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Abstract:  Nitroaromatic and nitroamine compounds such as 24,6-trinitrotoluene (TNT)
are teratogenic, cytotoxic, and may cause cellular mutations in humans, animals, plants,
and microorganisms. Microbial-based bioremediation technologies have been shown to offer several
advantages against the cellular toxicity of nitro-organic compounds. Thus, the current study was
designed to evaluate the ability of Trichoderma viride to degrade nitrogenous explosives, such as TNT,
by microbiological assay and Gas chromatography—mass spectrometry (GC-MS) analysis. In this study,
T. viride fungus was shown to have the ability to decompose, and TNT explosives were used at doses
of 50 and 100 ppm on the respective growth media as a nitrogenous source needed for normal growth.
The GC/MS analysis confirmed the biodegradable efficiency of TNT, whereas the initial retention
peak of the TNT compounds disappeared, and another two peaks appeared at the retention times of
9.31 and 13.14 min. Mass spectrum analysis identified 5-(hydroxymethyl)-2-furancarboxaldehyde
with the molecular formula C¢HgO3 and a molecular weight of 126 g-mol~! as the major compound,
and 4-propyl benzaldehyde with a formula of C19H;,0 and a molecular weight of 148 g mol~! as the
minor compound, both resulting from the biodegradation of TNT by T. viride. In conclusion, T. viride
could be used in microbial-based bioremediation technologies as a biological agent to eradicate the
toxicity of the TNT explosive. In addition, future molecular-based studies should be conducted to
clearly identify the enzymes and the corresponding genes that give T. viride the ability to degrade and
remediate TNT explosives. This could help in the eradication of soils contaminated with explosives
or other toxic biohazards.
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1. Introduction

Explosives are reactive chemical substances present in compounds or mixtures that contain
a great amount of potential energy that can produce an explosion if released suddenly. This is
usually accompanied by the production of light, heat, sound, and pressure. Nitro-aromatic and
nitramine compounds, such as 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), and octahydrol-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), are common military explosives
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that are found in soils at destruction ranges, explosive dumping grounds, industrial production sites,
firing ranges, and ammunition factories [1-3]. The United States Environmental Protection Agency
(USEPA) has listed Nitro-substituted explosives, including TNT and RDX, as priority pollutants,
whereas RDX, classified as a potential carcinogen that is toxic to organisms, is comparatively mobile
in the soil, has a low rate of degradation in soil, and presents distinct problems for bioremediation.
Environmental pollution comes from nitrite industrial chemicals associated with vehicles, such as nitro
explosives, dyes and polyurethane compounds, herbicides, pesticides, solvents, and others [4-7].

Many studies have discussed the synthesis of nitro-aromatic explosives such as 2,4,6-trinitrotoluene
(TNT) and 2,4,6-trinitrophenol (picric acid) and their uses for military purposes because of their
highly explosive properties, thermal stability, and their insensitivity to shock and friction [8,9].
In civilian industries, these compounds are used as raw materials for the manufacturing of
pesticides, herbicides, pharmaceutical products, dyes, and explosives [10,11]. Thus, the extensive
use of these explosives in military applications requires the implementation of extensive handling
and disposal techniques, whereas their transformation products lead to increased environmental
pollution—particularly in the soil, sediment, surface, and groundwater—to levels that threaten human
health and the environment [12-16]. In addition, animal experimental studies have reported that the
transformation products of TNT are teratogenic, cytotoxic, and may cause cell mutation; however, the
carcinogenic effects of TNT on humans still need to be explored [17,18]. This may be related to the
eco-toxicological effects and persistence of TNT and its transformation products in the environment,
which significantly affects a wide range of ecological receptors, particularly microorganisms, algae,
plants, invertebrates, some vertebrates, and humans [19-21]. Although several physico-chemical [8,22]
and bioremediation technologies [23-26] have been applied to remediate environments polluted by
TNT, only microbial-based bioremediation technologies offer a number of advantages [16,27]. It was
reported that microbial-based bioremediation significantly uses the in situ microbial community to
remediate toxic contaminates and return the polluted environment to its original state or at least
minimize the toxicity of the environment toward the normal range [28-32].

Previous studies showed that many fungal species had the ability to decompose xenobiotic alien
vehicles, including nitrogenous explosives, via transformation mechanisms using certain cellular
degrading enzymes [30-32]. In addition, several studies have previously reported the ability of
bacteria and fungi to neutralize and sustain the effective transformation or degradation of nitroaromatic
pollutants [33,34]. Thus, fungi could be helpful as a biological control in the treatment of TNT
and Composition C4 explosives [35-38]. Basidiomycetes—lignin-decomposing organisms such as
Phanerochaete chrysosporium—have been shown to be the only organisms capable of mineralizing
TNT [39,40].

Fungi of different species and habitats have been the subject of TNT biodegradation studies [41,42].
In comparison with other fungal species, Trichoderma species have shown a better ability to remove
TNT, DNT, and their transient intermediates (amines) in pure cultures. These results suggest that fungi
such as Trichoderma may have the potential to be used in biological decontamination systems, while
further research studies should be directed toward TNT and/or DNT biodegradation capacities of these
fungi [40,43]. Also, populations of soil micro fungi were shown to have a high natural variation of
TNT tolerance and biotransformation ability, irrespective of any previous long-term exposure to this
xenobiotic. The Trichoderma species was one of the mitosporic fungi that showed a higher tolerance
and also had a high capacity to biotransform the compounds of TNT [40,43,44].

