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In this study, we isolated a yeast strain, YC2, by enrichment culture from pendimethalin-contaminated soil. The
analysis of its phenotypic features and 26S rRNA sequence confirmed that the strain YC2 is Clavispora lusitaniae.
According to the kinetics of pendimethalin degradation, YC2 could degrade 74% of 200 mg L™ pendimethalin in

CMB liquid culture over 8 days. LC-MS/MS was used to identify the metabolites of pendimethalin after

iig:;i% 261'(Sht gzgzer;nbb;rzzgllss degradation. This study confirmed that its metabolites consist of 1,2-dimethyl-3,5-dinitro-4-N(buta-1,3-dien-
2-yl)-dinitrobenzenamine-N-oxide and 1,2-dimethyl-3,5-dinitro-4-N(prop-1-en-2-yl)-dinitrobenzenamine-N-
DOI: 10.1039/c8ra07872f ) . . . .
oxide, which were broken down by a series of enzymatic reactions to produce CO, and H,O. Thus, the study

rsc.li/rsc-advances herein sheds light on the role of yeast in the degradation of pendimethalin.

remediation is an effective approach in the natural environ-

1. Introduction

Due to the wide use of pesticides in agriculture, soils and rivers
have become significantly polluted.® Consequently, these toxic
pesticides pose a hazard to human health. According to the
United States Environmental Protection Agency (EPA) and the
World Health Organization (WHO), more than 1000 chemical
compounds are used as pesticides. Pendimethalin-[N-(1-ethyl
propyl)-3,4-dimethyl-2,6-dinitrobenzenenamine] is a dinitroani-
line herbicide,” which can control weeds during the growth of
cotton, rice, soybean and tobacco.’ Pendimethalin is a micro-
toxic substance; however, it may trigger thyroid follicular cell
adenomas in rats, and therefore, has been recognized as
a probable carcinogen to humans.*®

The chemical structure of pendimethalin is complex, and it
can be strongly adsorbed by the soil but difficult to desorb.
Additionally, the half-life of pendimethalin in soil is 90 days.®
The degradation of pendimethalin occurs mainly via biodeg-
radation and photodegradation. However, its microbial
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ment.”® Degradation reactions by microorganisms include
oxidation, reduction, hydrolysis, and dealkylation. Further-
more, bacteria and fungi are the main organisms for pesticide
degradation. Fungi fine-tune the molecular structure of pesti-
cides to make them non-toxic, which are further degraded
under the action of soil bacteria.® There are some reports on the
degradation of pendimethalin by microbes of Azotobacter
chroococcum,” Bacillus sp. Y3," Bacillus circulans,” and fungi
Aspergillus flavus.™ The latest study suggested that some fungi
can degrade certain types of persistent or toxic environmental
pollutants. Also, microbial communities can degrade pesticides
from the environment."** In previous reports, the microbial
catabolism is initiated by different mechanisms, including
nitroreduction, N-dealkylation, oxidation of benzene rings, and
cyclization of side chains.*

In this study, we isolated a yeast strain, YC2, which is able to
degrade pendimethalin. Strain YC2 initiated pendimethalin
catabolism via the oxidation of the amine groups, generating
two new metabolites, which were identified. Therefore, the
catabolic pathway presented in this study is different from that
in previous studies.

2. Materials and methods
2.1 Chemicals and reagents

Pendimethalin EC 33% was purchased from Jiangsu Fengshan
Group, Corporation (in Jiangsu Province, China). The pendi-
methalin standard was purchased from Aladdin Bio-Chem
Chemical Co. (Shanghai, China). All other chemicals were of
analytical grade.

The YPD culture medium contained 20 g L' of peptone, 20 g
L~ of glucose and 10 g L ™" of yeast extract. Czapek Modified A
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(CMA) was used to find isolate yeasts, and the medium con-
tained 2.0 g L™ " NaNOs; 1.0 g L™ " K,HPO,; 0.5 ¢ L' KCI; 0.5 ¢
L' MgS0,-7H,0; and 0.01 g L™ FeSO,-7H,0. To study the
kinetics of pendimethalin degradation, Czapek Medium B
(CMB) was used. The only difference is that Czapek medium A
contains no sucrose and Czapek medium B contains 8 g sucrose
per litre.

2.2 Soil

Yeast was collected from cotton cultivated soils in various areas in
Shihezi (Xinjiang Province, China). These loamy soils were treated
with pendimethalin annually for 15 years, and thus used for the
isolation of the pendimethalin-degrading microbe. The soil
samples were collected from the surface layer (2-20 cm). Selected
samples were dried and sieved to 2 mm before the experiment.

