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Abstract

The intense use of pesticides in agricultural activities for the last several decades has caused contamination of the ecosys-
tems connected with crop fields. Despite the well-documented occurrence of pesticide biodegradation by microbes, natural
attenuation of atrazine (ATZ), and its effects on ecological processes in subtropical forested areas, such as Iguacu National
Park located in Brazil, has been poorly investigated. Subtropical environments sustain a great degree of fungal biodiversity,
and the patterns and roles of these organisms should be better understood. This work aimed to evaluate nine ligninolytic-
producer fungi isolated from the INP edge to degrade and detoxify ATZ solutions. ATZ degradation and the main metabolites
produced, including deisopropylatrazine and deethylatrazine (DEA), were analyzed using dispersive liquid—liquid microex-
traction followed by gas chromatography-mass spectrometer. Four fungi were able to degrade ATZ to DEA, and the other five
showed potential to grow and facilitate ATZ biodegradation. Furthermore, two strains of Fusarium spp. showed an enhanced
potential for detoxification according to the Allium cepa (onion) test. Although the isolates produced ligninolytic enzymes,
no ligninolytic activity was observed in the biodegradation of ATZ, a feature with ecological significance. In conclusion,
Ascomycota fungi from the INP edge can degrade and detoxify ATZ in solution. Increasing the knowledge of biodiversity
in subtropical protected areas, such as ecosystem services provided by microbes, enhances ecosystem conservation.

Introduction

Current indiscriminate use of pesticides in agriculture has
caused many applied products to remain and disseminate
within soil, surface water, and groundwater of associ-
ated ecosystems, endangering the health of microorgan-
isms, plants, animals, and human beings [1]. Although
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the environmental and human impact of atrazine (ATZ)
has been reported, and alternatives for ATZ use have been
documented, the relevance of ATZ biodegradation in envi-
ronmental protection areas in the natural process is largely
unknown.

ATZ is an herbicide widely used in cultures like corn (Zea
mays), sugar cane (Saccharum officinarum), sorgo (Sorghum
bicolor), among other less economically relevant crops, to
eliminate pre- or post-scrub germination [2]. Although its
application has been restricted (or banned) by the European
Union, USA, and Australia, it is widely used in most Latin
American and Caribbean countries (maximum contaminant
level (MCL) of 2 ug L™" to potable water) [3]. ATZ has been
recognized, in researches from 2012 to 2017, as the second-
most concentrated pollutant in surface water and groundwa-
ter worldwide [4, 5].

This herbicide is considered moderately toxic for
humans and very dangerous for the environment [6] since
significant levels persist in the environment and are highly
toxic even in low concentrations [7]. Fungi, algae, and
several animal groups are affected when exposed to ATZ.
For example, hermaphroditism and demasculinization
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occur in frogs and sexual reproduction difficulties in rats.
ATZ exposure mainly causes endocrine system effects in
animals, including humans, but the chemical also affects
the central nervous system, reproductive system, immune
system, and cardiovascular function [8—10].

ATZ fate in soil depends on many factors, including
its composition (sorption to organic carbon compounds,
especially humic acids and clay minerals), physicochemi-
cal characteristics (e.g. pH, temperature), chemical, and
biological degradation, plant absorption, and water flows
(e.g. leaching, run-off) [11, 12]. The half-life of the herbi-
cide mainly depends on microbes capable of degrade the
compound influenced by oxygen and water availability,
depth, temperature, ATZ concentration, history of herbi-
cide application, and agricultural practices [13]. Smith and
Walker [14] showed that the half-life of ATZ was 338 days
in superficial dark brown chernozem soil (70% clay, 25%
silt, and 5% sand) where 2 ug g~! of ATZ were applied,
considering 8% of humidity and a temperature of 20 °C.

Current studies have shown the widespread use of bac-
teria for the biodegradation of ATZ since they can miner-
alize the compound. However, fungi are responsible for the
N-dealkylation of ATZ side-chains, producing principally
(deisopropylatrazine) DIA and (deethylatrazine) DEA.
Fungi activity allows bacteria to subsequently open the
heterocyclic ring [7, 15, 16]. Thus, despite the significant
focus on the genetics of ATZ biodegradation by bacteria
[17-19], microbial consortia and associations can directly
affect degradation in natural environment. Therefore, the
fungal role in these processes requires further study. Fungi
catalyze the biodegradation of pesticides using intracel-
lular and extracellular enzymatic compounds [20]. The
major biodegradation potential of basidiomycetes and
ascomycetes is associated with the extracellular lignino-
lytic complex, which is composed of biotechnologically
and industrially important molecules [21].

