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ABSTRACT: Biodegradation using fungi become a concern for a decade to remove pollutants, it is
due to cost-effectiveness, inherent eco-friendly properties, and potential for complete decomposition of
harmful compounds. A single strain of fungi was studied to degrade various pollutants has been
commonly investigated. However, the degradation of 1,4-Dioxane by co-culture white-rot fungi has not
been investigated. Dioxane contamination is known as public health due to its adverse health effect,
including carcinogens and persistence in the natural water system. Therefore, this study has aimed to
investigate the degradation of 1,4-Dioxane and compared it with the addition of inducer. Co-culture of
fungi (Trametes versicolor F200 and Pestalotiopsis sp. NG007) can improve degradation of 1,4-
Dioxane after the addition of inducers. It degraded dioxane 71% at 50 ppm and 47% at 500 ppm for 60
days. MnSQ; as an inducer was capable to enhance the activity of enzymes and degradation rate.

KEYWORDS: 1,4-Dioxane; biodegradation; Trametes versicolor U97; Pestalotiopsis sp. NG007,
co-culture

1. Introduction

1,4-Dioxane is a synthetic chemical with colorless, chemically stable, highly soluble, and
flammable compound. It is widely used as a solvent and stabilizer of chlorinated solvents,
especially 1,1,1-trichloroethane (TCA) [1]. Although TCA was eventually banned in the U.S
in the 1990s, 1,4-Dioxane has continued to be used as a solvent for paints, lacquers, pesticides,
oils, textile processing, polishing compositions, as a wetting and dispersing agent in paper,
coating, plasticizers and can be found in personal care products and cosmetics [2] [3]. The
extensive use, improper storage, the disposal and limited regulation on this xenobiotic, results
in a considerable release of 1,4-Dioxane into the environment so it can be detected in industrial
sewage, landfills, rivers, and groundwater [4] [5].

The U.S. Environmental Protection Agency certify dioxane contamination is a public
health due to its adverse health effect, including carcinogen and persistence in natural water
system [4]. Its solubility in water generate the high heat capacity and high polarity in water-
dioxane or other solvent-dioxan mixtures, but also creates challenges for separation via
dehydration [3]. In 1970, the first study of 1,4-Dioxane detection in water has been considered
as an emerging contaminant in drinking water because of its potential carcinogenicity, lack of
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wastewater management, and absence of regulations in many countries [6]. Based on this
reason, it is desirable to remove 1,4-Dioxane from surface water and groundwater.
Conventional physical and chemical processes such as coagulation and activated carbon
adsorption have low ability to remove dioxane because of its high solubility [7].

Biodegradation is an interesting method to degrade pollutants because of its cost-
effectiveness, inherent eco-friendly properties, and potential for complete decomposition of
harmful compounds [5]. Fungi can be potential as biological agent for degradation processes.
Fungi are extraordinary microorganisms found in every habitat and being tolerant to many
extreme environmental conditions [8]. Furthermore, fungi have a high content of functional
groups in the cell wall such as amino, amide and phosphate groups encourage the absorption
of pollutant. Fungi can form mycelial networks to undergo degradation, detoxification and
maintain stress resistance [9]. The degradation performed by the activities of ligninolytic
enzyme including Manganese Peroxidase (MnP), Lignin Peroxidase (LiP), laccase and 1,2-
dioxygenase and 2,3-dioxygenase [10] [11].

Recently, the application of fungal co-culture become a new tendency for
biotechnological processes such as, ligninolytic production, biodegradation and
bioremediation. Fungal with different phenotype and genotype interact and form connection
(symbiotic, competitive or antagonistic relationships). These interactions have posibility for
degradation and nutrient cycling. The synergistic relationship enhance the degradation abilities
over the monoculture [12]. Moreover, generally single microbial strain are not very effective
to degrade pollutant with high complex molecule. However, fungal co-culture need to be used.
Fungal co-culture renowned effectively degrade polycyclic aromatic hydrocarbons and volatile
organic compounds [13].

To date, the study of biodegradation of 1,4-Dioxane has a lot concern with the use of
bacteria. Several bacteria reported can utilize 1,4-Dioxane as the sole carbon and energy
sources such as Pseudonocardia benzenivorans B5, Pseudonocardia benzenivorans D17, and
Afipia brromeae D1 [1] [14]. A few fungi are explored to degrade 1,4-Dioxane [4]. Although

degradation of 1,4-Dioxane by fungi has been many explored, the degradation and the
oxidation mechanisms of 1,4-Dioxane by co-culture white-rot fungi have not been investigated.

In this study, the ability of free cell and crude enzyme of fungi, Trametes versicolor
U97 and Pestalotiopsis sp. NG007, were to degrade 1,4-Dioxane in liquid medium was
examined. To enhance degradation, several mediators and consortium between two fungi were
evaluated. This study also investigated the enzymatic activities involving the degradation rate
and mechanisms of dioxane degradation.

