate (DEHP) is a widely used plasticizer, which is considered an endocrine disrupting
pollutant. Growth kinetics and esterases activity by biochemical tests and polyacrylamide gel electrophoresis
were characterized for Fusarium culmorum grown in DEHP-supplemented (1000mg/L) medium as the only
carbon source and in control medium with glucose. Intermediate compounds of biodegraded DEHP were
identified by GC-MS. F. culmorum degraded 92% of DEHP within 36 h. DEHP was degraded to butanol, hexanal,
catechol and acetic acid. It is suggested that the first two compounds would transform into butanediol and the
last two would enter into the Krebs cycle and would be mineralized to CO2 and H2O. DEHP induced eight
esterase isoforms, which were different to those constitutive isoforms produced in the control medium. It is
suggested that five enzymes (25.7, 29.5, 31.8, 97.6 and 144.5 kDa) detected during the first 36 h be involved in
the primary biodegradation of DEHP. The rest of the enzymes (45.9, 66.6 and 202.9 kDa) might be involved in
the final steps for DEHP metabolism. F. culmorum has a promising practical application in the treatment of
DEHP-contaminated environments because it can secrete specific esterase to breakdown high concentrations of
DEHP in a short period of time. This research represents the first approach for the study of esterase involved in
the DEHP degradation by fungi using this phthalate as the sole source of carbon and energy.

1. Introduction

Phthalic acid esters or phthalates are a class of refractory organic
compounds which are widely used to enhance flexibility to plastics
(plasticizers) (Ternes et al., 2002). These compounds are continuously
released from plastic into the environment during production, dis-
tribution, leaching and abrasion because they are not covalently bound
to polymers (Ahmadi et al., 2017). Phthalates have been detected in
various environments such as soil, sediment, surface water and
groundwater (Ma et al., 2003; Liu et al., 2009, 2010). These compounds
are also considered as potential human health risks due to their endo-
crine-disrupting effects, which seem to be able to mimic or interfere
with the binding and action of natural hormones, thus disrupting
physiological processes (Diamanti-Kandarakis et al., 2009). Humans are
exposed to phthalates through ingestion, inhalation, and dermal

exposure, which is a critical concern with unknown long-term impacts
(Westerhoff et al., 2005). Particularly, di(2-ethyl hexyl) phthalate
(DEHP) is incorporated into high-molecular weight polymers such as
polyvinyl chloride (PVC), being the most consumed phthalate in the
plastic industry and it is listed as a priority hazardous substance by the
China National Environmental Monitoring Center, the United States
Environmental Protection Agency and the European Community (Yang
et al., 2018). Flexible PVC materials are extensively used for the pro-
duction of articles being used in the medical field such as urine and
transfusion bags as well as other consumer products (Latini, 2005). It
has been reported that concentrations of DEHP range from 1 to 220 µg/
L in surface water and from 7.5 to 2045mg/kg in sediment in places
where this phthalate is produced (Green Facts, 2008). High con-
centrations of DEHP (1085mg/L) were found in a wastewater treat-
ment plant (Olujimi et al., 2012). Biodegradation by microorganisms is
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reported to be the most effective means for phthalates remediation
process (McNally et al., 2009). Fungi are of great importance in this
sense due to the highly efficient enzymatic system to secrete esterase.
Several fungi species such as Fusarium oxysporum (Kim et al., 2003),
Fusarium culmorum (Ahuactzin-Pérez et al., 2016), Pleurotus ostreatus
(Ahuactzin-Pérez et al., 2018), Neurospora crassa, Trichoderma har-
zianum (Aguilar-Alvarado et al., 2015), Polyporum brumalis (Lee et al.,
2007) and Saccharomyces cerevisiae (Begum et al., 2003) between others
have been reported able to degrade phthalates. However, detailed
studies on the enzymes involved in phthalate cleavage have not been
carried out (Fang et al., 2017). In this work, biodegradation of DEHP by
F. culmorum and its esterase inductor effect were studied in submerged
fermentation. Fungal growth, esterase activity, and molecular weight of
esterase were determined on DEHP-supplemented medium (1000mg/
L) and on glucose medium (as control). A new DEHP biodegradation
pathway by F. culmorum based on gas chromatography-mass spectro-
scopy (GC-MS) analyses (in which intermediate products were identi-
fied) was proposed. This research represents the first approach for the
study of esterase involved in the DEHP degradation by fungi using this
phthalate as the sole source of carbon and energy.

