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a b s t r a c t

Acylamino acid chiral fungicides (AACFs) are low-toxicity pesticides and considered as non-carcinogenic
chemicals to laboratory animals. Though AACFs have potential toxicological effects on mammals by non-
genotoxic mechanisms, the toxicoepigenomics of AACFs has not been documented. In this article, we
explored toxiciepigenetics of metalaxyl, benalaxyl and furalaxyl through epigenetics research on lambda
DNA under different concentration exposure. The toxicoepigenomic difference of stereoisomers was
examined also. Our results showed that AACFs would affect methyltransferase activity resulting in
modulating DNA methylation levels and pattern. The LOAEL of R-metalaxyl and S-metalaxyl were 30 mM
and 0.3 mM, respectively. The LOAEL of (R, S)-benalaxyl and (R, S)-furalaxyl were 0.3 Mm and 30 mM,
respectively. A significant dose-response effect between (R, S)-benalaxyl and global methylation level
was observed. Global methylation level was more susceptible to S-enantiomer compared to R-enan-
tiomer, which indicated enantiomers of AACFs have the enantioselectivity in toxiciepigenetics. Moreover,
the dependence of the methylation inhibition on the chiral center of metalaxyl may suggest a consid-
erable specificity of the compound of AACFs for DNA methyltransferases. The inhibition effect between R-
enantiomer and S-enantiomer of AACFs on DNA methylation levels generated in this study is important
for low-toxicity pesticides toxicoepigenomics evaluation.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Acylamino acid chiral fungicides (AACFs) are widely used to
control diseases caused by pathogens of the Oomycota division in
various agricultural crops. Metalaxyl, benalaxyl and furalaxyl are
the three most important AACFs (Zhang et al., 2012). Each com-
pound consists of a single pair of enantiomers with R and S-
configuration. (Fig. 1 shows their chemical structures). AACFs are
generally low acute toxicity, for example, acute oral toxicity of
metalaxyl, benalaxyl and furalaxyl for rat (LD50) exceed 669 mg/kg,
680 mg/kg and 940 mg/kg, respectively (Hertfordshire, 2016). In
addition, they were not found to have carcinogenicity, teratoge-
nicity or development effects to laboratory animals.

Although AACFs does not show evidence of carcinogenicity and
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inese Academy of Sciences,
teratogenicity in animals, it may have potential toxicological effects
on mammals. It has been proven that metalaxyl could induce
murine CYP 3A and increase the amount of CYP 3A cDNA hybridi-
zation mRNA in liver, which indicates CYP expression seems to be
regulated by mRNA (Paolini et al., 1996). Hrelia et al. detected the
clastogenicity of metalaxyl in vitro of human lymphocyte cultures
(Hrelia et al., 1996). However, there is no evidence for mutagenicity
in a battery of genotoxicity tests. Moreover, AACFs would alter the
cell homeostasis resulting in chromosome aberrations by interfer-
ence with DNA synthesis or condensation (Galloway, 1994).
Therefore, these facts suggest that AACFs could lead to certain
toxicity by non-genotoxic mechanisms. While many non-genotoxic
xenobiotics agents might induce toxicity by affecting gene function
via epigenetic mechanisms in a stable and long-term fashion with
consequences (Kovalenko et al., 2007; Li et al., 2011;
Vandegehuchte and Janssen, 2011; Xing et al., 2015). As a result,
though AACFs is not considered as a direct genotoxic agent, it might
cause the adverse effects by epigenetic mechanism, especially in
altering DNA methylation pattern.
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Fig. 1. Chemical structures of three acylamino acid chiral fungicides. * Chiral center.
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DNA methylation plays a significant role in modulating differ-
ential gene expression or establishing a stable phenotype (Kafri
et al., 1992). Recently, it has been reported that DNA methylations
are responsible for environmental toxicants such as metals and
chemicals. For instance, arsenic induces hypermethylation and
hypomethylation on a gene-specific basis (Reichard and Puga,
2010; Ren et al., 2011; Smeester et al., 2011). Moreover, bisphenol
A, as a xenoestrogen, induces adverse effects in spermatogenesis
and fertility and aberrant DNA methylation in the testis of neonatal
rat (Salian et al., 2009). A number of epidemiological studies indi-
cate polychlorinated biphenyls may interfere with DNA methyl-
ation animals (Knerr and Schrenk, 2006; Walker and Gore, 2011).
Additionally, the level of maternal PAH exposure has significantly
associated with methylation of a CpG island in acyl-CoA synthetase
long-chain familymember 3 (Perera et al., 2009). Definitely, there is
a close link between exposure to metals, chemicals and alterations
in methylation pattern. That is, metals, endocrine-disrupting toxi-
cants and persistent organic pollutants have toxicity in epi-
genomics. However, the toxicoepigenomic of low toxicity pesticides
has not been documented (Moustafa and Hussein, 2016; Wang
et al., 2016), especially AACFs.

