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Abstract

Past and recent applications of 2,4,6-trinitrotoluene (TNT) in military and civilian indus-
tries have led to contamination of soil and marine ecosystems. Among various TNT reme-
diation techniques, biological remediation is widely accepted for its sustainability, low
cost, and scalable applications. This study was designed to isolate a fungus strain from
a TNT-contaminated soil to investigate its tolerance to and potential for removal of TNT.
Thus, a soil column with a history of periodic TNT amendment was used to isolate domi-
nant strains of fungi Fusarium solani isolate, which is not commonly reported for TNT
mineralization and was found predominant in the subsurface layer of the TNT-amended
soil. F. solani was investigated for TNT concentration tolerance at 30, 70, and 100 mg/L
on agar plates and for TNT removal in liquid cultures at the same given concentrations. F.
solani activity was compared with that of a reference soil-born fungus that has been inten-
sively studied for TNT removal (Phanerochaete chrysosporium) obtained from the Ameri-
can Type Culture Collection. On agar media, F. solani showed a larger colony diameter
than P. chrysosporium at similar TNT concentrations, indicating its high potential to toler-
ate toxic levels of TNT as found in contaminated sites. In the liquid culture medium, F.
solani was able to significantly produce higher biomass than P. chrysosporium in all TNT
concentrations. The TNT removal percentage from the liquid culture at the highest TNT
concentration of 100 mg/L reached about 85% with F. solani, while P. chrysosporium was
no better than 25% at the end of an 84-h incubation period. Results indicate a significant
potential of using F. solani in the bioremediation of polluted TNT soils that overcome the
high concentration barrier in the field. However, further investigation is needed to iden-
tify enzymatic potential and the most effective applications and possible limitations of this
method on a large scale.
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Introduction

2,4,6-Trinitrotoluene (TNT) is a nitroaromatic explosive that has been extensively used
for military purposes because of its low melting point, chemical and thermal stability, and
low sensitivity to impact and friction [1, 2]. In addition, TNT is used as raw materials for
manufacturing pesticides, herbicides, pharmaceutical products, and dyes in civilian indus-
tries [3]. Unfortunately, TNT is considered a major anthropogenic contaminant of soils and
water that could reach the environment from TNT handling, disposal, and storage activi-
ties. Accordingly, countries in the Middle East, Africa, and Eastern Europe that have suf-
fered from military conflicts have critical TNT environmental contamination that can reach
up to 200 g/kg and 100 mg/L in soil and water, respectively [4].

Toxic and mutagenic effects of TNT on humans have been described at low concen-
trations, where its lethal dose is estimated at 14.8 mg/kg of body weight [5]. Exposure
to TNT is linked to diseases such as rashes, toxic hepatitis, sneezing, coughing, cyanosis,
peripheral neuritis, cataract, muscular pain, aplastic anemia, as well as kidney and liver
damage [6, 7]. Moreover, in 2018, TNT was classified by the United States Environmental
Protection Agency (USEPA) as a possible human carcinogenic (Class C) material where a
lifetime exposure to 0.1 mg/L of TNT in drinking water leads to an additional predictable
cancer risk of 1 in 10,000 [8]. The TNT routes of entry to humans can be through ingest-
ing, drinking, and inhaling contaminated sources [4]. It is worth mentioning that direct
exposure could rise from using ammunition during military training and weapon testing
activities [9].

Besides the costly remediation of contaminated sites by physical, chemical, or physi-
ochemical techniques, bioremediation represents a reasonable and promising alternative
for treating such contaminant. In that regard, several genera of bacteria and fungi were
proposed to decontaminate TNT from soil and water [10]. Yeast had also been tested for
its ability to decontaminate TNT and showed low efficiency compared to other organisms
[11]. Among the fungal community, in particular, the white rot fungus P. chrysosporium
has been extensively studied since the 1990s [12-15]. Moreover, Trichoderma viride has
been recently reported to degrade TNT at concentrations up to 100 ppm [3].

Although many organisms in the soil are able to mineralize TNT to a certain extent,
TNT is often persistent in the environment and hard to degrade. This suggests the presence
of metabolic barriers that prevent biodegradation of TNT into its carbon and nitrogen pools
[16]. Some studies have outlined the presence of biogeochemical factors in soil environ-
ments that have some control over TNT degradation [11]. Overall, the high concentrations
of TNT in the environment (>50 mg/L) have an inhibitory effect on the growth of many
organisms [13].