Based on the aforementioned facts relating to the ability of microorganisms, particularly Trichoderma
species, to degrade and remediate toxicants and nitrogenous explosives [40-43,45], the current study was
designed to evaluate the ability of T. viride to degrade nitrogenous TNT explosives by microbiological
assays and GC/MS analysis. In this study, T. viride was raised on media containing TNT at doses of 50
and 100 ppm, respectively. The ability of T. viride to decompose TNT was evaluated in growth media
using GC-MS analysis.”
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2. Results and Discussion

In this study, T. viride fungus have the ability to decompose and use TNT explosives at doses of 50
and 100 ppm on its growth media as the nitrogenous source needed for normal growth. In addition,
the GC/MS analysis confirmed the biodegradable efficiency of TNT, whereas the initial retention peak
of TNT compounds disappeared, and another two peaks appeared at the retention times of 9.31 and
13.14 min.

2.1. Screening of Fungal Growth on TNT-Containing Media

In order to measure the ability of the T. viride fungus to decompose and use TNT as a source for
the nitrogen needed during growth, T. viride colonies were cultivated on malt extract agar medium
and Sabouraud dextrose agar medium, as shown in Table 1 and Figures 1 and 2. The experiment was
repeated in triplicate, and the standard deviation (SD) was found to be below 2.1 for both concentrations.

Table 1. Presents the radial growth measurements of the studied fungi at 50 and 100 ppm
2,4 6-trinitrotoluene (TNT) as the sole nitrogen source with malt agar medium.

After 4 Days After 8 Days After 11 Days
Fungi Control TNT + SD Control TNT + SD Control TNT + SD

Cq C, 50 ppm 100 ppm Cy C, 50 ppm 100 ppm Cy Cy 50 ppm 100 ppm
T. viride 80.0 85.0 35.0£2.0 325+18 85.0 85.0 85.0+ 1.9 85.0+ 1.3 85.0 85.0 85.0+2.1 85.0 +2.0

The growth of T. viride expressed by diameter of the mean colony (mm). C1 = Control 1 (malt extract agar medium)
and C2 = Control 2 (sabouraud dextrose agar medium).
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Figure 1. T.viride growth on malt agar suspended with TNT as a sole source of nitrogen at 50 ppm
(A, C) and at 100 ppm (B, D). The growth of T.viride is indicated according to the size of the colony
in mm.
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As shown in Table 1, Figure 1a—d, and Figure 2, at TNT doses of 50 and 100 ppm, the results show
that colony diameters significantly increase from 35.5 and 32.5 to record higher colony formation with
a colony diameter of 85.0 mm at 8 and 11 days of growth. This confirms the biological use of TNT as a
source of nitrogen, which is assimilated by T. viride on both the malt extract and Sabouraud dextrose
agar medium (Figure 2a,b). The data obtained suggests that the fungus T. viride is significantly capable
of decomposing TNT explosives, and uses them as a nitrogenous source for normal growth. It may be
of interest to use this fungus as a good model in microbial-based bioremediation technologies against
toxicological agents.
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Figure 2. Differential growth of T. viride on dextrose agar (A) and malt agar media (B), treated with
TNT at doses of 50 and 100 ppm respectively.

Previous studies showed that 2,4,6-TNT is a man-made substance that is released into the
environment and represents a potential hazard due to toxicity, originating either from 2,4,6-TNT
substances, or its transformed metabolites during the manufacturing process, or in the process of
incomplete combustion [1]. These compounds have been shown to have a low biodegradability and
higher persistence in the environment [2,3]. In addition, it was reported that the transformation
products of TNT are teratogenic, cytotoxic, and may cause cell mutations in animal experimental
models [17,18]. However, the carcinogenic effects of TNT on humans still need to be explored [17,18].
This may be related to the eco-toxicological effects and persistence of TNT and its transformation
products in the environment, which significantly affect a wide range of ecological receptors, particularly
microorganisms, algae, plants, invertebrates, some vertebrates, and humans [19-21].

It was reported that microbial-based bioremediation significantly uses the in situ microbial
community to remediate toxic contaminates and return the polluted environment to its original state, or
at least minimize the toxicity of the environment toward the normal range [28-32]. Previous research
showed that bioremediation through transformation mechanisms has no or little benefit, and may lead
to transformation into chemically unstable toxic organic compounds [46,47]. However, many fungal
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species have the ability to decompose xenobiotic alien vehicles, including nitrogenous explosives, by
using certain cellular degrading enzymes [30-32].