In order to determine if AACFs has toxicoepigenomics, we
examined methylation of lambda DNA under AACFs exposure.
Given the difference between R-enantiomer and S-enantiomer of
AACFs in the biochemical effects, we also examined the tox-
icoepigenomic difference of the two stereoisomers The toxicity in
epigenomics on two enantiomers of AACFs to lambda DNA was
measured by analyzed the global methylation level and patterns of
CpG sites. In order to explore the underlying toxic mechanisms, we
tested whether DNA methylation changes caused by AACFs influ-
ence on methyltransferase activity and structure of AACFs.
2. Materials and methods

2.1. Materials and chemicals

(R, S)-methyl-N-(2-methoxyacetyl)-N-(2, 6-xylyl)-DL-alaninate
[(R, S)-metalaxyl], (R, S)-methyl-N-(2, 6-dimethylphenyl)-N-(phe-
nylacetyl)-DL-alaninate [(R, S)-benalaxyl], (R, S)-methyl-N-(2, 6-
dimethylphenyl)-N-(2-furanylcarbonyl)-DL-alaninate [(R, S)-
furalaxyl] and methyl 2-[N-(2,6-dimethylphenyl)-N-(methox-
yacetyl)]-2-methylpropanoate (metalaxyl-methyl) were synthe-
sized via synthesis methods (purity about 98.0%). Rac-metalaxyl
(>98.0% purity) was provided by Institute for Control of Agro-
chemicals, Ministry of Agriculture, China. Methanol (HPLC grade)
and acetonitrile (HPLC grade) were obtained from Dikma (Lake
Forest, CA). Other chemicals were purchased from Beijing Chemical
Reagent (Beijing, China). 5-methyl-2’-deoxycytidine (5mdC), 5-aza-
2’-deoxycytidine (5-Aza-dC) and snake venom phosphodiesterase I
were obtained from Aladdin (Shanghai, China). 2’-deoxycytidine
(dC) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Deoxyribonuclease I (DNase I), calf intestinal alkaline phosphatase
(CIP), lambda DNA, CpG Methyltransferase (M.Sss I) and S-adeno-
sylmethionine (SAM) were obtained from New England BioLabs
(Ipswich, MA, USA). EZ DNA Methylation-Gold™ kit and ZymoTaq
PreMix were purchased from Zymo Research (Irvine, CA, USA).
EpiQuik™ DNA Methyltransferase Activity/Inhibition Assay Kit was
obtained from Epigentek (Brooklyn, NY, USA). Other biochemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water was purified by a Milli-Q system (Millipore, Bedford, MA,
USA).
2.2. Enantiomers of acylamino acid chiral fungicide and metalaxyl-
methyl synthesis

Given the activity difference of enantiomer in organisms, en-
antiomers of AACFs (metalaxyl, benalaxyl and furalaxyl) were
prepared via chiral synthesis methods. Additionally, to explore
whether metalaxyl-methyl is generated on different reaction con-
ditions, obtaining sufficient standard substance is necessary.

The synthetic procedure of enantiomers was carried out ac-
cording to our previous study (Gao et al., 2014). The synthetic
method of metalaxyl-methyl was demonstrated as following. An
overdose of sodium hydride in 15 mL of tetrahydrofuran was pro-
tected in a water-free environment, rac-metalaxyl (0.56 g, 2 mM)
was added and the resulting mixture was stirred at 40 �C for 2 h
with reflux condenser. Iodomethane (1 mL, 16 mM, 4 equiv) was
added to dropwise. The reaction mixture was stirred at 40 �C for
16 h with reflux condenser and thenwarmed to room temperature.
Using acetic acid acidified the mixture. The above solution was
extracted with ethyl acetate and saturated sodium chloride. Then
the organic phase was evaporated in vacuo. The obtained crude
product was redissolved with ethyl acetate and then was purified
by column chromatography. After evaporating the solvent, light
yellow oil (20 mg) was obtained. The construction of this product
was confirmed by nuclear magnetic resonance (see Supporting
Information (SI)).