According to the literature, the pathways for TNT biodegradation and biotransformation
include the application of several enzymatic machinery to achieve reductive denitration of
the aromatic ring in the TNT structure [17]. The reduced TNT derivatives serve as the base
for peroxidase-mediated mineralization but also possess a high ability to bind covalently to
the humus fraction of soil organic matter [12, 18]. Absorption of secondary metabolites to
soil humic acids makes them less mobile and more toxic in the environment but may serve
as potential substrates for further reduction or co-metabolic biotransformation [16, 19, 20].

With reference to the biodegradation pathway, many fungi species can biotrans-
form one or more nitro groups of TNT molecules into amino groups producing several
intermediates. It has been reported that TNT disappearance coincided with the appear-
ance of 5-(hydroxymethyl)-2-furancarboxaldehyde as the major compound and 4-propyl
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benzaldehyde as the minor compound [3]. Likewise, Lee et al. [21] reported 4-amino-
2,6-dinitrotoluene (4-ADNT) and 2-amino-4,6-dinitrotoluene (2-ADNT) as TNT degrada-
tion intermediates by the white-rot fungus Irpex lacteus.

Studies of the biodegradation of TNT using indigenous microbial isolates obtained from
contaminated sites have been discussed in many reports [15, 22-24]. The long-term expo-
sure of those microbial isolates to contaminants can lead to specific adaptation skills of
microflora, as has been suggested [22, 23]. These isolates can provide applicable biore-
mediation schemes for contaminated sites, either in situ or ex situ, and can be used for
biostimulation and bioaugmentation procedures [15].

This study aimed to isolate an acclimatized fungal strain with a high tolerance for TNT,
investigate its potential for growth under different concentrations of the contaminant, and
examine its tolerance to and potential for removal of TNT from an aqueous solution in
comparison to a reference fungal sp. that is well-known to degrade TNT. In this manner,
the isolated fungus strain was identified as F. solani, which was not previously reported for
this application, and the reference fungal sp. used was P. chrysosporium. Findings from
this research can improve the practical application of bioremediation in contaminated soils
with high concentrations of TNT.

Materials and Methods
Chemicals and Reference Fungal Strain

Analytical and non-radiolabeled HPLC-grade TNT was used. Culture media reagents such
as yeast extract, agar, malt extract, and potato dextrose extract were obtained from Difco.
Glucose was obtained from Fisher Scientific. The fungal strain P. chrysosporium BKM-F-
1767 was obtained from the American Type Culture Collection (ATCC 24,725).

Media Preparation

Yeast Malt Glucose (YMG) agar media was prepared using 4 g yeast extract, 10 g malt
extract, 4 g glucose, and 15 g agar in 1 L of distilled water. Sterilized by autoclave and
poured into Petrie dishes. The YMG agar media with different TNT concentrations (30,
70, and 100 mg/L) (referred to as TNT-YMG agar) was prepared by adding proper amount
of filtered TNT stock solution (1000 mg/L prepared in acetone) to a sterile YMG media.
The YMG broth cultures were prepared using the same recipe of YMG media, excluding
the solidifying agent (agar). YMG broth with different TNT concentrations (referred to as
TNT-YMG broth) was prepared by mixing proper amounts of filtered aliquots of the TNT
stock solution with sterile YMG broth to obtain broth with 30, 70, and 100 mg TNT/L.

Fungal Isolation from Soil

The soil samples used in this study were very sandy silt taken from the Kansas river basin
south of Manhattan KS in the USA. Two columns of soil (20 cm diameter and about 50 cm
length) were used for fungal isolation; the first column was from soil exposed periodically
to high concentrations of TNT for about 24 months to allow artificial selection pressure and
acclimatization to attract potential degraders. At the same time, the other column served as

@ Springer



2716 Applied Biochemistry and Biotechnology (2024) 196:2713-2727

a control with the soil of no TNT feeding. Surface and subsurface soil layers (5-10 cm and
10-15 cm, respectively) from the top of each column were used in this study for fungal
isolation under aerobic conditions. The four soil samples representing two depths from the
two tested soil columns were air-dried and sieved through a 2 mm mesh diameter.