The primary goal associated with the creation of Bra-
zilian National Parks is the preservation of ecosystems of
great ecological importance and scenic beauty [22]. These
conservation areas are recurrently immersed in large agri-
cultural and livestock land proprieties, and the protection
of valuable natural resources coexists very closely with
intense anthropic impacts. Particularly, Iguagu National
Park (INP), the biggest forestall remaining of the semide-
ciduous seasonal forest of south Brazil, is a green island
submerged in an agricultural area where pesticide use is
intense. Soil is made up of sandy ground with high iron
content and is classified as basaltic volcanic lithotype [23,
24]. The impacts of pesticide in edge areas are largely
unknown. Consequently, knowledge regarding the biodeg-
radation of pesticides by microorganisms and their effects
on ecological processes has heretofore been scarce [25].

Although the macroecological richness pattern of sapro-
trophic fungi, parasites, and pathogens, as well as the Asco-
mycota phylum, is in accordance with latitudinal gradients
(higher levels of richness of fungal groups occur in tropical
areas and decrease toward the poles) and there is a high fun-
gal endemicity in the tropics according to Rapoport’s rule,
fungal biodiversity remains poorly studied [26]. There is an
abysmal difference between the 100,000 described fungal
species and the estimated existing number (0.8 million to
5.1 million globally) [27]. The taxonomic and functional
diversity of microbes and their role in ecosystemic processes
require a depth investigation, especially with respect to the
biodegradation potential of pesticides.

The Allium cepa (onion) toxicity test is a low-cost, easy
to handle, and rapid test used to assess acute and chronic
toxicity. In this work, it is used to evaluate the toxic effects
of ATZ using fungi treated with ATZ solutions. Cytotoxic,
genotoxic, and mutagenic assays in onion correlate ade-
quately with other test systems, e.g. mammals, and can serve
as a bioindicator used to assess toxicity to the environment
and human beings [28, 29]. According to Datta et al. [30],
the onion test is a standard technique used in toxicological
studies. Cytotoxic assays, e.g. root growth and mitotic index
(MI), exhibit sensitive and reliable effects even when small
concentrations of pollutants are used.

The capacity of fungal strains with ligninolytic degrada-
tion potential to degrade ATZ is still unknown in terms of
biodiversity of microbes (especially with respect to func-
tional diversity). Thus, this work aimed to evaluate the abil-
ity of potential ligninolytic-producer fungi from the INP to
degrade and detoxify ATZ solutions. Furthermore, polypha-
sic characterization approaches (internal transcribed spacer
(ITS) region of rIDNA and morphological features) were car-
ried out in the isolates with the most significant potential to
degrade herbicides (Fig. 1).

Materials and Methods
Microorganisms

In order to evaluate the ATZ biodegradation, nine fungi
isolated from an artificial edge of the INP in contact with
agricultural areas used to grow corn and soybean crops
were selected (Codes CCLM_GW, CCLM_GU, CCLM_IB,
CCLM_NH, CCLM_IC, CCLM_DF, CCLM_BP, CCLM_
BO, and CCLM_AD). The points used to collect fungal
samples were 8 m from the park edge and were separated
from agricultural areas by a road that was 7 m wide (Figure
S7). The fungi collected were potential lignin degraders in
a qualitative study that used guaiacol (2-methoxyphenol)
as an enzymatic inductor and colorimetric indicator (sup-
plementary material). Isolates were preserved at Culture
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POTENTIAL TO NATURAL ATTENUATION OF ATRAZINE BY FILAMENTOUS FUNGI AND ITS EFFECTS ON
ECOLOGICAL PROCESSES IN SUBTROPICAL FORESTED AREAS

Fungi isolation: Trails (1, 2, and 3) on the Iguagu National Park
(INP) western edge, an artificial forest edge (25°32'42.5”Sy
54°24’58.1"”W a 25°32'49.5"'S y 54°24'56.1"W)
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Fusarium strains showed an enhanced potential to reduce toxification of water solution. The process achieved ATZ degradation and
DEA produced without the involvement of the laccase enzyme.