2.3 Enrichment and isolation of pendimethalin-degrading
yeasts

The pendimethalin-degrading yeasts were isolated using the
enrichment culture technique. To isolate the yeasts, 10 g agricul-
tural soil was added to a beaker containing 100 mL of CMA culture
media supplemented with pendimethalin (100 mg L™ %). The
mixture in the beaker was incubated on a thermostatic shaker (120
rpm) for 6 days at 30 °C in the dark. Then 1 mL of suspension was
removed and transferred to a flask containing fresh medium, and
the solution was supplemented with pendimethalin (200 mg L")
and incubated for another 6 days under the same conditions.
Finally, the concentration of pendimethalin was adjusted in the
range of 100 to 3000 mg L™ " at 6 days intervals over 2 months. The
last enrichment medium was diluted in a gradient, and the dilu-
tions were transferred to CMA agar-solidified medium with pen-
dimethalin (100 mg L"), and then incubated at 30 °C.**** Using
the streak plate technique, thirty strains were selected and stored
at —80 °C with 30% glycerol.

2.4 Degradation of pendimethalin by the isolated strains

To prepare the seed culture, the thirty strains were pre-
incubated in YPD culture medium at 30 °C and shaken on
a thermostatic shaker (120 rpm) for 18 h. Then 300 uL seed
culture was added to 10 mL of CMB supplemented with
200 mg L™ pendimethalin (in a 50 mL flask). The CMB medium
was put in the shaker (120 rpm) at 30 °C. Then the cultures were
centrifuged (9000 rpm, 10 min) and the supernatant was
extracted with petroleum ether (10 mL x 3). All the fractions
were dried over anhydrous sodium sulphate and then distilled.
Chromatographic grade methanol was utilized to dissolve the
residue from the extraction. The concentration of pendime-
thalin was determined by HPLC using a C8 column (5 pum, 3.9 X
150 mm). The mobile phase was a mixture of chromatographic
pure methanol and deionized water (85 : 15, v/v) with a flow rate
of 1 mL min~"', and the peaks were measured at 238 nm.

2.5 Identification of strain YC2

In the process of pendimethalin degradation, the best degrader
of pendimethalin was selected and identified by 26S rRNA gene
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sequence analysis with the primers NL1 (5'-GCA TAT CAA TAA
GCG GAG GAA AAG-3') and NL4 (5'-GGT CCG TGT TTC AAG ACG
G-3'). The NCBI BLASTN comparison software was used to
reveal the taxonomic statue of the isolate.?® Furthermore, its
microbiological properties were tested.

2.6 Kinetics of pendimethalin degradation

The strain YC2 was cultured in YPD medium and incubated at
30 °C for 18 h in a thermostatic chamber. The culture was
centrifuged at 5000 rpm for 10 min at 4 °C, and the cell pellets
were re-suspended with sterile distilled and then adjusted to 1.5
ODgoo. Afterwards, the cell suspension was used as the inoc-
ulum strain. The pendimethalin from CMA and CMB
(200 mg L") was used as the production medium with a 2% size
inoculums strain, and the samples were incubated in an incu-
bator (120 rpm) at 30 °C in the dark. The biodegradation of
pendimethalin was evaluated at 24 h intervals.**** The pH value
of the cultures was measured using a pH meter. The concen-
tration of pendimethalin was determined by HPLC.

2.7 Isolation and identification of metabolites

HPLC-MS/MS was used to identify the components of the
metabolites. Chromatographic separation of the metabolites
was conducted on an UltiMate 3000 UHPLC system (Dionex,
Thermo Fisher Scientific, USA) equipped with a Phenomenex
synergy C18 column (5.0 um, 250 x 4.6 mm) through gradient
elution with the mobile phase consisting of 0.1% formic acid-
water solution (A), and acetonitrile (B) at a flow rate of 1.0
mL min~'. The peak was measured at 233 nm. The mass
spectral analysis was performed using a Quadruple-Exactive
Orbitrap mass spectrometer (Micromass, Thermo Fisher
Scientific, USA), with a heat electrospray ionization probe
(HESI) source. The used software for data collection was Xcali-
bur 2.2. Nitrogen was used as the sheath and auxiliary gas. The
parameters of the instrument were as follows: sheath gas flow
50 arb, auxiliary gas flow 10 arb, source voltage 3.2 kV, capillary
temperature 325 °C, and heat temperature 350 °C. The mass
spectrometer was operated in Full MS/dd-MS?” experiment using
the positive and negative modes, respectively. The full scan
mode (from m/z 100-1500) was also used. The AGC target was 2
x 10° and C-Trap max injection time was 80 ms.

