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Abstract: Alachlor, a popular chloroacetanilide herbicide, can be a potential health risk factor. Soil microorganisms are primarily responsible for
conversion and migration of alachlor in natural environment, but knowledge concerning alachlor biodegradation is not complete. Therefore, we
studied the ability of Paecilomyces marquandii, soil fungus tolerant to heavy metals, to eliminate alachlor and proposed a new pathway of its
transformation. After 7 days of incubation only 3.3% of alachlor was detected from an initial concentration 50 mg L™ and 20.1% from a concentration
100 mg L™. The qualitative IDA LC-MS analysis showed the presence of ten metabolites. All of them were dechlorinated mainly through oxidation,
but also reductive dechlorination was observed. The main route of alachlor conversion progressed via N-acetyl oxidation resulting in the formation
of mono-, di- and trihydroxylated byproducts. N-acetyl oxidation as a dominant route of alachlor metabolism by fungi has not been described so far.
The toxicity of alachlor tested with Artemia franciscana did not increase after treatment with P. marquandii cultures. Paecilomyces marquandii strain
seems to be an interesting model for the research on alachlor conversion by soil microscopic fungi, due to its dechlorination and hydroxylation

ability as well as high tolerance to heavy metals.

1. Introduction

Alachlor [2-chloro-N-2,6-diethylphenyl-N-(methoxymethyl)acetamide]
is a pre-emergence herbicide, widespread all over the world due to
its effectiveness and moderate persistence in environment
compared to other pesticides. Its solubility in water reaching 242 mg
L?, low rate of mineralization and direct application into soil caused
the leaching of alachlor into groundwater and migration in water
environment [1]. This xenobiotic and its metabolites have been
widely detected in rivers, sea, wastewater and drinking water [2].
Harmful effect of alachlor on human health has been proved by
WHO [3]. Environmental Protection Agency (EPA, US) recognized
this herbicide as slightly toxic (3rd class of toxicity). Based on the
long-term animals study, alachlor was classified as a carcinogen of
B2 group by EPA [4-6]. Additionally, alachlor was found to be a
xenoestrogen, which disrupts the normal function of human and
animal hormonal systems, modeling their activity in the way
characteristic for female sexual hormones and it was included into
the group of endocrine disrupting compounds (EDCs). Introduced to
environment they cause a lot of unfavourable changes observed
especially among animals living in marine and inland waters, such
as malformation of sexual features, fertility disruptions and in
consequence dying out of some species of bivalves, amphibians,
fishes and mammalians[7-10]. The occurrence of xenoestrogens in
drinking water can result in a wrong form of sex in the foetal period
of humans and lead to cancer genesis [11-13]. For this reason,
alachlor like most xenoestrogens was included in the European
Union legislation [14] and Polish legislation [15 ] as a hazardous
priority substance, which should be totally eliminated from
environment.

The possibilities of alachlor elimination from water environment and
drinking water by ozonation and advanced oxidation treatment are
being intensively investigated [16]. A combined method of photo-
Fenton and biological oxidation has also been used [17].
Microbiological degradation via cometabolism by different groups of
microorganisms, representing soil microflora is a major way of its
conversion in natural environment [18-19]. White et al. [20] reported
that microscopic fungi are capable of degrading most
chloroacetanilide herbicides. The genus of Paecilomyces represents
ubiquitous soil fungi, often isolated from heavy metal polluted areas
[21-23]. Its remarkable enzyme activity and degradative abilities
were also documented [24-26] Literature data concerning alachlor
degradation by soil microbial communities or pure microorganism
cultures and their metabolic pathways are limited and usually reveal
only a few byproducts [27-28]. Only Tiedje and Hagedorn, [29] and
Sette et al. [30] documented the degradation of alachlor by pure
cultures of soil fungus Chaetomium globosum and soil
streptomycetes and proposed a microbial pathway of herbicide
transformation.

In our earlier work the ability of Paecilomyces marquandii to
simultaneously remove alachlor and zinc was estimated [31]. In the
present study we focused on the identification of an alachlor
degradation by-product, proposed a metabolic pathway and checked
the toxicity of alachlor untreated and treated with P. marquandii.