2. Material and methods

2.1. Strain and culture media

F. culmorum from the culture collection of the Research Center for
Biological Sciences at Universidad Autónoma de Tlaxcala (CICB,
Tlaxcala, Mexico) was used. This fungus was isolated from an industrial
facility for recycling paper, where phthalates can be present as rem-
nants of these additives used in the production of paper and cardboard
(Aguilar-Alvarado et al., 2015). The composition of the medium was as
follows (in g/L): DEHP (Sigma; purity grade 99%), 1.0; NaNO3, 3.0;
K2HPO4, 1.0; MgSO4.7H2O, 0.5; KCl, 0.5; and FeSO4.7H2O, 0.01. 100 µL
of Tween 80/L were also added to the culture medium. DEHP (boiling
point 385 °C) was added to the medium before autoclaving. The final
pH was adjusted after autoclaving to 6.5 using either 0.1 M HCl or
0.1 M NaOH. As control, medium supplemented with 10 g of glucose/L
(lacking DEHP) and mineral salts (as specified above) was used.

2.2. Inoculation and culture conditions

Spores production was induced in plates with V8 agar-CaCO3

medium (340mL of V8® Vegetable Juice, 2 g of CaCO3, 23 g of agar,
660mL of distilled water) incubated for 5 d at 25 °C. The spores were
harvested from the agar with 0.01% tween-80 sterile solution, and kept
at −40 °C until used. Erlenmeyer flasks of 125mL containing 50mL of
culture medium were autoclaved at 120 °C for 15min, cooled to room
temperature, and then inoculated with a 107 spores/mL-suspension.
Cultures were incubated for 6 days at 25 °C on a rotary shaker operated
at 120 rpm. Analyses were carried out on samples taken at 12-h inter-
vals.

2.3. Biomass production, parameters calculation and glucose utilization

Mycelium was harvested from cultures by filtration using filter
paper (pore size 20–25 µm), and the specific growth rate (µ) and yield
parameters were calculated by using logistic equation as previously
specified (Ahuactzin-Pérez et al., 2018). Glucose consumption was
measured using the dinitrosalicylic acid reagent (SIGMA) (Miller,
1959). Glucose estimation was carried out in the supernatant by mea-
suring the reduction of DNS using a UNICO spectrophotometer (S-2150
series, DAYTON, NJ, USA). Procedure details are described in our
previous report (Ahuactzin- Pérez et al., 2018).

2.4. Biodegradation percentage of DEHP

Biodegradation percentage of DEHP was evaluated using the fol-
lowing equation:

% B=Ct/Ci ∙100
Ci= initial concentration of DEHP in the sample (mg/L),
Ct =concentration of DEHP in the sample at time t (h).

2.5. Analysis of DEHP intermediates

The detection parameters and experimental procedures were con-
ducted as previously reported (Ahuactzin-Pérez et al., 2018). Briefly,
intermediate products of biodegradation of DEHP were analyzed by GC-
MS, using an Agilent Technologies 890A gas chromatograph coupled to
a mass spectrometer (5975C VL MSD, USA), equipped with a triple-axis
detector and a capillary Agilent column (HP-5MS, USA). Samples were
diluted with hexane (1:1, v/v) and both aqueous- and organic-phases
were analyzed. Aliquots of 2 µL volume were injected with an Auto-
sampler 7693 (Agilent Technologies, USA) at a port temperature of
300 °C (split mode). Helium was used as the carrier gas, at a flow rate of
approximately 1.057m/min. Intermediates were identified using the
Nist MS 2.0 library.