2.2. Determination of TNT and Metabolites by GC/MS Analysis

To further elucidate the biological activity of T. viride to decompose TNT, GC/MS analysis was
conducted to search the presence of TNT in growth media before and after growth at two doses
(50 and 100 ppm). At the initial time of growth (zero time), GC/MS analysis showed a visible peak
of 2-methyl-1,3,5-trinitrobenzene (TNT) on the chromatogram at the retention time of 13.57 min
(Figure 3). The structure was evaluated by mass spectroscopy, and the results show a significant
molecular structure formula (C;H5N30g), with a molecular weight of 227 g-mol~! (Figure 4). No other
compounds are visible on the chromatogram except for some very small peaks, which are considered
as impurities (Figure 4).
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Figure 3. TNT sample determination by GC-MS. The chromatogram shows the peak of a TNT reference
dissolved in acetone (1 mL acetone containing 50 ppm or 100 ppm TNT).
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Figure 4. This spectrum corresponds to 2-methyl-1,3,5-trinitrobenzene (TNT), which has the following
formula: CzH5N30O4, and a molecular weight of 227 g-mol_l.
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When TNT was used at doses of 50 and 100 ppm in the growth media of T. viride, the analyzed media
solution following growth for 8-11 days, showed no detectable peaks for TNT on the chromatogram
chart (Figure 5). This indicates that all TNT compounds were degraded in the medium by the biological
decomposing action of T.viride at doses of 50 and 100 ppm.
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Figure 5. Chromatogram for 50 ppm TNT with a T. viride culture.

Figure 6 shows new peaks of the analyzed media following the growth of T. viride. Two main
peaks can be observed: one peak appears at the retention time of 9.31 min, for a compound that was
identified as 5-(hydroxymethyl)-2-furancarboxaldehyde with the molecular formula C¢HgO3 and a
molecular weight of 126 g'mol~!, as shown in Figure 7. As T.viride was grown on respective growth
media, the detected compound C4HgO3 was shown to be the major degradation product of TNT.
However, another peak was observed by GC/MS analysis at the retention time of 13.14 min, which was
identified as 4-propyl benzaldehyde, with a formula of C1gH;,0 and a molecular weight of 148 g-mol~!,
as shown in Figure 8. The detected compound C1pH;,0 is the minor degradation product of TNT
decomposition, obtained under the conditions required for the growth of the T. viride.
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Figure 6. Chromatogram of 100 ppm TNT after treatment with T. viride.
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Figure 7. Mass spectrum of main peak, 5-(hydroxymethyl)-2-furancarboxaldehyde.
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Figure 8. Mass spectrum of the minor component, 4-propyl benzaldehyde.

In this study, as shown in Figures 5-8, TNT was degraded by T. viride to other new
compounds, as identified by the GC/MS analysis. The results showed that the initial peak
corresponding to TNT compounds disappeared, and another two peaks appeared, which represent
new compounds at the retention times of 9.31 and 13.14 min. Mass spectrum analysis identified
5-(hydroxymethyl)-2-furancarboxaldehyde with the molecular formula C4HgO3; and molecular weight
of 126 g'mol~! as the major compound, and 4-propyl benzaldehyde with the formula of C1oH1,0 and a
molecular weight of 148 g-mol~! as a minor compound, both resulting from the biodegradation of TNT
following the growth process of T. viride for 8-11 days. The formation of these possible degradation
products was confirmed by matching their mass spectra with the library, which showed a probability
of 90% for both products. In addition, in the chromatogram after TNT degradation, no peaks other
than these two degradation compounds were noticed. This may confirm the degradation of TNT
compound via cellular enzymatic action.

Even though TNT microbial degradation was studied over the years, the major challenge in this
area is the resistance and refraction of these types of compounds to biological degradation, chemical
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oxidation, and hydrolysis. The resistance shown towards the biodegradation methods could be due to
the symmetrical arrangement of three nitro-groups and a methyl group on the aromatic ring, coupled
with strong electron-withdrawing properties of the nitro group, which limits the attack of the aryl
group by dioxygenase enzymes. These structural arrangements prevent the aromatic ring with an
electron shortage from acting as an electrophilic oxygenation mechanism, hindering its mineralization
and removal from the contaminated sites [7,8,12,22,48]. In addition, the resistance of TNT to complete
mineralization is also due to the easy reduction of nitro groups into amino groups, and the ultimate
chemical misrouting reactions of its intermediates, in particular, triaminotoluene (TAT) [49,50].

Furthermore, it was reported that the non-mineralization of TNT is a direct consequence of
irreversible sorption of this explosive and its transformation products by soil [33]. In our study, the
degradation of TNT compounds by T. viride may proceed via biotransformation mechanisms that
facilitate the elimination of nitrogen and recyclization of the cleaved compounds. Thus, the GC/MS
analysis supports and confirms that T.viride can use TNT as a sole source of nitrogen and has a
cellular enzymatic degradable activity to bioremediate TNT compounds to other compounds, which
are present in the growth media in major (C¢HgO3) and minor (C;9H;,0) amounts, following the
growth process for 8-11 days, as shown in Scheme 1. Previous studies showed that the resistance of
TNT mineralization could be resolved by the activation of lignin peroxidase through the activation
of the nitroreductase enzymes hydroxylaminodinitrotoluenes (HADNT) and aminodinitrotoluenes
(ADNT) [51-61]. The latter enzymes are responsible for nitro group reduction, while the former
catalyzes oxidation and aromatic ring cleavage [51-53].

+

X

O 0]

2-methyl-1,3,5-trinitro-benzene

Trichoderma viride

HO, / O/
L
o) =
5-(hydroxymethyl)-2-furancarboxaldehyde 4-propyl benzaldehyde

Scheme 1. Postulated degradation of the 2-methyl-1,3,5-trinitrobenzene mechanism of T. viride. It is
postulated that TNT biodegradation may occur via biotransformation enzyme mechanisms.
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Finally, microorganisms can be considered a biological tool for removing organic toxic substances
because they are able to carry out biological activities to degrade, concentrate, remove, or even recover
highly toxic chemical substances from contaminated environments [54]. In our study, T. viride was
shown to have a potential biological activity to degrade TNT organic explosives. We postulate that
TNT biodegradation may occur via biotransformation using certain degrading microbial enzymes.
Thus, T. viride could be used as a target agent for microbial-based bioremediation technologies.
Microorganisms have been used as an alternative strategy for conventional treatments against toxic
organic substances and heavy metals [54-57].