2. Materials and methods

2.1. Chemicals

Ethyl acetate needed for alachlor extraction was purchased from
POCH S.A. (Gliwice, Poland), whereas high purity solvents used
during sample preparation for HPLC analysis were obtained from J.
T. Baker Chemical Co. (Netherlands). Alachlor, PESTANAL®,
analytical standard (99.2%) and all the other chemicals were from
Sigma—Aldrich Chemical Co. (Germany).

2.2. Microorganism

Paecilomyces marquandii S. Hughes, 1951 (basionym: Verticillium
marquandii (Massee, 1898), a filamentous fungus from the collection
of the Department of Industrial Microbiology and Biotechnology,
University of Lodz (identification number: IM 6003) was tested in this
work. This strain was selected from postflotation dumps of non-
ferrous metal works (Silesia, Poland), strongly polluted with heavy
metals [32].

2.3. P. marquandii culture conditions

Ten-day-old spores obtained from ZT agar slants were used to
inoculate 20 ml Sabouraud medium (per liter: 10 g peptone, 20 g
glucose) in 100 ml Erlenmeyer flasks. The cultivation (with conidia
density of 5x107 mL'l) was carried out on a rotary shaker (160 rpm)
for 24 h at 28°C. The preculture (3 ml) was transferred to 17 ml of
fresh medium and incubated for the next 24 h. The homogenous
preculture (15%), prepared as presented above, was introduced into
Sabouraud medium, supplemented with alachlor at 50 and 100 mg
L™ concentrations, or without the xenobiotic in the control cultures.
Abiotic controls, containing the medium and alachlor at appropriate
concentrations were also incubated. The cultures were grown for 7
days under standard conditions. Next, mycelia samples were
separated for analyses. Biomass was washed with distilled water
and dry weight was quantified by the method described by Roézalska
et al. [33].

2.4. Alachlor extraction and samples preparation

Samples were prepared according to the method described by Staba
et al. [31] with some modifications. The cultures were homogenized
with 20 ml ethyl acetate (MISONIX, England) at 4°C and with 120 W
power input. After homogenization, the samples were extracted and
this step was repeated with the second portion of ethyl acetate.
Next, the extracts were dried with anhydrous sodium sulfate and
evaporated under reduced pressure at 40°C. Evaporated residues
were dissolved in 2 ml of ethyl acetate and 0.2 ml was transferred to
chromatography plates for quantitative and qualitative analyses.

2.5. Cytochrome P-450 inhibition studies
Proadifen (0.1 mM) and 1-aminobenzotriazole (1 mM) were

introduced to 17 ml Sabouraud medium inoculated with 3 ml of
fungal homogenous preculture. After 30 min alachlor (50 mg L'l) was



added and the samples were incubated and prepared, as described
above. Initial concentration of inhibitors was individually selected for
P. marquandii as the highest dose, not inhibiting fungal growth by
more than 15%. During the samples incubation the inhibitors level
was monitored chromatographically and in the case of depletion it
was supplied to a proper concentration.

2.6. HPLC-MS/MS analysis

Analyses were performed on the Agilent 1200 LC System coupled
with an AB Sciex 3200 QTRAP mass detector equipped with
TurboSpray lon Source (ESI). The column used was Agilent XDB-
C18, 1.8 um, 4.6 x 50 mm and a mobile phase was a mixture of: A —
H,O+5 mM ammonium formate: B — ACN+5 mM ammonium
formate.

2.6.1. Quantitative analysis

10 pl of the each tested sample was injected on a column
maintained in isocratic conditions A:B — 20:80, temperature 30°C
and 500 pl min™ flow. The retention time of alachlor was 2.35 min.
MS/MS detection was made in an MRM positive ionization mode.
Optimized MRM pairs for alachlor were: 270.1-238.2 m/z (CE=13) —
quantifier ion, 270.1-162.3 (CE=25) — qualifier ion. The other
parameters of the detector were: CUR: 25.00; TEM: 600.00; GS1:
55.00; GS2: 40.00; interface heater: ON; IS: 5500.00; CAD: Medium;
DP: 21.00; EP: 5.50; CEP: 14.00; CXP: 4.00. A standard equation
used for the quantitative analysis showed linearity in the range from
0to 10 ug mL™" of alachlor (r=0.9984).