2.6. Protein content

Water-soluble protein concentration was measured by Bradford
method (Bradford, 1976). For each sample, 100 µL of supernatant was
mixed with 200 µL of Bradford reagent (BIORAD) and 700 µL of sterile
distilled water. Samples were incubated for 10min at room tempera-
ture, and absorbance readings at 595 nm were obtained using a UNICO
spectrophotometer (S-2150 series DAYTON, NJ, USA). A protein stan-
dard curve was made by measuring the absorbance of known con-
centrations of bovine serum albumin solutions at 595 nm.

2.7. Analysis of esterase specific activity and esterase yield parameters

Esterases activity was assessed in the supernatant obtained from the
filtration of the samples using p-nitrophenyl butyrate (pNPB) as sub-
strate as previously reported (Ferrer-Parra et al., 2018). One enzymatic
unit of esterase activity (U) was defined as the amount of enzyme that
produces an increase of 1 unit of absorbance per min in the reaction
mixture. The esterase specific activities were expressed in U/mg of
protein. Yield of esterase per unit of biomass produced by the fungus
(YE/X), maximal enzymatic activity (Emax), esterase productivity (P),
and specific rate of enzyme production (qp) were evaluated as reported
by Ahuactzin-Pérez et al. (2016).

2.8. Zymographic analysis

The polypeptide profiles of the samples with esterase activity were
analyzed using polyacrylamide gels (PAGE) (Leammli, 1970). Equal
amounts of protein (1mg/lane) for each sample were mixed with 10 µL
sample buffer and loaded on an 18% polyacrylamide gel and 4% ac-
rylamide as separation and packaging gels, respectively under non-re-
ducing conditions. Following electrophoresis the gels were washed in
buffer 10mM Tris-HCl pH 3.5 for 10min at room temperature to re-
move sodium dodecyl sulfate (SDS). Subsequently, gels were incubated
at 25 °C overnight in a substrate buffer containing 3mM of α-naphthyl
acetate, 1 mM Fast Red TR (SIGMA) and phosphate buffer 100mM at
pH 7.5 (Ferrer-Parra et al., 2018). ProteinTM Dual Precision Xtra Plus
Standards (BIORAD) was used as molecular marker. Samples were
placed on gels of 1.0mm in a Mini Protean electrophoresis system Tetra
Cell (BIORAD) and run at 110 V for 4 h. Esterase activity was detected
by the appearance of red-colored bands in the gels. Gels were digitized
using a Gel Doc EZ Imager (BIORAD) and lane bands were detected by
their density using Image Lab program, Version 6.0.0 (BIORAD).
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2.9. Data analysis

All test were carried out in triplicates. Statistical analysis was per-
formed using one-way ANOVA and Tukey post-test using Sigma Plot
Version 12.0 (Systat Software Inc.).

3. Results and discussion

3.1. Fungal growth and substrate utilization

Biomass production and glucose consumption by F. culmorum in
glucose-supplemented medium are shown in Fig. 1. The organism
reached the stationary phase and glucose was completely consumed
after approx. 96 h (Fig. 1). Fig. 2 shows biomass production and dis-
appearance of DEHP (in %) in the samples (i.e. in supernatant) in
DEHP-supplemented medium. In the present work, F. culmorum had
degraded 92% of DEHP after 36 h of incubation (Fig. 2b) and 99.6% of
this compound was degraded after 144 h. Ahuactzin-Pérez et al. (2016)
found that F. culmorum degraded 95% of DEHP (1000mg/L) within
60 h and this compound was fully metabolized within 156 h in a
medium added with glucose as cosubstrate. It shows that the biode-
gradation percentage of DEHP by F. culmorum was similar (in a glucose-
free medium) to that obtained when glucose was used as a cosubstrate.

Hwang et al. (2008) studied the degradation of butylbenzyl phthalate,
diethyl phthalate and dimethyl phthalate by P. ostreatus and found that
100% of the initial concentration of each phthalate (100mg/L) was
degraded in 288 h. Wen et al. (2014) found that Arthrobacter sp. de-
graded 52% of DEHP (20mg/L) after 72 h of incubation. Chang et al.
(2004) studied the biodegradation percentage of DEHP (initial con-
centration 5mg/L by Sphigomonas sp. and Corynebacterium sp. and
found that these organisms were able to degrade 11.5% and 11.2%,
respectively, after 168 h.