2. Materials and Methods
2.1. Degradation of 1,4-Dioxane by free cell of T. versicolor U97

A malt extract liquid medium (malt extract 20 g/l, glucose 15 g/l, and polypeptone 1 g/l) was
used for degradation experiments. Three 5 mm plugs of strain were added into the Erlenmeyer
flask containing 20 ml of medium and then pre-incubated for 7 days to obtain a similar radial
growth and minimize fungus growth variation. After pre-incubation, each inoculated flasks was
supplemented with dioxane (50 and 500 ppm). The harvest was conducted on days 7, 15, 21,
and 30.
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2.2. Degradation of 1,4-Dioxane by crude enzyme of T. versicolor U97

T. versicolor U97 grown on wood meal was extracted and dissolved in 50 mM malonate buffer
(pH 4.5) as described in our previous study [15]. Further, 1.5 g of crude enzyme (equal with
0.4 U/ml MnP) was added into 20 ml distilled water in 100 ml Erlenmeyer flask together with
dioxane (50 and 500 ppm). The cultures were incubated for 7, 15, 21, and 30 d.

2.3. Degradation of 1,4-Dioxane by co-cultures T. versicolor U97 and Pestalotiopsis sp. NG
007

Strains T. versicolor U97 and a filamentous fungus, Pestalotiopsis sp. NGOO7 were pre-
cultured togeteher in liquid medium. Co-cultures between T. versicolor U97 and Pestalotiopsis
sp. NG 007 was used to degrade 1,4-Dioxane with the compositions of 1:1 (w/w).

2.4. Addition of mediators for enhancing degradation

To enhance the degradation, several mediators e.g.: 1 mM Mn?*-1 mM H20;; 1 mM Cu?*-1
mM H202; 1 mM veratryl alcohol - 1 mM H20,, in co-cultures T. versicolor U97 and
Pestalotiopsis sp. NG007 were used to degrade 1,4-Dioxane.

2.5. Residual dioxane analysis

Depletion of 1,4-Dioxane was determined by injection of 1 pl samples to gas chromatography
coupled with mass spectrometry (GC-MS Shimadzu QP-2010), equipped with a TC-1 column
(30 m, id: 0.25 mm). The carrier gas was helium delivered at a constant flow rate of 1.5 ml/min
with a column pressure of 100 kPa and interface temperature of 250°C. The temperature
program was set at 40 °C for 2 min, raised at 5 °C/min to 90 °C, then 10 °C/min to 250 °C, and
maintained at 250 °C for 5 min.

3. Results and Discussion

3.1. Degradation of 1,4-Dioxane by free cell of T. versicolor U97

Biodegradation is an interesting process to obliterate diverse pollutants by using biological
activity. In general definition, this process utilized the ability of organisms such as fungi to
remove the environmental contaminants [3]. The biodegradability is associated with the
concentration and composition of hydrocarbons. The high level of hydrocarbon strongly
inhibits fungal growth, generates unfavorable biodegradation and may cause death of fungal
[16]. The effect of concentration was studied at 50 and 500 ppm of 1,4-Dioxane concentrations.
In the preliminary study, T. versicolor U97 has able to degrade 1,4-Dioxane 50 and 500 ppm
for 65 and 40% on agar medium at 7 d (data was not shown). The higher concentration of 1,4-
Dioxane effect in slower degradation because of difficulties the fungi for oxidizing the
substrate. In line with result on agar medium, T. versicolor U97 can degrade several
concentrations of 1,4-Dioxane in liquid medium with different degradation capacities. T.
versicolor U97 able to degrade 1,4-Dioxane up to 60% at 50 ppm and 28% at 500 ppm for 30
days (Fig. 1.).
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Figure 1. Degradation of 1,4-Dioxane by free cell of T. versicolor U97 in various
concentrations.

Currently, the research of 1,4-Dioxane has been focus in recent years. Several
microorganisms have been reported for their capacity to degrade 1,4-Dioxane. Cordyceps
sinensis is known to metabolize 1,4-Dioxane under aerobic conditions with an initial 1,4-
Dioxane concentration of 0.034 M at 30 °C incubation [4]. A gram negative propanotroph
Azoarcus sp. DD4 able to degrade 1,4-Dioxane initially from 10.4 mg/L to <0.4 pg/L within
14 days [17]. Two bacteria, Mycobacterium vaccae JOB5 and Rhodococcus jostii RHAL have
able to degrade 20 ppm 1,4-Dioxane 87-95% for 72 h with addition of inducers, 1-butanol and
propane [18]. Rhodococcus aetherivorans JCM 14343 able to completely degrade 20 mg/L 1,4
dioxane within 30 h and indicates the utilization of 1,4-Dioxane, 1,4-butanediol, 1-butanol,
phenol, glucose and acetic acid for growth [19]. Filamentous fungi Pseudallescheria boydii
ZMO1 able to utilize 20 mM THF and 1,4-Dioxane as a substrate within 5 days [9].

In accordance with the research by Tusher et al. (2019), the high concentration of
pollutant has a difficult to be degraded [20]. Therefore, enriched bacteria consortium 112 was
used to degrade 1,4-Dioxane. This consortium completely degraded 50 and 100 mg/L of 1,4-
Dioxane within 10 and 12 days. However, 1,4-Dioxane at concentration 500 dan 1000 mg/L
exhibited the uncomplete degradation even after 25 days. The bacteria consortium 112
degraded only 68.2% and 28.6% of the 1,4-Dioxane at initial concentration of 500 and 1000
mg/L, respectively [20]. The study by Lee et al. (2020), enriched culture in various
concentration of 1,4-Dioxane, ranging from 5 mg/L, 50 mg/L, 200 mg/L, 500 mg/L, 1000
mg/L, 1500 mg/L and 2000 mg/L showed differs degradation rate. The high concentrations
(1500 mg/L and 2000 mg/L) was took more time to be degraded among other concentrations,
approximately 200 h [21].