2.6.2. Qualitative analysis

10 pl of the tested samples was injected on a column with mobile
phase flow 500 pl min™ and the temperature set at 30°C. The
following gradient was applied: -2 — 0 min preinjection equilibration
80:20 (A:B); 0 — 2 min 80:20 (A:B); 20:80 (A:B) in 12 min and
maintained untill7 min; 17.10 reversed to start conditions 80:20
(A:B) and maintained till the end of the method in 18.00 min. MS/MS
detection was made in an IDA (Information Dependant Acquisition)
mode composed of mixed scan modes and IDA criteria for dynamic
m/z filtering. The method was constructed as follows: Prec 1
(Precursor ion scan), Prec 2, ER (Enhanced Resolution scan), IDA
criteria, EPI (Enhanced Product lon scan). Precursors were 117.1
m/z (DP=15-25, CE=60-70) working in the range 120-280 m/z and
162.1 m/z (DP=15-25, CE=20-30) working in the range 164-320 m/z.
Both precursors were assigned as markers for potential alachlor
metabolites. ER scan worked in 250 Da/s scan rate (DP=15-25) and
it was used for isotopic distribution studies of molecular ion species.
EPI scan was working in the range 50-320 m/z (DP=15-25, CE=40,
CES=20) and was used for mass spectra collection. The rest of the
MS parameters were the same as in the quantitative method. The
most important IDA criteria used for selective m/z filtering were as
follows: chosen 1 to 2 most intense peaks from the range 117-320
m/z, whose charge state was +1 and exceeded 10000 counts
intensity, excluding former target ions for 30s after 3 occurrences.
Further explanation of the method setup is provided in the results
section.

2.7. Toxicity study

Artemia franciscana (formerly A. salina) Artoxkit M (MicroBioTests,
Inc., Mariakerke, Belgium) was used according to the standard
producer’s procedure. A. franciscana cysts were incubated in
standard saline water for 30 h at 25°C at the lightness 3000 lux. The
motile larvae were applied in an acute toxicity test. The cultures of P.
marquandii with or without alachlor (control) were separated by
filtration. The supernatant and abiotic samples containing alachlor at
the same concentration as in biotic samples were extracted with
ethyl acetate two times, dried with anhydrous sulfate and evaporated
under reduced pressure at 40°C. Evaporated samples were
dissolved in 0.2 ml ethanol and diluted with saline water to obtain the
same volume as after filtration. Next, appropriate dilutions were
performed. A. franciscana controls with saline water and with the
same volume of ethanol as in the samples were also carried out. All
samples with alachlor and controls were in three replicates and all
tests were performed in triplicate.

2.8. Statistical analysis

All experiments were carried out in triplicate. One-way analysis of
variance (ANOVA) was used to determine the significance of the

differences between the samples. All statistical analyses were
performed using Excel 2000 (Microsoft Corporation, USA).

3. Results and discussion
3.1. Growth and removal of alachlor by P. marquandii

The investigated fungus growth and alachlor elimination by P.
marquandii in liquid Sabouraud medium amended with alachlor (50
and 100 mg in llitre) has been illustrated in Fig.1. Both tested
concentrations of alachlor inhibited growth of the fungus, but from
144 h the difference between the control and the culture with a 50
mg L™ dose of the herbicide did not have statistical importance
(Fig.1). Toxic substrate applied at concentration of 100 mg L™
repressed significantly fungal growth during the whole time of
incubation (40-60%).
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Fig. 1. The fungal growth and alachlor degradation by P. marquandii
cultures on Sabuoraud medium containing alachlor at concentrations
50 and 100 mg L-1.
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After 7days of incubation only 3.3 and 20.1% of alachlor added at
the initial concentrations of 50 and 100 mg L™ were detected. It was
noteworthy that 70% of the supplied alachlor disappeared as soon
as after 72 h, when xenobiotic was introduced at a dose of 50 mg L
' Our results are comparable with the results of most papers
investigating microbial transformation of alachlor by streptomycetes,
yeast and filamentous fungi via cometabolism [27,28,29,30,34].