F. culmorum showed similar µ in both glucose-supplemented
medium (control medium) and in DEHP-supplemented medium and
had higher maximal biomass (Xmax) and biomass yield (YX/S) in control
medium than in DEHP-supplemented medium (Table 1). Ahuactzin-
Pérez et al. (2016) reported that F. culmorum had a µ of 0.08 h−1 when
it was grown in a DEHP-supplemented medium with glucose as co-
substrate (yeast extract as nitrogen source). In the present research, F.
culmorum showed a diminished µ (0.06 h−1) in a DEHP-supplemented
medium (lacking glucose and yeast extract) and had 10-fold lower Xmax

and YX/S in DEHP-supplemented medium (lacking glucose as cosub-
strate with NaNO3 as nitrogen source) than those Xmax and YX/S re-
ported for F. culmorum grown in DEHP-supplemented medium with
glucose as cosubstrate (and yeast extract as nitrogen source)
(Ahuactzin-Pérez et al., 2016). These results show that biodegradation
percentage of DEHP by F. culmorum is not linked to biomass production,
since biodegradation percentage in glucose-free medium was similar to
that previously reported with glucose as cosubstrate (Ahuactzin-Pérez
et al., 2016). These results show that F. culmorum has the ability to
degrade DEHP and utilizes it as the sole source of carbon and energy.

3.2. DEHP biodegradation compounds

Compound of DEHP biodegradation were identified by GC-MS (Figs.
S1 and S2). Fig. 3 shows that DEHP undergoes an enzymatic ester hy-
drolysis with the formation of two products; mono (2-ethylhexyl)
phthalate and 2-ethylhexan-1-ol. The latter compound was probably
metabolized into butanol by the action of a hydrolase. Mono (2-ethyl-
hexyl) phthalate would undergo de-esterification to form phthalic acid,
ethanol and hexanol. The fist compound would be hydrolyzed to ca-
techol and CO2. Ethanol would then be oxidized to acetaldehyde, which
also undergoes oxidation to from acetic acid. Finally, cathechol and
acetic acid would enter into the Krebs cycle and would be mineralized
to CO2 and H2O. It is suggested that butanol and hexanal would

Fig. 1. Biomass production by F. culmorum in glucose-supplemented medium
(a). Red curve shows glucose consumption (in glucose-supplemented medium)
under submerged fermentation conditions (b). Biomass curves were fitted using
the logistic equation. Horizontal lines indicate the standard deviation of three
samples. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

Fig. 2. Biomass production by F. culmorum in DEHP-supplemented medium (a).
Biomass curves were fitted using the logistic equation. Red curve shows dis-
appearance of DEHP from the supernatant (b). Horizontal lines indicate the
standard deviation of three samples. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.).

Table 1
Growth parameters and yield parameters of esterase of F. culmorum grown in
glucose supplemented medium and in DEHP-supplemented medium under
submerged fermentation conditions.

Parameters Glucose-supplemented
medium

DEHP-supplemented
medium

Growth parameters
µ (h−1) 0.05a± 0.001 0.06a± 0.004
Xmax (g/L) 0.52a± 0.04 0.37b± 0.03
YX/S (gX/gS) 0.05a± 0.001 0.04b± 0.001
Yield parameters of

esterase
Emax (U/mg) 49.8b± 0.3 483.4a± 0.4
YE/X (U/gX) 95.7b± 0.8 1306.4a± 2.1
P (U/L*h) 0.38b± 0.003 6.7a± 0.002
qp (U/gX*h) 4.8b± 0.002 78.4a± 0.003