Soil solution stock was prepared for isolating fungi by mixing 10 g of soil with 90 mL
of sterile 0.85% normal saline solution and sterilized glass beads. The mixture was vigor-
ously shaken for 1 h to ensure proper dispersal of microbial cells in the soil solution. Then,
serial dilution from soil solution stock was prepared. One milliliter of aliquots of differ-
ent dilutions (10_3, 107, and 10_5) were used to inoculate the surface of a general fun-
gal medium, acidified Potato Dextrose Agar (PDA) and incubated at 25+2 °C for 7 days.
Colonies of similar morphology (F1 — F10) were counted and maintained in pure culture
on PDA for further use.

Fungal Identification

A pure culture of F1 isolate was inoculated on YMG media for species identification. Both
macroscopic and microscopic characteristics such as colony morphology, pigment produc-
tion, spore shape and size, chlamydospores, and fungal hyphae were used. Glass slides
with fungal growth were prepared and stained with cotton blue to allow visualization of
microscopic structures that were then compared to a fungal identification manual [25]. For
macroscopic observation, the cultural appearances (colony color and pigmentations) were
observed on PDA and identified using the Methuen Handbook of Color chart [26].

TNT Tolerance Assay on Agar

All fungal strains isolated from the soil columns were used in this assay in addition to the
ATCC reference culture of P. chrysosporium. Pure fungal cultures were grown on YMG
media and incubated at 28 +2 °C until the colonies covered the plate surface. A 0.5-cm-
diameter plug cutter was used to prepare a disk with fungal inoculum prepared previously.
One plug of each fungal isolate was placed in the center of each TNT-YMG agar plate con-
taining different TNT concentrations. The colony diameter was measured after incubation
for 7 days at 28 +2 °C. These concentrations were selected to represent acute and chronic
toxicity exposure reported in hot spots contaminated with TNT [27]. Each concentration
of TNT-YMG agar cultured with the appropriate fungus was replicated three times. The
diameter of the fungal colony was recorded for statistical analysis following the incubation
period.

Fungal Growth in YMG Broth Media

YMG agar plates were grown with isolated F. solani or the reference P. chrysosporium
until the colonies filled the surface of the plates. Then, 5 agar plugs of active mycelium
of each fungal strain were used to inoculate 50 ml of YMG broth. The cultures were incu-
bated at 28 +2 °C for 6 days to obtain high mycelial growth. The fungal suspension was
then blended with a glass homogenizer for subsequent use.
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Fungal Growth in TNT-YMG Broth Media

One milliliter of the previously prepared fungal suspension was used to inoculate 50 mL
of TNT-YMG broth culture of 30, 70, and 100 mg/L TNT. Two experiments were con-
ducted separately. One served as a screening study where the culture flasks were incubated
at 28 +2 °C for 28 days (long-term monitoring). The second experiment was incubated at
28+2 °C for 84 h (short-term monitoring) and was consistently checked every 12 h for
TNT concentration using high-pressure liquid chromatography (HPLC). At the end of the
incubation periods, fungal biomass was measured.

Fungal Biomass Measurement

The dry weight of fungal biomass was measured by filtering the broth culture after the 84-h
incubation period through a pre-weighed Whatman filter paper placed in a Buchner funnel.
The filter paper and the retained residue on the filter were dried in the oven overnight at 80
°C. The difference in filter mass was correlated to the fungal biomass.

Analytical Method for HPLC

High-level direct injection EPA Method 8330 A [28] using high-pressure liquid chroma-
tography (HPLC) was used to detect the TNT concentration at initial and incubation inter-
vals with the tested fungal sp. The HPLC was from Beckman, model 110 A with reverse-
phase column (20 pm, 100°A pore size, poly-styrene-divinylbenzene, Hamilton PRP-1).
Elution was performed with methanol-water (95:5, vol/vol) at a 1 mL /min flow rate. TNT
was determined by monitoring the elution at 238 nm. The elution time was set to be 30 min
at a temperature of 30 °C. A sample of 250 pL from each culture flask was used to inject
the HPLC column through a 0.45 pm syringe disk filter (Whatman® ReZist® syringe fil-
ter). The short-term experiment was performed in triplicates.