3.2. Qualitative analysis of alachlor biodegradation

Alachlor fragmentation patterns were initially examined for a proper
IDA LC-MS/MS method setup. In the ER scan (Fig. 2 A) a molecular
ions cluster of alachlor showed a typical isotopic distribution for a
compound containing one chlorine atom. Several EPI experiments
were made to collect mass spectra at different collision energies
(CE) from each isotopic form. The most important data from EPI
experiments were collected from molecular ion M and M+2 isotopes,
which revealed the presence of chlorine atoms in the following mass
spectrum fragments: 238 m/z, 224 m/z, 220 m/z, 210 m/z, 208 m/z,
90 m/z and 77 m/z (Fig. 2 B). lon clusters around 78 m/z and 91 m/z
are typically a result of aromatic ring presence and that is why we
did several MS3 scans to have a deeper insight into the process of
alachlor fragmentation (Fig. 2C). The results of such approach
showed that, while fragments above 162 m/z are mostly a result of
fragmentations and rearrangements of dimethyl ether (C,HsO) and
chloracetaldehyde (C,H3CIO) substituents attached to nitrogen atom,
fragments equal to or below 162 m/z come from the fragmentation of
the 2,6-diethyl-N-methylaniline structure (methaniminium ion -
C11H16N"). As it is shown in Figure 2B and 2C, ion clusters 77-79 m/z
and 90-92 m/z originate from two different types of fragmentation,
but chlorine containing fragments are much stronger than fragments
coming from the ring related structure. Having all data, we provided
the explanation of alachlor mass spectrum in Fig. 2D and chose ions
117.1 m/z and 162.1 m/z as the best markers due to their structure,
intensity and stability for the IDA method applied in metabolite
identification studies.

Samples for qualitative analysis were collected in 0, 24, 72, 120 and
168 h of culturing and included corresponding biotic and abiotic
controls acting as a reference for alachlor metabolites searching. All
samples were prepared in triplicates and examined by the IDA LC-
MS/MS method. Based on mass spectra analysis, we found 10
metabolites. All of them underwent characteristic fragmentation in
the EPI scan confirming the presence the of 2,6-diethyl-N-
methylaniline substructure and absence of the chlorine atom
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Fig. 2. Mass spectra analysis of alachlor showing their typical
fragmentation pattern.

examined in the ER scan. In two cases — RT=8.2 (M=295.1) and
RT=13.9 (M=264.2) we could not identify the structure further as the
m/z signals were too weak and difficult to interpret. Examples of
mass spectra and their basic interpretation are shown in Fig. 3. The
first two examples show mass spectra coming from the compounds
with a removed chlorine atom as a result of mono- and
dihydroxylation (Fig. 3A and 3B, respectively) of the
chloracetaldehyde (C,H3CIlO) substituent of alachlor. Dihydroxylation
on C-terminal of the acetaldehyde substituent of N-(2,6-
diethylphenyl)-2,2-dihydroxy-N[(hydroxymethoxy)methyllacetamide
can be reasonably explained and confirmed by rearrangements
between neighbour chains, which results in the formation of ion 63
m/z. In the case of N-[2-ethyl-6-(2-hydroxyethyl)phenyl]-N-
(methoxymethyl)acetamide (Fig. 3C), the fragmentation pattern of
the 2,6-diethyl-N-methylaniline substructure is a little different as a
result of hydroxylation of one ethyl group at a distal point from the
benzene ring. The most important ions confirming this structure are:
176.2 m/z (C11H1.NO"), 158.2 m/z (C11H:1.N") formed as a result of
H.O loss from ion 176.2 m/z, 143.2 (C10HgN") formed as a result of
CHjs loss from ion 158.2 m/z. All the other mass spectra of potential
metabolites were examined and interpreted in a similar way. The
summary of qualitative analysis is presented in Supplementary Data
(Table S1).