Values are expressed as mean ± SEM (n=3); means within the same column
not sharing common superscript letters (a, b) differ significantly at 5% level.
Growth parameters; Xmax and µ, were evaluated using a non-linear least squares
fitting program. The biomass yield (YX/S) was estimated as the coefficient of the
linear regression of biomass concentration versus substrate concentration. Yield
parameters of esterase were calculated as previously reported (Ahuactzin-Pérez
et al., 2016).
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transform into butanediol. Ahuactzin-Pérez et al. (2018) reported that
P. ostreatus metabolized DEHP (using glucose as cosubstrate) through
three pathways, forming phthalic acid, acetic acid and butanediol.
These results show that the pathway for the metabolism of DEHP by F.
culmorum (in a glucose-free medium) is very similar to that previously
reported for P. ostreatus using glucose as cosubstrate (Ahuactzin-Pérez
et al., 2018). Ahuactzin-Pérez et al. (2016) found that DEHP was fully
metabolized by F. culmorum with butanediol as the final product in a
medium added with glucose as cosubstrate. It is shown that the bio-
degradation pathway of DEHP by F. culmorum would depend on the
substrates present in the culture medium. It has been reported that
Fusarium sp. DMT5-3 transform dimethyl phthalate, dimethyl iso-
phthalate and dimethyl terephthalate (100mg/L, concentration initial)
to respective monomethyl phthalate and phthalic acid and could not
mineralize such phthalates (Luo et al., 2009). Fusarium culmorum, strain
used in this research was isolated from a paper recycling facility (in
which phthalates can be present as adhesives coating for paper envel-
opes as well as emulsifiers in printing ink) and selected by its ability to

grow on plates where DEHP was the only carbon source (Suárez-
Segundo et al., 2013; Aguilar-Alvarado et al., 2015).

3.3. Esterase specific activities and esterase yield parameters

Protein content was higher in glucose-supplemented medium than
in DEHP supplemented medium (Fig. 4a). However, esterase specific
activities and esterase yield parameters were higher in DEHP-supple-
mented medium than in the control medium (Fig. 4b, Table 1). Pre-
viously, it was also found esterase induction by F. culmorum and
Pleurotus ostreatus in DEHP-supplemented with glucose as cosubstrate
(Ahuactzin-Pérez et al., 2016; Córdoba-Sosa et al., 2014). Ferrer-Parra
et al. (2018) found that F. culmorum induced esterase activity in DEHP-
supplemented (with 1500 and 2000mg/L) in solid-state fermentation.
In the present research, esterase production was observed after 12 h of
growth, increasing after 48 h, reaching the greatest esterase activity
after 72 h and then decreasing after 96 h in DEHP-supplemented
medium (Fig. 4b). Little esterase specific activity in glucose-

Fig. 3. Proposed pathway for the metabolism of DEHP by F. culmorum. The dashed line shows compounds identified by GC/MS. Hexanol and butane-1,4-diol were
proposed on the basis of previous research (Ahuactzin-Pérez, 2018).
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supplemented medium was observed during the first 72 h, increasing
after 84 h and remained almost constant until the end of the fermen-
tation (Fig. 4b). Emax, YE/X, P and qp were around 10-fold, 13-fold, 17-
fold and 16-fold higher, respectively, in DEHP-supplemented medium
than in glucose-supplemented medium (Table 1). These results showed
that DEHP induced esterase in DEHP-supplemented medium.

3.4. Analysis of esterases by zymography

The esterase profile of samples was analyzed by using classical
monodimensional zymography in non-reducing conditions. Esterases
zymogram of F. culmorum grown in glucose-supplemented medium is
shown in Fig. 5. Eight esterase activity bands were detected during all
fermentation (24.9, 34.7, 35.9, 40.6, 47.8, 52.7, 94.1 and 166.1 kDa).
One band was showed after 36 h of incubation with a molecular weight
of 24.9 kDa. Four bands (24.9, 34.7, 40.6 and 52.7 kDa) were observed
after 60 and 72 h. Seven bands were observed after 84 h (24.9, 34.7,
35.9, 40.6, 47.8, 52.7 and 94.1 kDa). Four bands were observed from 96
to 120 h (24.9, 40.6, 52.7 and 94.1 kDa). Four bands were visualized
after 132 h (24.9, 52.7 and 94.1 and 166.1 kDa) and three bands were
detected after 144 h (24.9, 52.7 and 94.1 kDa). Fig. 6 shows esterase
zymogram of F. culmorum grown in DEHP-supplemented. The addition
of DEHP to the culture medium induced eight isoforms of esterase
(molecular weight; 25.7, 29.5, 31.8, 45.9, 66.6, 97.6, 144.5 and
202.9 kDa), one of them was only visualized during the first 24 h
(29.5 kDa) and three of them were detected during all fermentation
(25.7, 31.8, 144.5 kDa). Five bands (25.7, 29.5, 31.8, 97.6 and
144.5 kDa) with esterase activity were observed during the first 36 h.
Seven esterase activity bands, corresponding to a molecular mass of
25.7, 31.8, 45.9, 66.6, 97.6, 144.5 and 202.9 kDa were visualized after