Fig. 1 Graphical abstract displaying the main findings of this study

Collection of Microbiology Laboratory (CCLM) from the
Federal University of Latin American Integration (UNILA).

Fungal Preparation and Growth

Fungi were reactivated in the malt extract agar (MA?2) for 7
days at 28 °C. Three discs placed 6 cm from the perimeter
of mycelium were transferred to a 125 mL Erlenmeyer flask
containing 25 mL. MA2, and 10 mg L™! ATZ PESTANAL®
(Sigma-Aldrich) prepared in ultrapure water [31, 32]. MA2
did not contain peptone and dextrose. Flasks were randomly
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distributed in the shaker at set at 28 °C and 150 rpm for 7
days. When the incubation period ended, the culture medium
was filtered, and the supernatant solution was stored at
— 4 °C for chromatographic and toxicological assays.

Analysis of ATZ Degradation and the Production
of Principal Metabolites Using GC-MS

Sample preparation and chromatographic analysis of both
samples containing treated fungi and controls (without
fungi) were performed according to procedures detailed in
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Della-Flora et al. [33]. To extract ATZ and its metabolites
from the culture medium using the dispersive liquid-liquid
microextraction approach (DLLME), 0.10 g mL~! NaCl was
dissolved and combined with ATZ and ethion solution at
2.0 pg L™! in 50 mL of ultrapure water (working solution).
Ethion was used as the internal standard. ATZ solution at
10 mg L~! was diluted by transferring 10 pL of the super-
natant obtained from the culture medium into the working
solution, also 0.50 mg L' ethion solution was diluted by
transferring 200 pL. The solution was adjusted to pH 7.0 and
5-mL aliquots were placed in 15 mL glass centrifuge tubes
with a conical base. 150 pL HPLC grade dichloromethane
(DCM) (extractive solvent) and 550 pLL HPLC grade acetone
(dispersing solvent) were quickly added. In the formed emul-
sion, DCM and acetone were precipitated by carefully bump-
ing the external tube surface, and the tube was centrifuged
at 2000 rpm for 5 min. Approximately 150 pL of the bottom
phase was removed, avoiding contamination between the
bottom and water phases, and deposited into 300 pL inserts
and stored at — 20 °C prior to gas chromatography-mass
spectrometer (GC-MS) analysis.

The GC-MS system was equipped with a TRACE 1300
GC-MS and an ISQ Single Quadrupole MS mass ana-
lyzer. Analytes were separated using a TR-SMS capillary
column (30 mx0.25 mm X 0.25 pm) (ThermoScientific).
The temperature of the injector was set at 250 °C, and the
samples were manually injected (2 pL) in splitless mode
using Helium as running gas with a constant flow rate of
1 mL min~!. The initial temperature was set at 50 °C (for
2 min) and increased to 140 °C at 10 °C min~'. The tempera-
ture was then raised to 158 °C at a rate of 1 °C min~'; 250 °C
at a rate of 10 °C min~!; and 290 °C at a rate of 7 °C min™".
The temperature of the ion source and line transfer was set
at 300 °C and 250 °C, respectively. Selective ion monitor-
ing mode using an intense ion and two qualifying ions were
selected (Table S1). Thermo Xcalibur software, version 2.2
(Thermo Scientific) was used for processing data.

DIA and DEA formation were expressed in terms of con-
centration (mg L"), while ATZ degradation was calculated
according to the following formula:

Crunsus
e 5 100 (1)

Ccontrol -

C

control

Degradation (%) =

where C.,, 1S the concentration of an analyte in the con-
trol treatment and Cy,,, is the concentration of an analyte
in the culture media containing fungi.

Toxicity Evaluation of ATZ and Fungi-Treated ATZ
by Allium cepa Test

Supernatants obtained from cultures (CCLM_GW, CCLM_
GU and CCLM_DF) according to topic 2.2, were assessed

using the onion test, as described by MARINHO et al. [34],
which was based on Fiskesjo [28]. Laves, roots, and external
layers of onions at the same stage of growth were carefully
removed from the ones of similar shape and form. They were
placed in plastic cups with deionized water and stored in a
location protected from light and low humidity up to 72 h
at approximately 20 °C. Then, onions were removed from
the water, and root growth was measured with a ruler. All
the roots from each bulb were extracted and measured, and
average root lengths were determined. Onions that had roots
that grew similarly were selected for use in subsequent toxic-
ity tests.