Relative intensity of the alachlor metabolites checked in the samples
collected during the culture of P. marquandii revealed that the
majority of them appeared at a relatively low level from 72 h and
reached their maximum at 120-168 h. N-[2-ethyl-6-(2-
hydroxyethyl)phenyl]-N-(methoxymethyl)acetamide (6) appeared
only at 168 h of incubation. Parallel analysis of metabolite peaks
area tendencies and one to each other area ratio in the following
hours of the experiment (Supplementary Data, Fig S1) helped us
formulate the alachlor biodegradation pathway showed in Fig. 4. The
main route of biodegradation starts with oxidative dechlorination
resulting in the formation of N-(2,6-diethylphenyl)-2-hydroxy-N-
(methoxymethyl)acetamide (5). This compound undergoes
consecutive hydroxylations of terminal carbon atoms of both
dimethyl ether and hydroxyacetaldehyde substituents attached to the
nitrogen atom of the 2,6-diethyl-N-methylaniline substructure.
Oxidation reactions generate various di- or trihydroxy derivatives and
{(2,6-diethylphenyl)[(hydroxymethoxy)methylJamino}(oxo)acetic acid
(7). On the other hand, this route also leads to methylation of the
hydroxyl group as a next step after full oxidation of terminal carbons
and formation of N-(2,6-diethylphenyl)-N-
[(dihydroxymethoxy)methyl]-2-hydroxy-2-methoxyacetamide (10).
Other side reactions are probably reductive dechlorinations that start
from N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide (8)

]
miz D

formation. This derivative was also previously detected by us in P.
marquandii cultures analyzed with GC/MS application [31]. One
route leads to a loss of chloracetaldehyde and methanol from
alachlor and the other one leads to hydroxylation of the ethyl group
attached to a benzene ring after previous dechlorination of the
chloracetaldehyde substituent (6).

Alachlor byproducts have been often identified in bacteria enriched
soil samples or microbial cultures [18,27,28]. Nevertheless, only few
papers presented metabolic pathway of alachlor transformation by
microorganisms. Tiedje and Hagedorn [29] described alachlor
conversion by soil fungus Chaetomium globosum and identified four
metabolites: 2-chloro-2',6'-diethylacetanilide, 2,6-diethyl-N-
(methoxymethyl)aniline, 2,6-diethylaniline and 1-chloroacetyl-2,3-
dihydro-7-ethylindole. Chlorinated and dechlorinated indole and
quinoline derivative compounds were detected as main metabolites
of soil actinomycetes [30]. The metabolic pathway of alachlor
biotransformation, proposed by us, differs from this provided by
Tiedje and Hagedorn [29] and Sette et al. [30]. Alachlor was
metabolized by P. marquandii mainly by hydroxylation. Both
hydroxylation of the N-alkyl group and benzylic hydroxylation of ethyl
side chains occurred, although the first type of reaction dominated.
Our results are in opposition to the findings of Hapeman—Somich
[35], Pothuluri et al. [27] and Qiang et al. [16] showing that ethyl
chains of alachlor are more susceptible to oxidation. Filamentous
fungus Cunninghamella elegans oxidized alachlor at the benzylic
position [27]. Pothuluri et al [27] noticed a connection between the
preferential hydroxylation of the arylethyl side chain of alachlor and
cytochrome P-450 monooxygenase activity. It was well documented
that the fungus C. elegans can metabolize different xenobiotics with
an involvement of cytochrome P-450 [27,36,37]. Considering such a
possibility, we investigated whether P. marquandii could transform
alachlor in the presence of cytochrome P-450 inhibitors proadifen
(SKF 525-A) and 1-aminobenzotriazole (Fig.5). Although during the
incubation ca. 20% mitigation of alachlor degradation in the
presence of inhibitors was observed, at 168 h the differences
between the control without inhibitors and the cultures supplied with
SKF 525-A and 1-aminonenzotriazole did not exist. The herbicide
elimination under inhibitors pressure was effective, suggesting a
negligible role of cytochrome P-450 in alachlor metabolism. These

results can help to explain the difference in the alachlor
hydroxylation by compared fungi.

3.3. Toxicological study

Xenobiotic  transformations  occurring via biooxidation and

dechlorination often lead to the substrate detoxification [27]. On the
other hand, it is known that mammalian metabolic activation of
alachlor involving monooxygenation and conjugation processes can
result in the formation of toxic and carcinogenic intermediate
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Fig. 3. Mass spectra and fragmentation patterns of exemplary
alachlor degradation byproducts and alachlor intermediates
originating from P. marquandii cultures detectedby LC-MS/MS.

metabolites [38-39]. Therefore, we tested abiotic samples and fungal
cultures containing the same concentration of alachlor with the
application of Artemia franciscana toxkit. These crustaceans
inhabiting aquatics environments with different salinity (5 - 250 g L‘l)
are commonly used in ecotoxicological studies [40].