3. Results and discussion

3.1 Isolation and identification of pendimethalin-degrading
strain YC2

Using an enrichment procedure, thirty strains that could
degrade pendimethalin were screened; however, only one yeast
strain, designated as YC2, showed the highest ability to degrade
pendimethalin, which could degrade above 60% of 200 mg L™
pendimethalin within 5 days. Thus, strain YC2 was selected for
further study.

The strain YC2 colony grown on a YPD agar plate was nearly
round, milky white and creamy, with a smooth surface, neat
edges, viscous texture, buds and reproduction structures, and
pseudohyphae. In addition, its microbiological, physiological

This journal is © The Royal Society of Chemistry 2019
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Table 1 Results of the sugar fermentation and assimilation experiments

Sugar experiment Sucrose Raffinose p-Xylose Lactose Honey disaccharide Glucose
Fermentation + + + + + n
Assimilation + + + + + +

Table 2 Results of the starch hydrolysis test, nitrogen assimilation
experiment and litmus milk test

Nitrogen assimilation
experiment

Starch hydrolysis test KNO3 (NH,4),S04 Litmus milk test

_ — + _

and biochemical characters are shown in Tables 1, 2 and Fig. 1.
Blast analysis of the 26S rRNA gene sequence of YC2 revealed
a high sequence identity of up to 100% with Clavispora lusita-
niae (Table 3). Thus, based on its phenotypic and phylogenetic
properties, strain YC2 was identified as Clavispora lusitaniae.

3.2 Kinetics of pendimethalin degradation

The degradation and utilization of pendimethalin by Clavispora
lusitaniae YC2 was identified on CMB culture, which was sup-
plemented with 200 mg L' pendimethalin. The kinetics of
pendimethalin degradation in the culture medium can be seen in
Fig. 2. The result showed that strain YC2 could degrade 74% of
200 mg L' pendimethalin within 8 days of incubation, and
Clavispora lusitaniae YC2 could efficiently degrade pendimetha-
lin. Yeast can grow in the range of pH 3.0-7.5, and the optimum
pH is 4.5 to 5.0. We found that strain YC2 reduced the pH from

Fig. 1 Microbial morphology of YC2 under a microscope.

Table 3 Results of the blast for the YC2 26S rRNA gene sequence

the initial 7.51 to 5.5 during the degradation of pendimethalin,
which is beneficial to the yeast growth and degradation activity.

3.3 Identification of metabolites in liquid medium

In liquid medium, according to HPLC and LC-MS/MS, there
were two metabolites present during the degradation of pen-
dimethalin. The ESI full scan is shown in Fig. 3, in which there
are two peaks observed together with the parent peak (pendi-
methalin). The pendimethalin could be classified by comparing
the reservation time of the standard (10.2 min). The other two
peaks observed at 5.4 min and 6.2 min were denoted as Y1 and
Y2, respectively.

Product Y1 was identified according to its mass spectrum
data. As shown in Fig. 4B, its molecular ion appears at m/z 267
(IM +H]"), m/z 289 [M + Na]", m/z 533 [2M + H]', and m/z 555 [2M
+ Na]", fitting the molecular formula C,3H;,N;05. Based on the
above results, metabolite Y1 is 1,2-dimethyl-3,5-dinitro-4-
N(buta-1,3-dien-2-yl)-dinitrobenzenamine-N-oxide. ~ Similarly,
the mass spectrum of metabolite Y2 is shown in Fig. 4C, with its
molecular ion at m/z 279 [M + H]', m/z 301 [M + Na]', and m/z
579 [2M + Na]', fitting the molecular formula of C;;H;,N;Os.
Thus, product Y2 was identified as 1,2-dimethyl-3,5-dinitro-4-
N(prop-1-en-2-yl)-dinitrobenzenamine-N-oxide.

_
J
é 80 X —&— Degradation rate (%)—k— pH value <75
2
<
= 4 7.

60 |
=}
£ *—%
¢ =
= Jes5
B al % s
D —
= / =
£ 60 ©
« 20 |-
=
£ o f 155
T
2 B
D
n“ L 1 1 1 1 5-0

0 50 100 150 200
Time (h)

Fig. 2 Kinetics of the degradation of pendimethalin and variations in
pH in the YC2 liquid culture. The results are representative of three
experiments.