As experimental controls, MA2 culture medium plus
ATZ at 10 mg L™' (ATZ,,), and deionized water plus ATZ
at 10 mg L™! (ATZ,), both without biological treatment,
were incubated at 28 °C for 7 days. Deionized water (without
ATZ) was used as positive control for root growth. All treat-
ments were tested in triplicate. Incubation and measurement
of onions were performed as described above. Percentage
growth inhibition was calculated by comparing the obtained
root growth values for each treatment with the blank.

Statistical Analyses

Regarding ATZ degradation and the production of prin-
cipal metabolites by INP-derived fungi, the independent
variables were the fungal isolates. The dependent variables
corresponded to levels of ATZ degradation, and DEA and
DIA production. When testing the toxicity of ATZ solutions,
the independent variables were CCLM_GW, CCLM_GU,
CCLM_DF, ATZ,,, and ATZ_ solutions, and dependent vari-
ables corresponded to growth inhibition (%).

Bio-stat 5.3 was used to carry out the Shapiro Wilk nor-
mality test, outliers test, and ANOVA one-way (paramet-
ric) or Kruskal Wallis (non-parametric) tests to determine
if there was a significant difference between treatments.
All analyses were assessed using a p <0.05 significance
level. Figures were prepared by plotting data using RStudio
1.1.456 software. The logarithm (log (x+ 1)) was applied to
standardize heteroscedastic data, but homoscedasticity was
not always achieved. Thus, parametric analysis of variance
was used for ATZ, and non-parametric analysis was used
to assess DEA and DIA levels and growth inhibition (%) of
onion roots.

Morphological Characterization

Morphological characterization based on reproductive struc-
tures was analyzed using the microculture technique described
by WEBER and PITT [35], with minor modifications. Inside a
petri dish, a small square of MA?2 culture media (1 X 1 cm) was
placed on a slide. The square was inoculated on all four sides
using mycelium transfer of reactivated isolates. The isolates
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used were the same ones that were used to assess ATZ degra-
dation, and DIA and DEA formation. The plates were incu-
bated at 28 °C for 2 to 4 days until reproductive structures were
visible. Before observation using an optical microscope, the
coverslip was removed and placed on a clean slide and stained
with 2% methylene blue.

Molecular Characterization

Strains were grown in MA2 medium for 7 days at 28 °C, and
total DNA was extracted using Wizard Genomic DNA Puri-
fication Kit (Promega, USA) according to the manufacturer’s
instructions. The ITS1-5.8S-ITS2 region of rDNA was ampli-
fied using ITS-1 (5'TCCGTAGGTGAACCTGCGG-3') and
ITS-4 (5TCCTCCGCTTATTGATATGC-3') primers [36].
PCRs were performed using reaction volumes of 50 pl reaction
containing 1 X PCR buffer (Invitrogen, Brazil), 20 ng template
DNA, 0.2 uM of each primer, 200 uM of each dNTP, and
2.5 units of Easy Taq DNA polymerase (Invitrogen, Brazil).
Amplifications were performed an Applied Biosystems™
Veriti 96 Well Thermal Cycler (Foster City, CA, USA). The
amplification parameters consisted of initial denaturation at
94 °C for 5 min followed by 30 cycles at 94 °C for 30 s, 55 °C
for 30 s and 72 °C for 1 min, and a final extension step of 72 °C
for 10 min. After electrophoresis, the fragments were purified
and sequenced at DSMA Biotecnologia (Mogi das Cruzes,
SP, Brazil).

Phylogenetic analysis was performed using high-quality
sequences (80% of bases with quality > 20) using Phred soft-
ware. Trimmed sequences were used for comparison with
sequences within the GenBank database (http://www.ncbi.
nlm.nih.gov/BLAST) via BLASTn (nr/nt). The best hits corre-
sponding well-characterized strains were retrieved from data-
bases and subsequently aligned and edited using the Clustal
Omega website from the European Bioinformatics Institute
(EMBL-EBI) and the BioEdit program, version 7.0.5.3,
respectively. The phylogenetic tree was built with MEGA
7.0 version software [37], and the evolutionary history was
inferred using the Neighbor-Joining method [38]. Evolution-
ary distances were computed using the Kimura 2 evolution-
ary distances method [39]. The partial DNA sequences of
the ITS1-5.8S-ITS2 region were deposited in the GenBank
database under the accession numbers MT062480 (Fusarium
sp. CCLM_DF), MT062481 (Fusarium sp. CCLM_GU),
MT062482 (Fusarium sp. CCLM_GW), and MT062483
(Fusarium sp. CCLM_IB).
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Results and Discussion
ATZ Degradation