Fungal activity is recognized as a green technology to remove contaminants. The
mechanism of biodegradation were characterized into two groups: metabolism and co-
metabolism. Dioxane biodegradation via metabolism and co-metabolism initiated by the
secretion of enzymes. Metabolism pathway is defined as a process of the use of organic
contaminants as carbon and energy sources to support fungal growth. Metabolism degradation
is challenging because of the high concentration of 1,4-Dioxane affects the microbial growth
rate. In contrast, co-metabolism is established as a process of contaminant degradation with the
addition of other carbon sources to sustain the microbial growth and enhance pollutant
degradation [3] [5] [22].
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In this research, all of the study was performed via co-metabolism pathway. A malt
extract liquid growth medium was used as an additional substrate. Co-metabolism
biodegradation has several advantages that can be obtained. Co-metabolism pathway could
effectively remove phenolic compounds. The additional substrate that used for co-metabolism
degradation could be used as energy and carbon source for microbial growth, notably when the
phenolic compound does not provide sufficient carbon. Moreover, the additional substrate can
also improve the microbial resistance to high-strength phenolic compounds [23], for example
the study by Barajas-Rodriguez et al. (2018), the result showed that propane as the additional
substrate can support microbial growth. The growth rates of co-metabolism consumption of
1,4-Dioxane by mixed culture of Rhodococcus ruber ENV425 and ENV487 were higher
compared with metabolic consumption by Pseudonocardia dioxanivorans CB1190. Thus, the
propanotophic mixed culture decreased 1,4-Dioxane from 1,000 to 1 pg/L in less time than
Pseudonocardia dioxanivorans CB1190 [24].

In co-metabolism system, the degradation of 1,4-Dioxane is expressed by the catalytic
enzymes. Therefore, this study analyzed the enzymatic activities including, 1,2-dioxygenase,
2,3-dioxygenase, MnP, LiP and laccase (Table 1).

Table 1. Enzymatic activities by T. versicolor U97 at 15 d without and with 1,4-Dioxane

Laccase 1,2-dioxygenase  2,3-dioxygenase MnP LiP

Without 1,6 45,9 1,8 9 52
dioxane

With dioxane 0 57,5 0 13 49

Based on the result, the free cell of T. versicolor U97 shows the activities of 1,2-dioxygenase,
MnP and LiP during the degradation of 1,4-Dioxane. The degradation of 1,4-Dioxane is often
present in monooXxygenase expression, however, rarely studied among dioxygenase and
ligninolytic enzymes [19] [25] [26].

3.2. Degradation of 1,4-Dioxane by crude enzyme of T. versicolor U97

Besides the degradation of 1,4-Dioxane by free cell of T.versicolor U97, this research was also
carried out the comparing of biodegradation mechanism by crude enzymes from T. versicolor
U97. The extraction of crude enzyme using malonate buffer resulted only MnP retained in this
crude enzyme. In 30 days, this crude enzyme degraded 1,4-Dioxane 53 and 18% at 50 and 500
ppm, respectively (Fig. 2). This result was in accordance with the study by Lourenco et al.
(2017), T. versicolor showed the important role of MnP in degrading pollutants. MnP activity
was the highest among other ligninolytic enzymes. During the degradation of two-phase olive
mill waste (TPOMW), MnP activity reached 15-139 U/L [27].

MnP is a heme belongs to class Il peroxidase catalase. MnP has high redox potentials
and remarkably wide ranges of phenolic and non phenolic compound. MnP able to degrade
macromolecule into small molecule through the reducing of carbon atoms and molecular
weight into carbon dioxide and water [28]. Their catalytic pathway comprise the oxidation of
Mn?* to Mn®* in the present of phenolic compound stabilized by reacting with carboxilic acid
such as tartrate as ion chelator, the oxidation lead to resulting unstable radicals. In addition, the
redox mediators such as thiyl or lipid radicals required for the oxidization nonphenolic
compound [29].
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Figure 2. Degradation of 1,4-Dioxane by crude enzyme of T. versicolor U97 in various
concentrations

Another study, the utilization of crude enzyme also dealing with other environmental
problems exhibit the extraordinary degradation. The purified laccase from Trametes hirsuta
was completely degrade 100 ppm of 1,4-Dioxane within 2 hours [30]. Monooxygenase from
Xanthobacter flavus DT8 was able to completely mineralize 1,4-Dioxane with concentration
from 10 mg/L to 1200 mg/L [5]. Psudonocardia sp. ENV478 can metabolize 1,4-Dioxane
supplemented with THF via enzyme dioxane monooxygenase (DXMO) [22].