3. Material and Methods
3.1. Chemicals and Biological Materials

3.1.1. Chemicals and Preparations

TNT was obtained from the Criminal Investigation Department at the Ministry of Interior, Riyadh,
Saudi Arabia. The purity of TNT was 95%. TNT/acetone stock solution was prepared by dissolving
48 mg of TNT in 50 mL of acetone to give a concentration of 960 ppm (mg-L~!) of TNT. Malt agar
and dextrose agar media were autoclaved for fifteen minutes, then allowed to cool and poured into
Petri plates prior to the addition of TNT, and the whole plates were then ready for the screening of
fungal growth.

3.1.2. T. viride Specimens

Soil specimens were collected from an explosion area in Riyadh, Saudi Arabia for the isolation of
T. viride. A serial dilution of each sample was prepared in sterilized distilled water. One milliliter of a
diluted specimen was speared on the surface of T. viride selective medium (TSM) [8,58]. All plates were
incubated at 25 + 2 °C for 3 days. Colonies were purified in potato dextrose agar (PDA). The purified
isolates were morphologically identified and stored at 4 °C and used during this study.

3.2. Screening of Fungal Growth on TNT Containing Media

Control cultures were screened on both malt agar medium and dextrose agar medium, which
are designed to contain the proper formulation of carbon, protein, and nutrient sources essential
for growth. Dextrose was added to the medium to provide a carbon and energy source for fungi.
Additionally, malt extract agar contains digests of animal tissues (peptones), which provide a nutritious
source of amino acids and nitrogenous compounds for the growth of fungi. In addition, acetone and
Dimethyl Sulfoxide (DMSO) but no TNT were added to culture media (acetone and DMSO did not
inhibit fungal growth).

In order to study the use of TNT as a source of nitrogenous compounds, the growth of T. viride
was screened on both malt agar and dextrose agar growth media devoid of animal tissue (peptones),
which provide a nutritious source of amino acids and nitrogenous compounds. The cultures were
incubated in a shaker at 24 °C and 200 rpm. After two days of growth, each received 1 mL of acetone
containing 50 or 100 ppm TNT and was amended with 25 uL of DMSO to help solubilize the TNT.
Cultures were extracted three days after the addition of the TNT. TNT was added to the culture media
either for three days before, or immediately before, extraction. To determine growth, replicate cultures
were filtered, dried, and weighed.

3.3. Determination of TNT and Metabolites by GC/MS Analysis

Cultures of T. viride were homogenized in an explosion-proof blender with 50 mL of acetone.
This was left to stand for 15 min, followed by filtration through filter paper [58,59]. Filtrates were
extracted in a separating funnel with 100 mL of methylene chloride. Organic fractions evaporated
overnight and were re-suspended in 5 mL of methylene chloride, and stored at —20 °C. At least four
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replicate cultures per fungus were analyzed. The extraction method used was designed to recover
precipitated TNT, since TNT was added at 50 and 100 ppm [59].

A Thermo Scientific™ UltraFast TRACE GC with a Thermo electron-impact ionization (EI) TSQ
Quantum™ Triple Quadrupole Mass Spectrometer (Waltham, MA, USA), equipped with a Phenomenex
Zebron ZB-5MS (5 m x 0.25 mm i.d. X 0.25 um film thickness or equivalent) column (411 Madrid
Avenue, Torrance, CA, USA), was used in this protocol to separate and quantify TNT and its degradation
products in the concentrated organic fractions. Organic culture extracts were analyzed by GC-MS, as
previously reported [60,61], at different dilutions (10, 25, 50, 100, 250, 500, 1000, and 2000 ng/mL).

4. Conclusions

In this study, T. viride fungus showed a high natural variation in TNT tolerance, biodegradation,
and biotransformation ability, and was able to use TNT explosives at doses of 50 and 100 ppm
as a nitrogenous source for normal growth. In addition, the biodegradable efficiency of TNT
explosives by T.viride was confirmed by using GC/MS analysis. Mass spectrum analysis identified
5-(hydroxymethyl)-2-furancarboxaldehyde with the molecular formula C¢HgO3; and a molecular
weight of 126 g-mol™! (m/z) as the major compound, and 4-propyl benzaldehyde with a formula of
C19H120 and a molecular weight of 148 g-mol~! (m/z) as the minor compound, both resulting from the
biodegradation of TNT following the growth process of T. viride.

Future molecular-based studies should be conducted to clearly identify the enzymes and
corresponding genes responsible for the ability of T. viride to degrade and remediate TNT explosives.
This could help in the eradication of soils contaminated with explosives or other toxic biohazards.