Nine potential ligninolytic producer fungi (Codes CCLM_
GW, CCLM_GU, CCLM_IB, CCLM_NH, CCLM_IC,
CCLM_DF, CCLM_BP, CCLM_BO, and CCLM_AD) iso-
lated from the INP were evaluated regarding their ability
to biodegrade ATZ. Figure 2 shows levels of fungal ATZ
degradation (%) in terms of average and standard devia-
tion, except for CCLM_DF and CCLM_AD isolates that do
not show considerable degradation activity (many negative
replications).

Based on one-way ANOVA (p>0.05), there was no
significant difference between isolates in the ATZ biodeg-
radation level. Therefore, the fungal isolates had a similar
capacity to degrade ATZ (Fig. 2). Four fungi produced DEA:
CCLM_GW, CCLM_GU, CCLM_IB, and CCLM_DF (6.98,
7.23,3.97, and 0.21 mg L, respectively), but there was
no significant difference between the four DEA-producing
fungi (Kruskal Wallis; p > 0.05). These data result in an
average concentration of 4.6 mg L™!. DIA formation was
not observed.

These results suggested that some fungal had the capac-
ity to form DEA (CCLM_GW, CCLM_DF, CCLM_IB, and
CCLM_GU), while other did not (CCLM_NH, CCLM_IC,
CCLM_BP, CCLM_BO, and CCLM_AD). The absence of
relationship between ATZ biodegradation and metabolite
production could be experimentally associated with ATZ
adsorption/absorption. Nevertheless, our results suggested
that of the nine isolates studied, four (CCLM_GU, CCLM_
DF, CCLM_GW, CCLM_IB) were capable of degrading
ATZ, and the other five showed potential to grow and pos-
sibly be involved in ATZ biodegradation. Fungal isolates
capable of producing DEA were considered to be the ones

30 40
|

ATZ degradation {%)
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Fungi

Fig.2 Atrazine degradation (%) by, CCLM_BO, CCLM_BP,
CCLM_GU, CCLM_GW, CCLM_IB, CCLM_IC, and CCLM_NH
fungal isolates from the Iguacu National Park border, for a 7 days’
time period. Data show the average and the standard deviation
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with the greatest potential to biodegrade ATZ, since DEA
formation indicates ATZ transformation, at least in cases
where DEA is not absorbed.

Results revealed that DIA formation (mg L™!) did not
occur in comparison to DEA formation (mg L™!). The main
mechanisms of the biodegradation of s-triazine herbicides by
soil fungi occur through N-alkyl side chain removal, which
causes N-dealkylation, deamination, or both. This results in
DEA and DIA formation, and both metabolites are indepen-
dently produced through the hydrolytic, oxidative pathway
[7, 16]. DEA is the most commonly identified metabolite in
ATZ-contaminated groundwater in Australia. The relative
degradability of DIA may be the reason it is detected at
lower levels than either ATZ or DEA [40]. In addition, there
has been no evidence showing that the s-triazine ring break-
age occurs, according to records from 1965 to the present,
as our results suggest. However, other analytes have been
found, such as hydroxyatrazine (HA), deisopropylhydroxy-
trazine (DIHA), desethyldesisopropylatrazine (DEDIA),
and desethylhydroxyatrazine (DEHA) [32, 41]. Analyz-
ing all formed compounds could help researchers establish
comparisons with other studies and uncover the metabolic
pathway of fungal ATZ degradation, the details of which
are unknown [16].

Several studies have evaluated the capacity of fungal iso-
lates to biodegrade ATZ, both in a solid and liquid medium,
e. g. using mycelium diameter as a response variable, and
evaluating ATZ decreases and/or the presence of metabolic
products [21, 32, 34]. Initial concentrations of herbicides,
duration of incubation, which was frequently more than
7 days, and percentage of ATZ degradation are examples of
variables used in these studies [31, 42, 43]. Considering an
initial concentration of 10 mg L™!, 71% degradation of ATZ
was obtained after incubation for 15 days [32], and 86.2%
degradation was achieved after 42 days [31] using the fungal
strains Pleurotus ostreatus UFLA and Coreolus versicolor
L., respectively. Notably, these were among the isolates that
had an increased capacity to degrade ATZ compared to the
7-day ATZ degradation assay of this study examining leaf
litter fungi.