3.3. Degradation of 1,4-Dioxane by free cell of T. versicolor U97 and Pestalotiopsis sp.
NGO007.

The previous studies, 1,4-biodegradation was mostly examined by pure culture, a single strain
were isolated and designated for 1,4-Dioxane biodegradation. However, only few studies
examined 1,4-Dioxane biodegradation on mixed cultures [21] [31]. In the present study,
Pestalotiopsis sp. NG007 was used as co-culture of T. versicolor U97. These fungal co-culture
were studied to degrade 1,4-Dioxane in co-metabolism pathway with malt extract liquid
medium as an additional substrate. Since Pestalotiopsis sp. NG0O07 is fungus producing 1,2-
dioxygenase and T. versicolor U97 is fungus producing ligninolytic enzyme, consortium of
these fungi could improve degradation of dioxane (Fig. 3.).
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Figure 3. Performance of co-culture T. versicolor U97 and Pestalotiopsis sp. NG007 to degrade 1,4-
Dioxane (50 ppm)
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Pestalotiopsis sp. NG007 is a marine-derived fungus that commonly known toproduce
secondary compounds and metabolites. This fungus is spreadly everywhere in the world.
Pestalotiopsis sp. NG007 are known to have a rich set of enzymes and several studies were
already demonstrated to degrade organic matter [32] [33] [34]. Pestalotiopsis sp. NG007
reported has a high 1,2-dioxane activity during the biodegradation of petroleum hydrocarbons.
NGO007 showed their capability to utilize 21-39% petroleum hydrocarbons for metabolism and
growth. About 51-67% of aliphatic can be assimilated by the strain [35].

The white-rot fungus Trametes versicolor is recognized as a producer of ligninolytic
enzymes [36]. Laccase from T. versicolor was extensively studied because of their potential to
degrade numerous organic pollutans. This enzyme can decolorize mono azo including Orange
2 and Acid Orange 6. The decolorization percentage afrer 120 hours was 72.8% and 45.3% for
Orange 2 and Acid Orange 6, respectively [37]. LiP from T. versicolor F200 was degrade lignin
in black liquor. During degradation process, the result shows that LiP (571.21 U/I) was higher
than MnP (84.83 U/I) and laccase (120.86 U/I) [38].

Dioxygenase and ligninolytic enzymes have an important role in the biodegradation of
1,4-Dioxane. The study by Zhou et al. (2016) showed that dioxygenase was open the aromatic
ring of 1,4-Dioxane via ortho-cleavage pathway [39]. In addition, Kumar & Chandra (2020)
reported the extracelullar ligninolytic enzymes could attack on several types of bonds such as
B-O-4 ether bond, biphenyl bond, O-demethylation enzyme systems, and aromatic organic
pollutants and carried out one-electron oxidation to produce free cation radicals. These cation
radicals may undergo chemical reaction including hydroxylation or C-C bond cleavage
generate hydrophilic products [40]. Nakamiya et al. (2005), reported that generally the
degradation pathway of 1,4-Dioxane can be considered as the sequential production of ethylene
glycol, glycolaldehyde, glycolic acid, and oxalic acid, followed by incorporation of the glycolic
acid and/or oxalic acid into the tricarboxylic acid (TCA) cycle. Afterwards, carbon dioxide
(COy), oxalic acid and / or components of the cell generated as a by products (Fig. 4) [4].
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Figure 4. Degradation pathway of 1,4-Dioxane by Cordyceps sinensis [4].

41


https://doi.org/10.33263/BRIAC00.000000

Frontiers in Water and Environment 1(1), 2023, 35-46

Based on the result, pure culture and co-culture are potential to degrade 1,4-Dioxane.
Unfortunately, this consortium only slightly improved degradation of dioxane may due to
antagonism effect on nutrients competition (Fig. 2 and Fig. 3). This competition effect can be
seen in reduction of fungal biomass during degradation [41]. In addition, several factors such
as temperature, pH, and oxygen level also influence the successful of biodegradation [42]. It
can affect the enzyme activity, may depletion of biodegradation rate and inhibit the utilization
of carbon within the pollutant [43]. The research by Polasko et al. (2019), the co-culture
consists of mixed consortium KB-1 (Dehalococcoides) and aerobically bacteria strain
Pseudonocardia dioxanivorans CB1190 were capable to degrade TCE in anaerobic/aerobic
conditions. However, each of microbes took different time for degradation depend on oxygen
level. During the anaerobic incubation period, KB-1 took the time for degradation of TCE ro
cDCE. After the transition to aerobic condition, CB1190 showed the biodegrade of its
transformation product, cDCE. It may cause by the oxidative stress on the enzymes that
generate the alternative respiratory chain in anaerobes, as well as the production of reactive
substances, such as superoxide radicals and hydrogen peroxide [31].

3.3. Degradation of dioxane by free cell of T. versicolor U97 and pestalotiopsis sp. NG007.

To accelerate the dioxane degradation, veratyl alcohol, MnSO4 and CuSO4 were used as
mediators.
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Figure 5. Effects of inducers on degradation of 1,4-Dioxane by co-culture T.versicolor U97-
Pestalotiopsis sp. NG007