Author Contributions: Conceptualization, Z.A.A. and A.H.B.; methodology, A.A.G. and S.A.G.; software,
A.A.G,; validation, AM.E., M.S.A.-O. and S.M.W.; formal analysis, A.A.G., S.A.G., and M.A.H.; investigation,
M.A.H., AY.B.H. A, resources, A.A.G.,S.A.G., and A.Y.B.H.A; data curation, A.A.G.,, M. A.H., and A.Y.B.H.A,;
writing—original draft preparation, S.A.G. and A.A.G.; writing—review and editing, S.A.G.; visualization, S.A.G.
and A.A.G.; supervision, Z.A.A. and A.H.B.; project administration, Z.A.A. and A.H.B.; funding acquisition,
Z.A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the National Plan for Science, Technology and Innovation (MAARIFAH),
King Abdul Aziz City for Science and Technology, Kingdom of Saudi Arabia, Award number (NAN-1005-02).

Acknowledgments: The authors are grateful to King Abdul Aziz City for Science and Technology, Kingdom
of Saudi Arabia for funding this project through the National Plan for Science, Technology and Innovation
(MAARIFAH).

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Bruns-Nagel, D.; Breitung, J.; Von Low, E.; Steinbach, K.; Gorontzy, T.; Kahl, M.; Blotevogel, K.; Gemsa, D.
Microbial transformation of 2, 4, 6-trinitrotoluene in aerobic soil columns. Appl. Environ. Microbiol. 1996, 62,
2651-2656. [CrossRef] [PubMed]

2. Weifs, M,; Geyer, R.; Russow, R.; Richnow, H.H.; Kastner, M. Fate and metabolism of [15N] 2,4,6-trinitrotoluene
in soil. Env. Toxicol Chem. 2004, 23, 1852-1860. [CrossRef] [PubMed]

3. Williams, R.E.; Rathbone, D.A.; Scrutton, N.S.; Bruce, N.C. Biotransformation of explosives by the old yellow
enzyme family of flavoproteins. Appl. Environ. Microbiol. 2004, 70, 3566-3574. [CrossRef] [PubMed]

4. Daun, G.; Lenke, H.; Reuss, M.; Knackmuss, H.-J. Biological treatment of TNT-contaminated soil. 1. Anaerobic
cometabolic reduction and interaction of TNT and metabolites with soil components. Environ. Sci. Technol
1998, 32, 1956-1963. [CrossRef]

5. Vorbeck, C.; Lenke, H.; Fischer, P; Spain, ].C.; Knackmuss, H.-J. Initial reductive reactions in aerobic microbial
metabolism of 2, 4, 6-trinitrotoluene. Appl. Environ. Microbiol. 1998, 64, 246-252. [CrossRef]

6. Esteve-Nurez, A.; Ramos, J.L. Metabolism of 2,4,6-trinitrotoluene by Pseudomonas sp. JLR11. Environ. Sci.
Technol 1998, 32, 3802-3808. [CrossRef]

7.  Esteve-Nufiez, A.; Caballero, A.; Ramos, J.L. Biological degradation of 2,4,6-trinitrotoluene. Microbiol. Mol.
Biol. Rev. 2001, 65, 335-352. [CrossRef]


http://dx.doi.org/10.1128/AEM.62.7.2651-2656.1996
http://www.ncbi.nlm.nih.gov/pubmed/16535369
http://dx.doi.org/10.1897/03-414
http://www.ncbi.nlm.nih.gov/pubmed/15352472
http://dx.doi.org/10.1128/AEM.70.6.3566-3574.2004
http://www.ncbi.nlm.nih.gov/pubmed/15184158
http://dx.doi.org/10.1021/es970949u
http://dx.doi.org/10.1128/AEM.64.1.246-252.1998
http://dx.doi.org/10.1021/es9803308
http://dx.doi.org/10.1128/MMBR.65.3.335-352.2001

Molecules 2020, 25, 1393 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

Ayoub, K.; van Hullebusch, E.D.; Cassir, M.; Bermond, A. Application of advanced oxidation processes for
TNT removal: A review. J. Hazard. Mater. 2010, 178, 10-28. [CrossRef]

Habineza, A.; Zhai, J.; Mai, T.; Mmereki, D.; Ntakirutimana, T. Biodegradation of 2,4,6-trinitrotoluene (TNT)
in contaminated soil and microbial remediation options for treatment. Period. Polytech. Chem. Eng. 2017, 61,
171-187.

Kulkarni, M.; Chaudhari, A. Microbial remediation of nitro-aromatic compounds: An overview. . Environ.
Manag. 2007, 85, 496-512. [CrossRef]

Mercimek, H.A.; Dincer, S.; Guzeldag, G.; Ozsavli, A.; Matyar, F. Aerobic biodegradation of
2,4,6-trinitrotoluene (TNT) by Bacillus cereus isolated from contaminated soil. Microb. Ecol. 2013, 66,
512-521. [CrossRef] [PubMed]

Chien, C.C.; Kao, C.M.; Chen, D.Y.; Chen, S.C.; Chen, C.C. Biotransformation of trinitrotoluene (TNT)
by Pseudomonas spp. isolated from a TNT-contaminated environment. Environ. Sci. Technol 2014, 33,
1059-1063.

Bernstein, A.; Ronen, Z. Biodegradation of the explosives TNT, RDX and HMX. In Microbial Degradation of
Xenobiotics; Springer: Berlin, Germany, 2012; pp. 135-176.