Toxicity Evaluation

Regarding the monitoring of toxicity, onion root growth
assays were performed to compare positive controls (deion-
ized water), with roots exposed to supernatants from fun-
gal cultures (CCLM_GW, CCLM_GU, and CCLM_DF)
and negative controls (ATZ before treatment ATZ,, and
the control assay ATZ,). According Table S2, 10 mg L™
ATZ inhibited the growth of onion roots. Values obtained
for ATZ,, (95.4%) and ATZ_ (100%) indicate a high toxic-
ity level. Although the capacity of strains CCLM_DF and
CCLM_GU to detoxify ATZ was not statistically different

(p>0.05) than non-treated ATZ (ATZ,, and ATZ_), as shown
in Fig. 3, a different result was obtained using strain CCLM_
GW (p<0.05). The solution from isolate CCLM_GW was
30.3% less toxic after 72 h of treatment according to onion
root growth assays. Also, the detoxification capacity of fun-
gal CCLM_GU (27.5%) was significantly different from
control (ATZ_), which had the highest growth inhibition
potential (100%). These results are in accordance with those
of Marinho et al. [34] that revealed that biological treatment
with Aspergillus niger AN 400 for 72 h resulted in a 54%
decrease in the toxicity of a solution of 30 mg L™! ATZ.
In the presence of non-toxic water, cell proliferation in the
root apical meristem causes root growth; however, the pres-
ence of inhibitors, namely ATZ, causes a delay (or the total
inhibition) of cell division, affecting the root growth [44].
ATZ produced both cytotoxic and genotoxic effects, accord-
ing to Silveira et al. [44]. They showed that root growth
inhibition of 18.7 mm was observed in onion exposed to
the herbicide after exposure to 30 mg L™! ATZ for 120 h. In
the study, ATZ treatment resulted in higher chromosomal
aberration (CA) frequencies and increased DNA damage
(99%) in onion root tips exposed to ATZ solution for 48 h.
In addition, Datta et al. [30] reported that root length and
concentration of an ATZ-treated soil (PTS) were negatively
correlated after roots were exposed to the chemical for 24
and 48 h, while chromosomic aberrations were positively
correlated after both periods. The mitotic index was reduced
from 26.1 +1.6to 10.3 +0.9 after 24 h, and from 26.1+1.3
to 9.7 £0.6 after 48 h in 100% PTS, revealing a decrease in
the proliferation status of meristematic onion cells.

As described above, the capacity of fungi to biodegrade
ATZ has been established, but the potential of native fun-
gal strains from environmental protection areas to naturally
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Fig.3 Onion root growth inhibition (%) of onion roots either treated
with 10 mg L™! ATZ (ATZ,,) before and after treatment with fungal
isolates CCLM_GW, CCLM_GU, and CCLM_DF, and roots sub-
jected to deionized water-containing control (ATZ,) treatments for a
7-day period. Data are represented with boxplots that show the three
quartiles and the upper and lower limits. The arithmetic mean of the
treatments that do not share the same letters are significantly different
(»<0.05)
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promote pesticide detoxification, and promote sustainability
has not been well investigated. Zablotowicz, Weaver, and
Locke [45] reported a quickly degradation of ATZ (50% to
70%) in soils of the Mississippi Delta that had been exposed
to ATZ for a short time. According to Krutz, Zablotowicz
and Reddy [46] when the application of ATZ had terminated,
ATZ biodegradation activity gradually declined over the
years to a low level, which was comparable to natural attenu-
ation in ‘non adapted’ soils that had not received ATZ in
reference to the raised biodegradation of ATZ in areas with a
history of ATZ exposure (‘adapted’) soils. The authors sug-
gested that the number of soil-borne ATZ-degraders declines
in the absence of ATZ to a steady, uncultivable level until
ATZ is available again. Therefore, according to Douglass,
Radosevich and Tuovinen [47], although the effect of the
history of ATZ application has been well documented, its
biological basis remains cryptic. An evaluation of potential
microorganisms to biodegrade herbicides in uncontaminated
environments may provide insights into the discussion. Fur-
ther, agricultural frontiers appear to be unique in terms of
the conflicts between production and conservation, and nec-
essary risk management and risk reduction strategies regard-
ing pesticide use can only be achieved through the respon-
sible sharing of information between diverse stakeholders.
This will increase knowledge regarding local biodiversity,
and its functionality, and, in this case, ecosystem services
provided by fungal strains.