Statistical Analysis

The experiments were designed based on randomized complete block design with three
replications for each experimental unit. All statistical significance was defined at «=0.05
level. The analysis of variance was done by implementing factorial analysis using mixed
model (Proc Mixed) and general linear model (Proc GLM). The factors were fungus types,
TNT levels, and measurement time. Least squares means were separated using Tukey’s
multiple comparison test using statistical analysis software (SAS, V. 9.3).

Results and Discussion

Fungal Isolation from Soil

The total number of fungal isolates obtained in both control and TNT-amended soil col-
umns was ten (F1 - F10). Based on the results in Table 1, there is a noticeable difference in
soil fungal composition and count between the surface and subsurface layers for the control
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Table 1 Fungal strains isolated

from control and TNT-amended Fungal strain ~ Fungal strain count (CFU/g of soil)

soil columns and their abundance Surface soil Subsurface soil
indicated by their colony forming
units count Control TNT-amended Control TNT-amended
F1’ 400 17 5300 50,000
F2 117
F3 17
F4 83 33
F5 50
F6 83 17
F7 416
F8 367 150
F9 17 67
F10 17

* F1 was later identified as F. solani isolates

and TNT-amended soils. According to [29] and references therein, soil microbial composi-
tion as a function of soil depth is related to the levels of organic matter, nutrients, oxygen,
and moisture in each soil layer [29]. Thus, the ten folds increment in F1 (later identified as
F. solani) counts in the subsurface layer compared to the control could be attributed to the
favored conditions in the subsurface layer, such as higher moisture and nutrients.

Moreover, the TNT-amended soil has less fungal diversity than the control. For exam-
ple, in the surface layer, the control column had seven fungal populations with counts rang-
ing from 17 to 416 CFU/ g of soil, whereas the TNT-amended soil only had three fungal
populations with counts ranging from 17 to 117 CFU/g of soil. In addition, some fungal sp.
In the control soil, surface and subsurface layers did not appear in the TNT-amended soil,
e.g., F4 - F10. It can be concluded that TNT resulted in toxicity to many fungal species in
the soil, and only those tolerant and acclimatized to TNT at the given site are expected to
dominate the soil and be able to establish themselves in this condition. TNT exerts stress
on some microbes by interfering with the expression of some of their genes [20, 25, 30].
This result clearly shows that F1 fungus seems to have the highest potential among nat-
urally existing fungi at this experimental condition to adapt and establish itself in TNT-
contaminated soil. It is worth mentioning that other soil types from other locations may
support different genera.

Fungal Identification

Both colony morphology and microscopic structures (Fig. 1) were used to identify F1 iso-
lates and the P. chrysosporium used in this study. The distinctive characteristics of Fusar-
ium species identification are based on the shapes and sizes of macro- and microconidia,
the presence and absence of chlamydospores, colony appearances, pigmentations, and
growth rates on agar media [31]. The colony morphology of F. solani isolated from the
TNT-amended soil and dominating the subsurface layer on acidified PDA media showed
that colonies were low-floccose, loose, slimy, and sporadic with aerial hyphae that give rise
to conidiophores laterally.
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Fig. 1 F. solani (A Phailids bearing macroconidia, B Macroconidia, C Chlamydospore). P. chrysosporium
(D Spores, E Chlamydospore)

TNT Tolerance

Fungal isolates (F1 - F10) were screened for their tolerance on TNT-YMG agar plates con-
taining various levels of TNT (30, 70, and 100 mg/L). Their capacity to biotransform this
xenobiotic compound at concentrations similar to those found in contaminated environ-
ments was examined. Results showed that all fungal isolates except F. solani failed to sup-
port growth at any concentration of TNT level used in this study, indicating intolerance
to TNT. These findings were used to compare the TNT tolerance of F. solani isolate with
another well studied fungus, P. chrysosporium, that is reported for its capability of degrad-
ing TNT [12, 13, 32].

As shown in the image in Fig. 2 and the histogram in Fig. 3, the fungal colony of F.
solani isolates at each corresponding TNT level has a bigger diameter than that of P. chrys-
osporium. The statistical analysis (data not shown) proved that the colonies’ diameters
were concentration dependent, with significant differences between these diameters. More-
over, P. chrysosporium was more sensitive to the increase in TNT levels compared to F.
solani isolates. For example, increasing the concentration from 70 to 100 mg/L TNT led to
29% and 68% colony diameter reduction for F. solani and P. chrysosporium, respectively.
Therefore, mycelial growth inhibition with higher TNT concentrations can be used as a
measure of TNT toxicity.