48 h until at the end of fermentation (144 h). These results show that
esterases produced by F. culmorum in DEHP-supplemented medium are
different in molecular weight to those constitutive esterases produced
in glucose-supplemented medium. Ferrer-Parra et al. (2018) found 7
esterase activity bands (isoenzymes) in DEHP-supplemented (1500mg/
L) medium with a molecular weight of about 20, 25, 37, 45, 55, 75 and
150 kDa, in both solid and submerged fermentation. Luo et al.
(2012a,2012b) found an esterase enzyme produced by Fusarium sp in
the dimethyl terephthalate degradation, which showed a molecular
weight of 84 kDa approx. Zhang et al. (2014) identified an esterase
(34.1 kDa) from Sulfobacillus acidophilus, which was heterologously
expressed in Escherichia coli and tested to degrade eight phthalates. This
enzyme was able to degrade six phthalate esters (diethyl phthalate, di-
n-propyl phthalate, di-n-butyl phthalate, di-n-pentyl phthalate, di-n-
hexyl phthalate and n-butyl benzyl phthalate) to their corresponding
monoalkyl phthalate esters; however, two other phthalates; DEHP and
dicyclohexyl phthalate remained undegraded. Our results show that F.
culmorum was capable of completely degrading DEHP when added to
the culture medium as a sole carbon source. It was observed that 92% of
the DEHP biodegradation was carried out during the first 36 h. It is
most likely that those five enzymes (25.7, 29.5, 31.8, 97.6 and
144.5 kDa) detected during the first 36 h be involved in the primary
biodegradation of DEHP, transforming this compound to mono(2-
ethylhexyl) phthalate and 2-ethylhexan-1-ol, and also metabolize mono
(2-ethylhexyl) phthalate into ethanol, hexanal and phthalic acid. The
rest of the enzymes (45.9, 66.6 and 202.9 kDa) might be involved in the
final steps for DEHP metabolism.

Fig. 4. Water-soluble protein content (a) and esterase specific activity (b) of F. culmorum grown in glucose-supplemented medium (Δ) and in DEHP-supplemented
medium (□) under submerged fermentation conditions. Horizontal lines indicate the standard deviation of three samples.

Fig. 5. Esterase zymogram of F. culmorum grown in glucose-supplemented medium under submerged fermentation conditions for 144 h.
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4. Conclusions

F. culmorum degraded 92% of DEHP within 36 h with a removal
efficiency of 99.5% to non-endocrine disruptor compounds; butanol,
hexanal, catechol and acetic acid. It is suggested that the first two
compounds would transform into butanediol and the last two would
enter into the Krebs cycle and would be mineralized to CO2 and H2O.
The addition of DEHP to the culture medium induced eight isoforms of
esterase showing different molecular weight to those constitutive iso-
forms produced in the control medium. F. culmorum is a highly efficient
DEHP-degrading organism that does not require cosubstrates to en-
hance DEHP degradation. F. culmorum has promising practical appli-
cation in the treatment of DEHP-contaminated environments because it
can secrete specific esterase to breakdown high concentrations of DEHP
in a short period of time. This research represents the first approach for
the study of esterases involved in the DEHP degradation by fungi using
this phthalate as the sole source of carbon and energy.
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