Studies concerning alachlor toxicity were conducted with P.
marquandii extracts, because the diluted supernatants obtained after
the fungus cultures demonstrated significant toxicity to A.
franciscana, which was not observed in the case of extracts in the
same dilutions (data not shown). An inhibition of the tested
crustacean motility by extracts diluted in saline water after 24 h
incubation was observed and the results were expressed as effect
concentration, which inhibited nauplii motility by 50% (ECso) (Table
1). The 24 h ECsq of alachlor (corresponding to the initial alachlor
dose) reached 8.17 £+ 1.11 and 7.35 + 2.54 mg L for abiotic and
biotic samples and did not show a statistically significant difference
(p<0.05). The value of 24 h ECs, obtained for the alachlor solution
without the extraction procedure was 10.80 + 2.51 mg L‘l.GeneraIIy,
alachlor has moderate toxicity to aquatic invertebrates. ECso or LCso
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Fig. 4. A proposed pathway of alachlor biotransformation by P.
marquandii.

e ADIOHIC CONtrol == cONtrol ==se=1-aminobenzotriazole e=ew==SKF 525-A
100
90
80
70

50
40

alachlor content [%]

30
20
10

0 24 72 120 168
Time [h]

Fig. 5. Effect of cytochrome P-450 inhibitors on alachlor elimination
by P. mar-quandii.* Significant differences at p < 0.05.

Table 1. The toxicity test of alachlor samples treated and untreated
with P. marquandii.

Samples 24 h ECsp[mg L™"]
Extract of §§1bourau_d medium after 7 day- incubation (without P. 817 + 1.11
marquandii inoculation)

Extract of P. marquandii cultures after 7- day incubation 7.35+254

Pure alachlor solution (without incubation and extraction) 10.80 £ 2.51

of alachlor to Daphnia reached 10-13 mg L* [41-44]. The toxic effect
of pure alachlor solution determined by us was comparable with the
acute toxicity of this herbicide to Daphnia. The results of a toxicity
assay with A. franciscana showed that biotransformation of alachlor
by P. marquandii did not increase its toxicity. Direct ozonation and
03/H,0, advanced oxidation resulted only in slight mitigation of
alachlor toxicity Qiang et al. [16]. The inhibition of D. magna motility



amounted to 23.3 + 5.8% (after ozonation) and 26.7 + 11.5%
(advanced process) in comparison to 33.8 + 5.8 for the untreated
control. The lack of a decrease in alachlor toxicity as a result of
oxidation by P.marquandii could be caused by the compensating
effect of byproducts with lower and higher toxicity. Besides
hydroxylated intermediates, P. marquandii produced also 2',6'-
diethyl-N-methylaniline (4). It is a derivative of toxic and carcinogenic
2',6-diethylaniline  (DEA), which was reported in many
biodegradation studies [18,29,45]. Although extracts originating from
control fungal cultures without alachlor supplementation did not
affect A. franciscana in the tested range of dilutions it cannot be
ruled out that mycelium produces some toxic metabolites under
alachlor exposure, influencing toxkit organisms.

Additionally, some data show that substitution of chlorine by a
hydroxyl group did not affect alachlor toxicity [46]. Although
degradation of this herbicide by P. marquandii did not lead to direct
detoxification, dechlorinated metabolites produced by P. marquandii
can be more easily degraded by other soil microorganisms.

4. Conclusions

The obtained results point to P. marquandii as a new valuable
research model for the study of alachlor degradation, differing from
other microscopic soil fungi. The IDA MS/MS analysis of fungal
cultures extracts resulted in the identification of ten alachlor
metabolites. The pathway of the herbicide degradation involved
mainly dechlorination and oxidation reactions. We did not observe
an increase in toxicity during alachlor biooxidation by P. marquandii
cultures examined with the use of A. franciscana toxikits, but the
appearance of a 2',6’-diethyl-N-methylaniline derivative requires
more detailed studies to check the safety of potential environmental
applications.
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