Taxonomic Characterization

CCLM_DF, CCLM_GU, CCLM_IB, and CCLM_GW fungi
were chosen for taxonomic characterization based on their
capacity to produce DEA, which is an indication of ATZ
biodegradation (Fig. 4).

All isolates belonged to the genus Fusarium, containing a
99% probability of compatibility with the genus, class Sord-
ariomycetes, which contained a clade with the greatest rich-
ness in tropics. Strains CCLM_DF and CCLM_GU display a
close level of phylogenetic proximity with F. incamatum and
F. camptoceras. CCLM_GW and CCLM_IB fungal strains
were similar to many Fusarium species (F. equiseti, F.
incamatum, F. camptoceras, F. oxysporum. F. verticillioides,
F. proliferatum, F. chlamydosporum, F. acuminatum, and F.
aveneceum), table S3. Several DNA databases are available
for DNA-based identification. There was a difference in the
percentage of similarity and in the level of species when
comparing the databases of American government-funded
National Center for Biotechnology Information (NCBI) and
Centraalbureau voor Schimmelcultures (CBS), hosted by the
Westerdijk Institute in the Netherlands. However, the simi-
larity percentage is considerable enough (higher of 94%) to
relate our isolates with Fusarium species. The molecular
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analysis was based on ITS region, a part of a ribosomal DNA
gene that corresponds to one of the most frequently used
regions for the fungal identification to the genus, and often
species, level(s). Since it underwent a rapid evolution rate
within the eukaryotes, CCLM_DF, CCLM_GU, CCLM_IB,
and CCLM_GW strains could not be identified at the species
level [48]. Waalwijk et al. [49] emphasized that ITS region
may not be sufficient for Fusarium genus identification due
to the presence of two non-homologous copies within the
region, causing divergence. Instead, a widely used region
for this genus is elongation factor 1-alpha or TEF-1 alpha.
According to morphological characterization, all isolates
presented asexual reproduction structures, a slightly curved
to a hooked apical cell or fusiform of conidia (Fig. 5), which
are characteristics associated principally with the Fusarium
genus.

The Fusarium genus contains a large proportion of the
filamentous fungi, which are widely distributed in soil and
associated with plants worldwide [50]. In these symbiotic
relationships, fungi are pathogens of ornamental and eco-
nomically important crops, with high survival rates in the
environment. Taxonomic characterization of the Fusarium
genus is difficult since there exist a great variability and
instability of characteristics used in its classification, such
as conidial size and conidial septation (Fig. 5). In a general,
Fusarium is a monilybaceous, hyphomycete genus char-
acterized by hyaline mycelium and conidiophores. These
structures can be branched and finish in tuftsor may consist
of sporodoquios that give rise to macroconidia with one or
several transverse septa, which are hyaline, fusoides, acro-
gens, and frequently pedicelled. Hyaline microconidia are
produced in isolation and form wet head or chains, usually
without septa. They have terminal, intercalary spores and are
unicellular or have setae and thick walls [51].

Although ATZ-degrading fungi were selected based on
their capacity to degrade lignin in a culture medium and
their potential to produce ligninolytic enzymes according to
the guaiacol colorimetric test, the results suggest that ATZ
biodegradation was not achieved by laccase enzyme activ-
ity, a result also observed by Pereira et al. [32] and Bend-
ing, Friloux and Walker [31]. As a result of the observation
that the production of ligninolytic enzymes in C. versicolor
(a wood- or litter-inhabiting fungus) was low, mechanisms
of degradation are not clearly related to ligninolytic poten-
tial. Further, P. ostreus did not produce significant levels
of laccase, which demonstrated that ATZ did not act as an
inductor of laccase production [31, 32]. Also, considering
the absence of peptone and dextrose in the culture medium,
ATZ biodegradation in MA2 is likely co-metabolic. Fungi
might use ATZ as the primary food substrate.