The degradation of 50 and 500 ppm of 1,4-Dioxane by co-culture of fungi
(T.versicolor U97-Pestalotiopsis sp. NG007) was significantly enhance by MnSO4 but was
significantly inhibit by CuSQOa. The degradation of 1,4-Dioxane was up to 71% at 50 ppm and
47% at 50 ppm for 60 days (Fig. 5). According to Golveia et al. (2020), mediators are low
molecular weight substrates that have a role as an “electron carrier” between the catalytic
enzyme and the target pollutant. Because of their size, they can not directly enter the enzyme
active site. Therefore, after becoming oxidized by the enzyme, the mediator remain the active
site and could oxidize any substrate. Eventually, this redox mediator is capable to enhance the
activity of enzyme [44]. Another study by Igbal & Asgher (2013), only by addition of MnSQa,
the degradation of 1,4-Dioxane was significantly improved. Mn?* stimulated MnP activity of
immobilized Trametes versicolor IBL-04. The immobilized MnP has able to decolorize textile
industry effluent in a Packed Bed Reactor System (PBRS) by 98.8% within 5 h [45].
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In the previous result, Pestalotiopsis sp. NG007 was examined to degrade asphalt. The
ligninolytic enzymes (MnP and laccase) of this strain were not sufficient to degrade asphalt.
By using addition of Mn* and H.O, the degradation of asphalts could be improved.
Simultaneous addition of Mn?* and H.0, had a very good effect on the biodegradation of
asphalt bacause it increased MnP and laccase activity [11]. Perez and Jeffries (1992) reported
that a low concentration of Mn?* was sufficient to increase MnP activity in batch cultures
during degradation of pollutant. 4-hydroxy-3-methylbutan-2-one was detected as intermediate
product in 1,4-Dioxane degradation [46]. Chen et al (2016) reported that 1,4-Dioxane was
identified as a metabolic product in 1,4-Dioxane degradation by monooxygenase activity from
Xanthobacter flavus DT8 [5].

4. Conclusions

This is the first known study to evaluate the ability of co-colture white-rot fungus, Trametes
versicolor U97 and filamentous fungus, Pestalotiopsis sp. NG007 to degrade 1,4-Dioxane, and
compare the efficiency of inducers on 1,4-Dioxane removal. We demonstrated that T.
versicolor U97 degraded dioxane at 30 days. Co-culture of fungi can improve degradation of
1,4-Dioxane after addition of inducers. It degraded dioxane 71% at 50 ppm and 47% at 500
ppm for 60 days. Dioxygenase and ligninolytic enzymes have an important role in the
biodegradation of 1,4-Dioxane. Moreover, the additional substrate, MnSO4 as an inducer, can
improve the degradation rate. This inducer can act as an redox mediator which capable to
enhance the activity of enzymes.

Acknowledgments

| sincerely express my deep sense of gratitude to Dr. Sanro Tachibana (Professor) for his
extraordinary cooperation, and valuable guidance and supervision.

Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References

[1] Mahendra, S.; Alvarez-Cohen, L. (2006). Kinetics of 1,4-Dioxane Biodegradation by
Monooxygenase-Expressing Bacteria, Environmental Science and Technology. 40, 5435-5442,
http://doi.org/10.1021/es060714v

[2] Isaka, K.; Udagawa, M.; Sei, K.; Ike, M. (2016). Biological 1,4-Dioxane Wastewater Treatment
by Immobilized Pseudonocardia sp. D17 on Lower 1,4-Dioxane Concentration, J. Water and
Environmental Technology, 14, 289-301. http://doi.10.2965/jwet.15-084

[3] Zhang, S.; Gedalanga, P.B.; Mahendra, S. (2017) Advances in bioremediation of 1,4-Dioxane-
contaminated  waters, Journal of Environmental Management, 204, 765-774.
http://doi.10.1016/j.jenvman.2017.05.033

[4] Nakamiya, K.; Hashimoto, S.; Ito, H.; Edmonds, J.S.; Morita, M. (2005), Degradation of 1,4-
Dioxane and Cyclic Ethers by an Isolated Fungus, Applied and Environmental Microbiology, 71,
1254-1258, http://d0i.10.1128/AEM.71.3.1254-1258.2005

[5] Chen, D.Z; Jin, X.J.; Chen, J.; Ye, J.X,; Jiang, N.X.; Chen, J.M. (2016). Intermediates and
substrate interaction of 1,4-Dioxane degradation by the effective metabolizer Xanthobacter flavus

43


https://doi.org/10.33263/BRIAC00.000000
http://doi.org/10.1021/es060714v
http://doi.10.2965/jwet.15-084
http://doi.10.1016/j.jenvman.2017.05.033
http://doi.10.1128/AEM.71.3.1254-1258.2005

Frontiers in Water and Environment 1(1), 2023, 35-46

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

DTS. International Biodeterioration and Biodegradation, 106, 133-140.
http://doi.10.1016/j.ibiod.2015.09.018

Lee, C.S.; Asato, C.; Wang, M.; Mao, X.; Gobler, C.J.; Vankatesan, A.K. (2021). Removal of 1,4-
Dioxane during on-site wastewater treatment using nitrogen removing biofilters. Science of Total
Environment. 771, 144806. http://d0i.10.1016/j.scitotenv.2020.144806

Fukuhara, T.; lwasaki, S.; Hasegawa, T.; Ishihara, K.; Fujiwara, M.; Abe, I. (2011). Adsorption
of 1,4-Dioxane from Aqueous Solutions onto Various Activated Carbons, Journal of Water and
Environmental Technology, 9, 249-258, 2011. http://doi.10.2965/jwet.2011.249