Fahrenfeld, N.; Zoeckler, J.; Widdowson, M.A.; Pruden, A. Effect of biostimulants on 2,4,6-trinitrotoluene
(TNT) degradation and bacterial community composition in contaminated aquifer sediment enrichments.
Biodegradation 2013, 24, 179-190. [CrossRef]

Pichtel, J. Distribution and fate of military explosives and propellants in soil: A review. App. Environ. Soil
Sci. 2012, 1-33. [CrossRef]

Khan, ML.I; Lee, ].; Park, J. A toxicological review on potential microbial degradation intermediates of 2, 4,
6-trinitrotoluene, and its implications in bioremediation. Ksce J. Civ. Eng. 2013, 17, 1223-1231. [CrossRef]
EPA. Technical fact sheet-2,4,6-Trinitrotoluene (TNT). In Office of Solid Waste and Emergency Response (5106P);
United States Environmental Protection Agency: Washington, DC, USA, 2014.

Mercimek, H.A.; Dincer, S.; Guzeldag, G.; Ozsavli, A.; Matyar, F; Arkut, A.; Kayis, F; Ozdenefe, M.S.
Degradation of 2, 4, 6-trinitrotoluene by P. aeruginosa and characterization of some metabolites. Braz. .
Microbiol. 2015, 46, 103-111. [CrossRef]

Kalderis, D.; Juhasz, A.L.; Boopathy, R.; Comfort, S. Soils contaminated with explosives: Environmental fate
and evaluation of state-of-the-art remediation processes (IUPAC technical report). Pure Appl. Chem. 2011, 83,
1407-1484. [CrossRef]

Phillips, C.T.; Checkai, R.T.; Kuperman, R.G.; Simini, M.; Sunahara, G.I.; Hawari, ]. Toxicity Determinations
for Five Energetic Materials, Weathered and Aged in Soil, to the Collembolan Folsomia candida; Army Edgewood
Chemical Biological Center Apg Md Research And Technology Dir: Aberdeen, MD, USA, 2015.
Kuperman, R.G.; Checkai, R.T.; Simini, M.; Phillips, C.T.; Kolakowski, ].E.; Lanno, R. Soil properties affect
the toxicities of 2, 4, 6-trinitrotoluene (TNT) and hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) to the
enchytraeid worm Enchytraeus crypticus. Env. Toxicol Chem. 2013, 32, 2648-2659.

Rodgers, ].D.; Bunce, N.J. Treatment methods for the remediation of nitroaromatic explosives. Water Res.
2001, 35, 2101-2111. [CrossRef]

Rajasekar, A.; Maruthamuthu, S.; Ting, Y.-P.; Balasubramanian, R.; Rahman, P.K. Bacterial degradation of
petroleum hydrocarbons. In Microbial Degradation of Xenobiotics; Springer: Berlin, Germany, 2012; pp. 339-369.
Ziganshin, A.M.; Naumova, R.P,; Pannier, A.J.; Gerlach, R. Influence of pH on 2, 4, 6-trinitrotoluene
degradation by Yarrowia lipolytica. Chemosphere 2010, 79, 426-433. [CrossRef]

Kubota, A.; Maeda, T.; Nagafuchi, N.; Kadokami, K.; Ogawa, H.I. TNT biodegradation and production
of dihydroxylamino-nitrotoluene by aerobic TNT degrader Pseudomonas sp. strain TM15 in an anoxic
environment. Biodegradation 2008, 19, 795. [CrossRef] [PubMed]

Perelo, L.W. In situ and bioremediation of organic pollutants in aquatic sediments. J. Hazard. Mater. 2010,
177, 81-89. [CrossRef] [PubMed]

Singh, S.N. Microbial Degradation of Xenobiotics; Springer: Berlin, Germany, 2011.

Blotevogel, K.H.; Gorontzy, T. Microbial degradation of compounds with nitro functions. Biotechnol. Set
2001, 273-302.

Boopathy, R.; Kulpa, C.F. Biotransformation of 2,4,6-trinitrotoluene (TNT) by a Methanococcus sp.(strain B)
isolated from a lake sediment. Can. J. Microbiol. 1994, 40, 273-278. [CrossRef]


http://dx.doi.org/10.1016/j.jhazmat.2010.02.042
http://dx.doi.org/10.1016/j.jenvman.2007.06.009
http://dx.doi.org/10.1007/s00248-013-0248-6
http://www.ncbi.nlm.nih.gov/pubmed/23715804
http://dx.doi.org/10.1007/s10532-012-9569-2
http://dx.doi.org/10.1155/2012/617236
http://dx.doi.org/10.1007/s12205-013-0305-1
http://dx.doi.org/10.1590/S1517-838246120140026
http://dx.doi.org/10.1351/PAC-REP-10-01-05
http://dx.doi.org/10.1016/S0043-1354(00)00505-4
http://dx.doi.org/10.1016/j.chemosphere.2010.01.051
http://dx.doi.org/10.1007/s10532-008-9182-6
http://www.ncbi.nlm.nih.gov/pubmed/18299804
http://dx.doi.org/10.1016/j.jhazmat.2009.12.090
http://www.ncbi.nlm.nih.gov/pubmed/20138425
http://dx.doi.org/10.1139/m94-044

Molecules 2020, 25, 1393 12 of 13

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Dugque, E.; Haidour, A.; Godoy, E; Ramos, ].L. Construction of a Pseudomonas hybrid strain that mineralizes
2, 4, 6-trinitrotoluene. J. Bacteriol. 1993, 175, 2278-2283. [CrossRef]