A laccase-type intracellular enzyme has been isolated
from Fusarium sp. that is capable of oxidizing guaiacol
[52], which is a result that was observed in this study. In
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Fig.4 Phylogenetic analysis was performed using high-quality
sequences. Sequences were trimmed using 0.07 error probability
limits using Geneious version 7.0.6 by Biomatters (http://www.genei
ous.com/). The ITS1-5.8S-ITS2 trimmed sequences were aligned
with the sequences of selected reference taxa of the genus Fusarium
within the GenBank database (https://blast.ncbi.nlm.nih.gov) using
the ClustalW algorithm of MEGA 7.0 software. The alignment was

the present study, enzymatic assays used for the quantifi-
cation of laccase using a synthetic lignin substrate, ABTS
(2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)),

NR135395 Aspergillus oryzae NRRL 447

inspected and adjusted manually where necessary. Evolutionary his-
tory was inferred using the Maximum Likelihood (ML) method and
the GAMMA distribution model (1,000 bootstraps) using MEGA
7.0 software. The robustness of the inference was assessed by boot-
strap support (values greater than 70 were considered significant,
SBMV >70) [37]

revealed that no enzymatic activity was present in any bio-
logically treated ATZ solutions (supplementary material).
This result indicates that although the literature suggests that
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Fig.5 Microcultures of fungal isolates including CCLM_DF (a), CCLM_GU (b), CCLM_GW (c¢) and CCLM_IB (d), which were stained using

2% methylene blue dye

ligninolytic enzymes may have roles in pesticide degrada-
tion, the mechanism is different for our isolates that were not
climatized to ATZ. Fusarium fungal isolates have the poten-
tial to degrade many herbicides, such as lindane, monocro-
tophos, chlorpyrifos, DDT, malathion, metolachlor, and
paraquat. However, metabolic pathways involved in degra-
dation are practically unknown [1, 7, 15]. DDT degradation
by Fusarium occurs via lignin peroxidases [53]. In Fusar-
ium, degradation of monocrotophos occurs by the release of
extracellular alkaline phosphatases, inorganic phosphates,
and ammonia [53, 54]. Also, the capacity of Fusarium to
secrete a group of enzymes, homologous to the arylamine
N-acetyltransferase (NAT) of humans, allows the organisms
to tolerate aromatic amines present in environmental pollut-
ants, like ATZ [55]. NAT is associated with pathogen fitness
since they are responsible for detoxifying the defense com-
pound 2-benzoxazolinone produced by host species [56].
N-acetyltransferase and N-malonyltransferase activities are
of particular importance to acetyl coenzyme A- and malonyl
coenzyme A-dependent detoxification of aromatic amines,
respectively [55, 57]. Additionally, modification and detoxi-
fication of ATZ by cytochrome P450 monooxygenase genes
in plants and animals may also function in fungal species
[58, 59]. According to Cocaign et al. [57], ascomycetes may
detoxify aromatic amines using another, unidentified meta-
bolic pathway (aside from acetylation). Further research will
be needed to fully understand the natural attenuation of ATZ
and its effects on ecological processes.

Conclusion

In the present study, leaf litter fungi isolated from an
environmental protection area and previously selected
for guaiacol screening (potential to produce lignino-
lytic enzymes) were assessed to determine whether they
could biodegrade ATZ. Four fungal isolates (CCLM_GU,
CCLM_DF, CCLM_GW, CCLM_IB) were able to degrade

@ Springer

ATZ in terms of DEA formation, and the other five showed
potential to grow and possibly be involved with the bio-
degradation of ATZ. CCLM_GW and CCLM_GU strains
most effectively reduced the toxicity of ATZ according to
onion assays.

A taxonomic analysis of DEA-producing fungi using
morphological (reproduction structures) and molecular
(ITS1 and ITS4 ribosomal DNA sequence) characteris-
tics revealed that CCLM_DF, CCLM_GU, CCLM_IB,
and CCLM_GW strains belong to the Fusarium genus.
Although the fungal strains were isolated using a culture
medium designed to select lignin-degrading fungi, ATZ
degradation was not achieved via laccase activity. This
finding underscored the importance of non-ligninolytic
enzymes in the native biodegradation of ATZ, which have
been neglected. All isolates studied may potentially func-
tion in the degradation of pesticides, and future research
will be needed to understand their impacts fully. Though
the importance of the soil history of ATZ application has
been well documented, its biological basis is not well
understood. Finally, increasing our understanding of bio-
diversity in subtropical protected areas, especially those
involving ecosystem services provided by microbes, will
help enhance conservation efforts.
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