Ceci, A.; Pinzari, F.; Russo, F.; Persiani, A.M.; Gadd, G.M. (2018). Saprotrophic soil fungi to
improve phosphorus solubilisation and release: In vitro abilities of several species, Ambio, 47, 30—
40. http://doi.10.1007/s13280-017-0972-0

Ren, H.; Li.H.; Wang, H.; Huang, H.; Lu, Z. (2020). Biodegradation of Tetrahydrofuran by the
Newly Isolated Filamentous Fungus Pseudallescheria boydii ZMO01. Microorganisms, 8, 1190.
http://doi.10.3390/microorganisms8081190

Sari, A.A.; Tachibana, S.; Muryanto (2012). Correlation of Ligninolytic Enzymes from the
Newly-Found Species Trametes versicolor U97 with RBBR Decolorization and DDT
Degradation, Water, Air, and Soil Pollution, 223, 5781-5792, http://d0i.10.1007/s11270-012-
1314-2

Yanto, D.H.Y.; Tachibana, S. (2014). Enhanced biodegradation of asphalt in the presence of
Tween surfactants, Mn?* and H,O, by Pestalotiopsis sp. in liquid medium and soil. Chemosphere,
103, 105-113. http://doi.10.1016/j.chemosphere.2013.11.044

Jiménez-Barrera., D.; Chan-Cupul, W.; Fan, Z.; Osuna-Castro, J.A. (2018). Fungal co-culture
increases ligninolytic enzyme activities: statistical optimization using response surface
methodology, Preparative Biochemistry & Biotechnology, 48, 787-798.
http://doi.10.1080/10826068.2018.1509084

Singh, P.; Borthakur, A. (2018). A review on biodegradation and photocatalytic degradation of
organic pollutants: A bibliometric and comparative analysis. Journal of Cleaner Production, 196,
1669-1680. https://doi.org/10.1016/j.jclepro.2018.05.289

Sei, K.; Oyama, M.; Kakinoki, T.; Inoue, D.; lke, M. (2013). Isolation and Characterization of
Tetrahydrofuran- Degrading Bacteria for 1,4-Dioxane-Containing Wastewater Treatment by Co-
Metabolic Degradation. Journal of Water and Environmental Technology, 11, 11-19.
http://d0i.10.2965/jwet.2013.11

Sari, A.A.,; Tachibana, S.; Muryanto; Hadibarata, T. (2015). Development of bioreactor systems
for decolorization of Reactive Green 19 using white rot fungus. Desalination and Water
Treatment, 57, 7029-7039. http://doi.10.1080/19443994.2015.1012121

Xu, X.; Yu, H. (2018) Petroleum Hydrocarbon-Degrading Bacteria for the Remediation of Oil
Pollution Under Aerobic Conditions: A Perspective Analysis. Frontiers in Microbiology, 9, 11.
http://doi.10.3389/fmicb.2018.02885

Deng, D.; Li, F.; Wu, C.; Li, M. (2018). Synchronic Biotransformation of 1,4-Dioxane and 1,1-
Dichloroethylene by a Gram-Negative Propanotroph Azoarcus sp. DD4, Environmenral Science
and Technology Letter, 5, 526-532. http://doi.10.1021/acs.estlett.8b00312

Hand, S.; Wang, B.; Chu, K.H. (2015). Biodegradation of 1,4-Dioxane: Effects of enzyme
inducers and trichloroethylene, Science of The Total Environment, 520, 154-159,
http://d0i.10.1016/j.scitotenv.2015.03.031

Inoue, D.; Tsunoda, T.; Yamamoto, N.; lke, M.; Sei, K. (2018). 1,4-Dioxane degradation
characteristics of Rhodococcus aetherivorans JCM 14343. Biodegradation, 29, 301-310,
http://d0i.10.1007/s10532-018-9832-2

44


https://doi.org/10.33263/BRIAC00.000000
http://doi.10.1016/j.ibiod.2015.09.018
http://doi.10.1016/j.scitotenv.2020.144806
http://doi.10.2965/jwet.2011.249
http://doi.10.1007/s13280-017-0972-0
http://doi.10.3390/microorganisms8081190
http://doi.10.1007/s11270-012-
http://doi.10.1016/j.chemosphere.2013.11.044
http://doi.10.1080/10826068.2018.1509084
http://doi.10.2965/jwet.2013.11
http://doi.10.1080/19443994.2015.1012121
http://doi/
https://doi.org/10.3389/fmicb.2018.02885
http://doi.10.1021/acs.estlett.8b00312
http://doi.10.1016/j.scitotenv.2015.03.031
http://doi.10.1007/s10532-018-9832-2

Frontiers in Water and Environment 1(1), 2023, 35-46

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Tusher, T.R.; Shimizu, T.; Inoue, C.; Chien, M.F. (2019). Enrichment and Analysis of Stable 1,4-
Dioxane-Degrading Microbial Consortia Consisting of Novel Dioxane-Degraders.
Microorganisms, 8, 50. http://doi.10.3390/microorganisms8010050

Lee, K.H.; Wie, Y.M.; Lee, Y.S. (2020). Characterization of 1,4-Dioxane Biodegradation by a
Microbial Community. Water, 12, 3372. http://doi.10.3390/w12123372