Biodegradation in TNT-YMG Broth

The results of the screening study for 28 days (long-term monitoring) are depicted in
Table 2. As can be noticed, F. solani was able to reach 100% TNT removal at all initial
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Fig.2 Colonies of F. solani and F. solani P. chrysosporl'um
P. chrysosporium under various .

TNT concentrations grown on

;I;I;‘ZYI\éG media for 7 days at 0 mg/L
30 mg/L
70 mg/L
100 mg/L

B ~. solani
I . crysosporium

co O
1 1 1

Colony diameter (cm)
w A 00 O N

N
1

0 30 70 100
TNT initial concentration (mg/L)

Fig.3 F. solani and P. chrysosporium colony diameter under various TNT concentrations grown on TNT-
YMG media for 7 days at 28 +2 °C. Values are the average of three replicates (n=3), and error bars repre-
sent the standard deviation from the average

concentrations of TNT in 5 days or less. On the other hand, P. chrysosporium achieved
100% TNT removal for only the 30 and 70 mg/L initial TNT concentrations but in a more
extended period of incubation (> 18 days). For the 100 mg/L initial TNT concentrations,
no complete removal was achieved by P. chrysosporium even after 28 days of incuba-
tion, and a plateau of 74.2% TNT removal was observed after 5 days. The reduction of
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Table2 TNT % removal in TNT-YMG broth with F. solani and P. chrysosporium in the long-term incuba-
tion experiment at 28 +2 °C

Fungal strain TNT concen-  TNT % removal
tration
(mg/L) Day 1 Day 5 Day 18 Day 23 Day 28

F. solani 30 232 100 100 100 100

70 53 100 100 100 100
100 49 100 100 100 100

P. chrysosporium 30 40 90 100 100 100
70 59.1 81.4 100 100 100
100 47.1 74.2 74.2 74.2 74.2

contaminants removal from culture media is generally linked to contaminant toxicity at
the cellular level. The TNT toxicity to P. chrysosporium was previously reported even at a
low TNT concentration of 20 mg/L, where little fungal growth from spore inoculum was
observed when this concentration was used [33, 34]. Similarly, Funder et al. [25] reported
about 94% mass recovery of TNT in solutions containing 100 mg/L of TNT after 90 days
of incubation with P. chrysosporium.

In a study conducted by Anasonye et al. [35] on the bioremediation of TNT using white-
rot Phanerochaete velutina fungus that tolerated high levels of TNT contamination in soil
(1000 mg kg_l). TNT degradation was 80% and 70% in lab and pilot scale experiments,
respectively, with high manganese peroxidase, but no laccase activity in soil was found
during treatment. Our results demonstrate that F. solani seems to have similar tolerance
to TNT as other white rot fungi. Therefore, it can be a good candidate for a pilot study for
remediating TNT-contaminated sites, especially because F. solani showed a higher per-
centage of degradation compared with P. velutina.

The screening study for 28 days with prolonged sampling intervals seemed to miss the
kinetics in the initial stages of TNT removal. Therefore, another set of experiments with
short-term monitoring of the TNT in broth media was conducted for 84 h and was con-
sistently checked every 12 h for TNT concentration. The results of short-term monitoring
experiments in Fig. 4a. showed that there was a significant increase in the degradation of
TNT using F. solani that spiked after 24 h of incubation. For medium containing 30 mg/L
or 70 mg/L TNT, complete removal was almost achieved after less than 60 h of incubation.
When 100 mg/L TNT broth was used, F. solani culture showed a general trend of increase
in TNT removal, reaching around 70% at 84 h. However, better performance would be
achieved if the culture was monitored for longer, as shown in the long-term study.

P. chrysosporium was more successful in removing TNT from a culture medium con-
taining 30 mg/L than those of higher concentrations, reaching around 80% after 72 h
(Fig. 4b). In the study of Kim and Song [13], inhibition of mycelial growth and reduction
of TNT degradation in concentrations greater than 20 mg/L was reported. In the current
study, the results of TNT degradation in liquid cultures verified the lower tolerance of P.
chrysosporium to TNT concentrations higher than 30 mg/L.