Esteve-Nufiez, A.; Lucchesi, G.; Philipp, B.; Schink, B.; Ramos, J.L. Respiration of 2, 4, 6-Trinitrotoluene by
Pseudomonas sp. Strain JLR11. J. Bacteriol. 2000, 182, 1352-1355. [CrossRef] [PubMed]

Shen, C.; Hawari, J.; Ampleman, G.; Thiboutot, S.; Guiot, S. Origin of p-cresol in the anaerobic degradation
of trinitrotoluene. Can. J. Microbiol.Y 2000, 46, 119-124. [CrossRef] [PubMed]

Lewis, T.; Ederer, M.; Crawford, R.; Crawford, D. Microbial transformation of 2, 4, 6-trinitrotoluene. J. Ind.
Microbiol. Biotechnol. 1997, 18, 89-96. [CrossRef]

Spain, J.C. Biodegradation of nitroaromatic compounds. Annu. Rev. Microbiol. 1995, 49, 523-555. [CrossRef]
Fritsche, W.; Scheibner, K.; Herre, A.; Hofrichter, M. Fungal Degradation of Explosives: TNT and Related
Nitroaromatic Compounds; CRC Press: Boca Raton, FL, USA, 2000.

Hatzinger, P.B.; Fuller, M.E.; Rungmakol, D.; Schuster, R.L.; Steffan, R.J. Enhancing the attenuation of
explosives in surface soils at military facilities: Sorption-desorption isotherms. Env. Toxicol Chem. 2004, 23,
306-312. [CrossRef]

Fuller, M.E.; Manning, ].E, Jr. Aerobic gram-positive and gram-negative bacteria exhibit differential sensitivity
to and transformation of 2,4,6-trinitrotoluene (TNT). Curr. Microbiol. 1997, 35, 77-83. [CrossRef] [PubMed]
George, I; Eyers, L.; Stenuit, B.; Agathos, S.N. Effect of 2,4,6-trinitrotoluene on soil bacterial communities.
Ind. Microbiol. Biotechnol. 2008, 35, 225-236. [CrossRef] [PubMed]

Wittich, R.-M.; Ramos, ].L.; Dillewijn, P.v. Microorganisms and explosives: Mechanisms of nitrogen release
from TNT for use as an N-source for growth. Environ. Sci. Technol. 2009, 43, 2773-2776. [CrossRef] [PubMed]
Weber, R.W.; Ridderbusch, D.C.; Heidrun, A. 2,4,6-Trinitrotoluene (TNT) tolerance and biotransformation
potential of microfungi isolated from TNT-contaminated soil. Mycol. Res. 2002, 106, 336-344. [CrossRef]
Bhatt, M.; Zhao, ].-S.; Halasz, A.; Hawari, J. Biodegradation of hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine by
novel fungi isolated from unexploded ordnance contaminated marine sediment. J. Ind. Microbiol. Biotechnol.
2006, 33, 850. [CrossRef]

Scheibner, K.; Hofrichter, M.; Herre, A.; Michels, J.; Fritsche, W. Screening for fungi intensively mineralizing
2, 4, 6-trinitrotoluene. Appl. Microbiol Biotechnol. 1997, 47, 452—457. [CrossRef]

Samson, J.; Langlois, E.; Lei, J.; Piché, Y.; Chénevert, R. Removal of 2, 4, 6-trinitrotoluence and 2,
4-dinitrotoluene by fungi (Ceratocystis coerulescens, Lentinus lepideus and Trichoderma harxianum).
Biotechnol. Lett. 1998, 20, 355-358. [CrossRef]

Hawari, ]. Biodegradation of RDX and HMX: From basic research to field application. In Biodegradation of
Nitroaromatic Compounds and Explosives; CRC Press: Boca Raton, FL, USA, 2000.

Hawari, J.; Beaudet, S.; Halasz, A.; Thiboutot, S.; Ampleman, G. Microbial degradation of explosives:
Biotransformation versus mineralization. Appl. Microbiol. Biotechnol. 2000, 54, 605-618. [CrossRef]
Gunnison, D.; Pennington, ]J.C.; Price, C.B.; Myrick, G.B. Screening test and isolation procedure for
TNT-degrading microorganisms. Us Army 1993, 11, 11.

Robertson, B.; Jjemba, P.K. Enhanced bioavailability of sorbed 2,4,6-trinitrotoluene (TNT) by a bacterial
consortium. Chemosphere 2005, 58, 263-270. [CrossRef]

Claus, H. Microbial degradation of 2,4,6-trinitrotoluene in vitro and in natural environments. In Biological
Remediation of Explosive Residues; Springer: Berlin, Germany, 2014; pp. 15-38.