Xiong, Y.; Mason, O.U.; Lowe, A.; Zhang, Z.; Zhou, C.; Chen, G.; Villalonga, M.J.; Tang, Y.
(2020). Investigating promising substrates for promoting 1,4-Dioxane biodegradation: effects of
ethane and tetrahydrofuran on microbial consortia. Biodegradation, 31, 171-182.
http://doi.10.1007/s10532-020-09901-2

Wang, J.; Sun, Z. (2020). Exploring the effects of carbon source level on the degradation of 2,4,6-
trichlorophenol in the co-metabolism process. Journal of Hazardous Materials, 392, 122293.
http://d0i.10.1016/j.jhazmat.2020.122293

Barajas-Rodriguez, F.J.; Freedman, D.L. (2018). Aerobic biodegradation kinetics for 1,4-Dioxane
under metabolic and cometabolic conditions, Journal of Hazardous Materials, 350, 180-188.
http://doi.10.1016/j.jhazmat.2018.02.030

Deng, D.; Li, F.; Li, M. (2018). A Novel Propane Monooxygenase Initiating Degradation of 1,4-
Dioxane by Mycobacterium dioxanotrophicus PH-06. Environmenral Science and Technology
Letter, 5, 86-91. http://d0i.10.1021/acs.estlett. 7b00504

He, Y.; Mathieu, J.; Yang, Y.; Yu, P.; da Silva, M.L.B.; Alvarez, P.J.J. (2017). 1,4-Dioxane
Biodegradation by Mycobacterium dioxanotrophicus PH-06 Is Associated with a Group-6 Soluble
Di-lron  Monooxygenase. Environmenral Science and Technology Letter, 4, 494-499.
http://d0i.10.1021/acs.estlett.7b00456

Lourenco, L.A.; Alberton Magina, M.D.; Tavares, L.B.B.; Guelli Ulson de Souza, S.M.A.; Garcia
Roman, M.; Altmajer Vaz, D. (2018). Biosurfactant production by Trametes versicolor grown on
two-phase olive mill waste in solid-state fermentation. Environmental Technology, 39, 3066—
3076. http://doi.10.1080/09593330.2017.1374471

Xiong, Y.; Zhao, Y.; Ni, K.; Shi, Y.; Xu, Q. (2020). Characterization of Ligninolytic Bacteria and
Analysis of Alkali-Lignin Biodegradation Products. Polish Journal of Microbiology, 69, 339—
347. http://doi.10.33073/pjm-2020-037

Falade, A.O.; Manbinya, L.V.; Okoh, A.l. (2018). Ligninolytic enzymes: Versatile biocatalysts
for the elimination of endocrine-disrupting chemicals in wastewater. Microbiology Open, 7,
e00722. http://d0i.10.1002/mb03.722

Navada, K.K.; Kulal, A. (2021). Kinetic characterization of purified laccase from Trametes
hirsuta: a study on laccase catalyzed biotransformation of 1,4-Dioxane. Biotechnology Letters,
43, 613-626. http://doi.10.1007/s10529-020-03038-1

Polasko, A.L.; Zulli, A.; Gedalanga, P.B.; Pornwongthong, P.; Mahendra, S.A (2019). A Mixed
Microbial Community for the Biodegradation of Chlorinated Ethenes and 1,4-Dioxane.
Environmental Science and Technology Letters, 6, 49-54. http://doi.10.1021/acs.estlett.8b00591.
Andirani, A.; Tachibana, S. (2018) Crude Oil Degradation by Fungal Co-culture System of
Pestalotiopsis sp. NG007 and Polyporus sp. S133 under Saline-Alkaline Stress, International
Symposium on Innovative Bio-Production Indonesia, October 10th 2018, Indonesian Istitute of
Science, Bogor, Indonesia, pp. 21-43.

Yanto, D. H.Y.; Krishanti, N.P.R.A.; Ardianti, F.C.; Anita, S.H.; Nugraha, K.; Sari, F.P.; Laksana,
R.P.B.; Sapardi, S.; Watanabe, T. (2019). Biodegradation of styrofoam waste by ligninolytic fungi
and bacteria, IOP Conference Series: Earth and Environmental Sciences, 308, 012001,
http://doi.10.1088/1755-1315/308/1/012001

Wikee, S.; Hatton, J.; Turbe-Doan, A.; Mathieu, Y.; Daou, M.; Lomascolo, A.; Kumar, A.;
Lumyong, S.; Sciara, G.; Faulds, C.B.; Record, E. (2019) Characterization and Dye

45


https://doi.org/10.33263/BRIAC00.000000
http://doi.10.3390/microorganisms8010050
http://doi.10.3390/w12123372
http://doi.10.1007/s10532-020-09901-2
http://doi.10.1016/j.jhazmat.2020.122293
http://doi.10.1016/j.jhazmat.2018.02.030
http://doi.10.1021/acs.estlett.7b00504
http://doi.10.1021/acs.estlett.7b00456
http://doi.10.1080/09593330.2017.1374471
http://doi.10.33073/pjm-2020-037
http://doi.10.1002/mbo3.722
http://doi.10.1007/s10529-020-03038-1
http://doi.10.1021/acs.estlett.8b00591
http://doi.10.1088/1755-1315/308/1/012001