The reduction in TNT removal at high TNT concentrations could be attributed to
growth inhibition by elevated TNT concentrations, as stated by other researchers [13,
36-38]. Comparable findings using other microorganisms linked the slower growth of
fungal mycelia with lower production of enzymes required for this process [39-41].
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1004 @ F. solani

904 TNT initial concentration
—==— 30 mg/L
801 3

—e— 70 mg/L
704 100 mg/L
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20+ I ¢
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TNT % removal

1004 b P. crysosporium

90+
80+
70+
60+
50+

TNT % removal
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Fig.4 TNT % removal in TNT-YMG broth of different initial TNT concentrations in the short-term incuba-
tion experiment at 28 +2 °C by: a F. solani and b P. chrysosporium. Values are the average of three repli-
cates (n=3), and error bars represent the standard deviation from the average
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Others mentioned that nutrient availability in the culture media can have an effect on
mycelial growth and degradation efficiency [37, 42, 43].

Fungal Biomass

Following the short-term incubation experiment (Fig. 5) with the corresponding fungal
strains, F. solani produced more biomass than P. chrysosporium in all TNT concen-
trations. However, the biomass reduction was statisticaly significant (data not shown)
between 30 and 70 mg/L, but not between 70 and 100 mg/L TNT for both fungi. The
reduction in biomass for F. solani between 30 and 70 mg/L was about 66% while that
for P. chrysosporium was about 84%.

As indicated in the previous section, the higher removal of TNT from the culture
media could be attributed to higher biomass, and the possible increase in extracel-
lular enzyme activity, that is responsible for the TNT mineralization process [43]. P.
chrysosporium was found to be more sensitive to the increase in TNT levels compared
to F. solani, indicating response to toxic levels of TNT above 30 mg/L. The biomass
variation between the two strains could be attributed to the differences in their toler-
ance and potential for TNT degradation. As described by others, the current study
results confirmed the correlation between fungal biomass and pollutant degradation
efficiency [13, 36, 38]. Higher mycelial biomass could increase the surface area for
TNT metabolic assimilation and physical adsorption [4]. On the other hand, higher
TNT concentration leads to cellular toxicity and a reduction in TNT removal [33, 34],
which can be used as an indicator of TNT toxicity.

B - solani
- crysosporium

Biomass (g)
o

N
o
1

o
(63}
1

0.0-

30 70 100
TNT initial concentration (mg/L)

Fig.5 Fungal biomass of F. solani and P. chrysosporium at the end of the short-term incubation experiment
(84 h) in TNT-YMG broth of different initial TNT concentrations. Values are the average of three replicates
(n=3), and error bars represent the standard deviation from the average
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Conclusion

This study represents the first reporting of TNT removal by F. solani isolated from TNT-
amended soil. It was found that F. solani dominated the subsurface layer in the TNT-
amended soil and was further tested. The results showed that F. solani has high ability
to tolerate and degrade TNT. F. solani was better able to tolerate TNT toxicity even at
TNT all TNT concentrations in this study (30, 70, and 100 mg/L) compared to P. chrys-
osporium. The tested concentrations simulate acute and chronic levels of TNT reported in
contaminated hot spots. Tolerance of F. solani was demonstrated by bigger colonies and
higher mycelial biomass on agar and broth media, respectively.

Removal of TNT from culture media under different TNT concentrations by F. solani
was examined and compared to P. chrysosporium. F. solani was able to reach a complete
TNT removal at all initial concentrations of TNT in 5 days or less. Oppositely, P. chrys-
osporium required a longer time to achieve complete removal at low TNT concentrations
(>5 days for 30 and 70 mg/LL TNT), and no complete removal at high TNT levels was
achieved even at more extended incubation period (74.2% TNT removal at 100 mg/L TNT,
and 28 incubation days).

F. solani seems to have a high potential among naturally existing fungi to adapt and
establish itself in the TNT contaminated soil. However, investigating the potential use of F.
solani fungi in full-scale remediation of TNT-contaminated sites is recommended. Further-
more, Future studies of nitroaromatic metabolism in F. solani should focus on identifying
TNT metabolites. It would also be important to purify and characterize the nitroreductase
from the membrane extract. That work could enhance the understanding of how nitrore-
ductases function and their role in bioremediation.
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