Sheremata, T.W.; Thiboutot, S.; Ampleman, G.; Paquet, L.; Halasz, A.; Hawari, J. Fate of 2,4,6-trinitrotoluene
and its metabolites in natural and model soil systems. Environ. Sci. Technol 1999, 33, 4002-4008. [CrossRef]
Heiss, G.; Knackmuss, H.-J. Bioelimination of trinitroaromatic compounds: Immobilization versus
mineralization. Curr. Opin. Microbiol. 2002, 5, 282-287. [CrossRef]

Gallagher, E.M.; Young, L.Y.; McGuinness, L.M.; Kerkhof, L.]. Detection of 2, 4, 6-trinitrotoluene-utilizing
anaerobic bacteria by 15N and 13C incorporation. Appl. Environ. Microbiol. 2010, 76, 1695-1698. [CrossRef]
[PubMed]

Michels, J.; Gottschalk, G. Pathway of 2,4,6-trinitrotoluene (TNT) degradation by Phanerochaete
chrysosporium. In Biodegradation of Nitroaromatic Compounds; Springer: Berlin, Germany, 1995; pp. 135-149.
Oh, B.-t;; Shea, PJ.; Drijber, R.A.; Vasilyeva, G.K.; Sarath, G. TNT biotransformation and detoxification by a
Pseudomonas aeruginosa strain. Biodegradation 2003, 14, 309-319. [CrossRef] [PubMed]

Riggle, PJ.; Kumamoto, C.A. Role of a Candida albicans P1-type ATPase in resistance to copper and silver
ion toxicity. J. Bacteriol. 2000, 182, 4899-4905. [CrossRef]


http://dx.doi.org/10.1128/JB.175.8.2278-2283.1993
http://dx.doi.org/10.1128/JB.182.5.1352-1355.2000
http://www.ncbi.nlm.nih.gov/pubmed/10671458
http://dx.doi.org/10.1139/w99-124
http://www.ncbi.nlm.nih.gov/pubmed/10721479
http://dx.doi.org/10.1038/sj.jim.2900258
http://dx.doi.org/10.1146/annurev.mi.49.100195.002515
http://dx.doi.org/10.1897/03-186
http://dx.doi.org/10.1007/s002849900216
http://www.ncbi.nlm.nih.gov/pubmed/9216880
http://dx.doi.org/10.1007/s10295-007-0289-2
http://www.ncbi.nlm.nih.gov/pubmed/18228070
http://dx.doi.org/10.1021/es803372n
http://www.ncbi.nlm.nih.gov/pubmed/19475948
http://dx.doi.org/10.1017/S0953756202005609
http://dx.doi.org/10.1007/s10295-006-0136-x
http://dx.doi.org/10.1007/s002530050955
http://dx.doi.org/10.1023/A:1005371112287
http://dx.doi.org/10.1007/s002530000445
http://dx.doi.org/10.1016/j.chemosphere.2004.08.080
http://dx.doi.org/10.1021/es9901011
http://dx.doi.org/10.1016/S1369-5274(02)00316-8
http://dx.doi.org/10.1128/AEM.02274-09
http://www.ncbi.nlm.nih.gov/pubmed/20081008
http://dx.doi.org/10.1023/A:1025656325834
http://www.ncbi.nlm.nih.gov/pubmed/14571948
http://dx.doi.org/10.1128/JB.182.17.4899-4905.2000

Molecules 2020, 25, 1393 13 of 13

55.
56.

57.

58.

59.

60.

61.

Tsezos, M.; Volesky, B. Biosorption of uranium and thorium. Biotechnol. Bioeng. 1981, 23, 583-604. [CrossRef]
Gadd, G.M.; White, C. Microbial treatment of metal pollution—a working biotechnology? Trends Biotechnol.
1993, 11, 353-359. [CrossRef]

Texier, A.-C.; Andres, Y.; Le Cloirec, P. Selective biosorption of lanthanide (La, Eu, Yb) ions by Pseudomonas
aeruginosa. Environ. Sci. Technol 1999, 33, 489-495. [CrossRef]

Bayman, P; Ritchey, S.; Bennett, J. Fungal interactions with the explosive RDX (hexahydro-1,3,5-trinitro-1, 3,
5-triazine). J. Ind. Microbiol. 1995, 15, 418-423. [CrossRef]

Rosenblatt, D.H.; Burrows, E.P.,; Mitchell, W.R.; Parmer, D.L. Organic explosives and related compounds. In
Anthropogenic Compounds; Springer: Berlin, Germany, 1991; pp. 195-234.

Siddiquee, S.; Cheong, B.E.; Taslima, K.; Kausar, H.; Hasan, M.M. Separation and identification of volatile
compounds from liquid cultures of Trichoderma harzianum by GC-MS using three different capillary
columns. |. Chromatogr. Sci. 2012, 50, 358-367. [CrossRef]

Stoppacher, N.; Kluger, B.; Zeilinger, S.; Krska, R.; Schuhmacher, R. Identification and profiling of volatile
metabolites of the biocontrol fungus Trichoderma atroviride by HS-SPME-GC-MS. |. Microbiol. Methods.
2010, 81, 187-193. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds in this study are available from the corresponding author
on request.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/bit.260230309
http://dx.doi.org/10.1016/0167-7799(93)90158-6
http://dx.doi.org/10.1021/es9807744
http://dx.doi.org/10.1007/BF01569968
http://dx.doi.org/10.1093/chromsci/bms012
http://dx.doi.org/10.1016/j.mimet.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20302890
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Screening of Fungal Growth on TNT-Containing Media 
	Determination of TNT and Metabolites by GC/MS Analysis 

	Material and Methods 
	Chemicals and Biological Materials 
	Chemicals and Preparations 
	T. viride Specimens 

	Screening of Fungal Growth on TNT Containing Media 
	Determination of TNT and Metabolites by GC/MS Analysis 

	Conclusions 
	References