Frontiers in Water and Environment 1(1), 2023, 35-46

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Decolorization Potential of Two Laccases from the Marine-Derived Fungus Pestalotiopsis sp. Int.
Journal of Molecular Sciences, 20, 1864. http://doi.10.3390/ijms20081864

Yanto, D.H.Y.; Krishanti, N.P.R.A.; Ardianti, F.C.; Anita, S.H.; Nugraha, K.; Sari, F.P.; Laksana,
R.P.B.; Sapardi, S.; Watanabe, T. (2013). Biodegradation of petroleum hydrocarbons by a newly
isolated Pestalotiopsis sp. NGOO7. International Biodeterioration and Biodegradation, 85, 438—
450. http://doi.10.1016/j.ibiod.2013.09.008

Conceicao, J.C.S.; Dias, H.J.; Peralva, C.M.S.; Crotti, A.E.M.; Rocha Pita, S.S.; de Oliveira Silva,
E. (2020). Phenolic Compound Biotransformation by Trametes versicolor ATCC 200801 and
Molecular Docking Studies. Applied Biochemistry and Biotechnology, 190, 1498-1511.
http://d0i.10.1007/s12010-019-03191-y

Legerska, B.; Chmelova, D.; Ondrejovic, M. (2018). Decolourization and detoxification of
monoazo dyes by laccase from the white-rot fungus Trametes versicolor. Journal of
Biotechnology, 285, 84-90. http://d0i.10.1016/j.jbiotec.2018.08.011

Zahra, Z.; Hanifah, U.; Anggraini, R.L.LF.; Sari, A.A.; Saefumillah, A. (2020). Influence of
inducers, Tween 80, and agitation on the enhancing decolorization of black liquor by Trametes
versicolor F200. Journal of Physics: Conference Serries, 1442, 012044. http://d0i.10.1088/1742-
6596/1442/1/012044

Zhou, Y.; Huang, H.; Shen, D. (2016), Multi-substrate biodegradation interaction of 1, 4-dioxane
and BTEX mixtures by Acinetobacter baumannii DD1. Biodegradation, 27, 37-46.
http://d0i.10.1007/s10532-015-9753-2

Kumar, A.; Chandra, R. (2020). Ligninolytic enzymes and its mechanisms for degradation of
lignocellulosic waste in environment. Heliyon, 6, e03170,
http://d0i.10.1016/j.heliyon.2020.e03170

Mille-Lindblom, C.; Tranvik, L.J. (2003). Antagonism between Bacteria and Fungi on
Decomposing Aquatic Plant Litter. Microbial Ecology, 45, 173-182. http://doi.10.1007/s00248-
002-2030-z

Islam, M.A.; Karim, A.; Mishra, P.; Dubowski, J.J.; Yousuf, A.; Sarmin, S.; Khan, M.M.R.
(2020). Microbial synergistic interactions enhanced power generation in co-culture driven
microbial  fuel cell. Science of The Total Environment, 738, 140138,
http://d0i.10.1016/j.scitotenv.2020.140138

Singh, P.; Jain, R.; Srivastava, N.; Borthakur, A.; Pal, D.; Singh, R.; Madhav, S.; Srivastava, P.;
Tiwary, D.; Mishra, P.K. (2017). Current and emerging trends in bioremediation of petrochemical
waste: A review. Critical Reviews in Environmental Science and Technology, 47, 155-201.
http://doi.10.1080/10643389.2017.1318616

Golveia, J.C.S.; Bara, M.T.F.; Santiago, M.F.; Campos, L.C.; Schimidt, F. (2020). Cocoa Agro-
Industrial Residue (Theobroma cacao) as Inducer of the Production of Fungal Laccase and Kojic
Acid for Application in the Biodegradation of 17-a-Ethinylestradiol. Journal of Brazillian
Chemical Society, 31, 2023-2029. http://doi.10.21577/0103-5053.20200102

Igbal, H.M.N.; M. Asgher. (2013). Characterization and Decolorization Applicability of Xerogel
Matrix Immobilized Manganese Peroxidase Produced from Trametes versicolor IBL-04, Protein
& Peptide Letters, 20, 591-600. http://doi.10.2174/0929866511320050013

Perez, J.; Jeffries, T. W. (1992). Roles of Manganese and Organic Acid Chelators in Regulating
Lignin Degradation and Biosynthesis of Peroxidases by Phanerochaete chrysosporium. Applied
and Environmental Microbiology, 58, 2402-2409. http://doi.10.1128/AEM.58.8.2402-2409.1992

46


https://doi.org/10.33263/BRIAC00.000000
http://doi.10.3390/ijms20081864
http://doi.10.1016/j.ibiod.2013.09.008
http://doi.10.1007/s12010-019-03191-y
http://doi.10.1016/j.jbiotec.2018.08.011
http://doi.10.1088/1742-
http://doi.10.1007/s10532-015-9753-2
http://doi.10.1016/j.heliyon.2020.e03170
http://doi.10.1007/s00248-
http://doi.10.1016/j.scitotenv.2020.140138
http://doi/
https://doi.org/10.1080/10643389.2017.1318616
http://doi/
https://doi.org/10.21577/0103-5053.20200102
http://doi.10.2174/0929866511320050013
http://doi.10.1128/AEM.58.8.2402-2409.1992