Strain Similar strain Accession number Ident. (%)

YC2 Clavispora lusitaniae strain PMM10-1024036L KP131848.1 100
Clavispora lusitaniae strain ATCC 34449 KU729100.1 100
Clavispora lusitaniae KY102567.1 100
Clavispora lusitaniae MG599148.1 100

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 ESI full scan of the metabolites degraded by YC2: (A) pendimethalin standard and (B) metabolites of pendimethalin.

3.4 Metabolic pathway

The presented metabolic pathway of pendimethalin in liquid
medium is illustrated in Fig. 5. Since the liquid medium was an
aerobic environment, the oxidation of the amine groups
generated the product Y1 with the loss of CH, and H,, and
similarly the formation of metabolite Y2 with the loss of C,Hg.
Finally, these products were broken down by a subsequent
series of enzymatic reactions to form carbon dioxide and water.

494 | RSC Adv., 2019, 9, 491-497

Previous reports have shown that some microorganisms can
degrade pendimethalin, although the degradation pathways of
pendimethalin are diverse. Two soil fungi, Fusarium oxysporum
and Paecilomyces varioti degraded pendimethalin into two
metabolites, that is  N-(1-ethylpropyl)-3,4-dimethyl-2-
nitrobenzene-1,6-diamine and  3,4-dimethyl-2,6-dinitroani-
line.** Rhizoctonia bataticola resolved pendimethalin into 3,4-
dimethyl-2,6-dinitroaniline. Azotobacter chroococcum

This journal is © The Royal Society of Chemistry 2019
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Fig.4 MS/MS spectrum of the metabolic products of pendimethalin degraded by strain Y3. (A) Pendimethalin at RT and 10.22 min, (B) product Y1
at RT and 5.50 min, and (C) product Y2 at RT and 6.28 min.

decomposed pendimethalin into six metabolites: 3,4-dimethyl- methyl-2,4-dinitro-3-(pentan-3-ylamino)phenyl)methanol, and
2,6-dinitroaniline, 6-aminopendimethalin, N-(2,6-dinitro-3,4- 2-methyl-4-nitro-5-N-(1-cyclopropyl)-6-nitrosobenzyl alcohol.”
dimethyl) phenyl acetamide, 4,5-dimethyl-2-nitroaniline, (6- Pendimethalin was also degraded to 6-aminopendimethalin by

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 491-497 | 495
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Fig. 5 Proposed metabolic pathway for pendimethalin by strain YC2.

nitroreduction, and other two downstream metabolites, 5-
amino-2-methyl-3-nitroso-4-(pentan-3-ylamino)benzoic acid
and 8-amino-2-ethyl-5-(hydroxymethyl)-1,2-dihydroquinoxaline-
6-carboxylic acid were identified.>® Pendimethalin was also
degraded to 1,3-dinitro-2-(pentan-3-ylamino)butane-1,4-diol by
oxidative ring cleavage.” Four metabolites were identified as N-
(1-ethylpropyl)-3,4-dicarboxy-2,6-dinitrobenzenamine-N-oxide,
N-(1-ethylpropyl)-3,4-dimethoxy-2,6-dinitrobenzenamine  and
benzimidazole-7-carboxyaldehyde in a bioslurry phase reactor.”
Therefore, our results are different from previous studies.>***
The pathway in this study comes from the bioslurry reactor re-
ported by Walker and Bond.”” Compared with other studies, the
yeast in our study came from the natural soil, and we demon-
strated that YC2 can be applied for the degradation of pendime-
thalin, which is new in the field of biodegradation mechanisms.

4. Conclusions

Strain YC2 was isolated from pendimethalin-contaminated soil
and was characterized as Clavispora lusitaniae. Strain YC2 could
degrade 74% of 200 mg L' pendimethalin within 8 days under
incubation.

Two metabolites, 2-dimethyl-3,5-dinitro-4-N(buta-1,3-dien-2-
yl)-dinitrobenzenamine-N-oxide and 1,2-dimethyl-3,5-dinitro-4-
N(prop-1-en-2-yl)-dinitrobenzenamine-N-oxide, were identified
as the products of strain YC2-mediated degradation by LC-MS/
MS. Herein, we summarized the metabolic pathway of pendi-
methalin in liquid medium, and offered different results
compared with previous studies. These findings may be a new
degradation mechanism that differs from that in previous
research.
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