2.3. Lambda DNA exposure experiment

Lambda DNA was exposed by R-enantiomer and S-enantiomer
of AACFs followed the same experimental procedure. A series of
solutions at 0.03, 0.3, 3, and 30 mM concentrations of two enan-
tiomers was prepared in nuclease-free water. The mixture was
mixed with 26 mL of AACFs, buffer 2 (4 mL, pH 7.9), SAM (4 mL,
1600 mM), lambda DNA (4 mL, 500 mg/mL), M.SssI methylase (2 mL, 4
U/mL) and then was pipette up and down at least six times. As a
negative control without any AACFs, nuclease-free water of the
same volume (26 mL) was added to the solution instead. Addition-
ally, positive control received same volume of 5-Aza-dC (26 mL,
0.8 mM) instead of AACFs. Raw lambda DNAwas as a blank control.
These mixtures were incubated at 37 �C for 2 h. After stopping the
reaction by heating at 65 �C for 20 min, lambda DNAwas extracted
using isopropanol precipitation and then washed by 70% ethanol
twice. Lambda DNA concentration and quality were estimated by
NanoDrop 2000.

2.4. Acylamino acid chiral fungicide influence global lambda DNA
methylation assay

2.4.1. Lambda DNA enzymatic digestion
DNA (0.9 mg) from lambda DNA exposure experiment was

enzymatically digested into single nucleosides with 1 U DNase I, 2 U
CIP and 0.005 U snake venom phosphodiesterase I at 37 �C (Feng
et al., 2009). After 24 h incubation, the enzymes were removed
by centrifuging with microcon centrifugal filter unit. The digested
samples were analyzed by HPLC-MS/MS.

2.4.2. HPLC-MS/MS analysis
The mobile phase was a mixture of 95% water and 5% acetoni-

trile with a flow-rate of 0.3 mL/min. The optimized mass spec-
trometry conditions were as follows: spray voltage, 3200 V;
vaporizer temperature, 250 �C; sheath gas pressure, 30 psi; auxil-
iary gas pressure, 10 arbitrary units; capillary temperature, 350 �C;
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capillary offset, 35 V; and Q2 gas pressure, 1.5 psi. Selected-reaction
monitoring (SRM) mode was used for dC and 5mdC analysis by
monitoring transition. The dC, transition m/z 228/112 was used for
confirmation and m/z 228/95 was used for quantification, corre-
sponding to collision energies were 5 eV and 33 eV, respectively.
Analogously, with regard to 5mdC, transitionm/z 242/142was used
for confirmation and m/z 242/126 was used for quantification,
corresponding to collision energies were 80 eV and 18 eV,
respectively.

2.5. Acylamino acid chiral fungicide influence CpG site methylation
assay

We further investigated the change of CpG dinucleotide sites
methylation by R-enantiomer and S-enantiomer of AACFs. Two
regions in NU1 and A genes were selected to inspect the effect of (R,
S)-metalaxyl. Five regions in W, B and C gene were selected to
examine the effect of (R, S)-benalaxyl and (R, S)-furalaxyl. These
selected regions have high CpG dinucleotide content. Detailed of
the two genes is presented in the SI.

2.5.1. Bisulfite conversion and PCR
Treated DNA by (R, S)-enantiomer of AACFs (30 mM) from

lambda DNA exposure experiment were selected for this assay. Raw
lambda DNA was as a blank control. Additionally, the negative
control was treated without any AACFs. Bisulfite treatment of these
DNA (400 ng) was performed by using EZ DNA Methylation-Gold™
kit according to manufacturer's instructions. Touchdown PCR re-
actions were performed for the amplification of bisulfite-treated
lambda DNA for methylation detection. Each 50 mL reaction con-
tained 25 mL Zymo TaqTM PreMix, 5 mL templates (150 ng of DNA)
and the specific primer pairs at a final concentration of 0.5 mMeach.
The details of specific primer pairs and amplicons were showed in
SI. Touchdown PCR was performed using the following thermocy-
cling conditions: initial denaturation at 95 �C for 10 min; 18 cycles
of denaturation at 95 �C for 30 s, annealing at 30 s (decreased 1 �C
every one cycle from 72 �C to 55 �C), extension at 72 �C for 45 s;
followed by 18 cycles of 95 �C for 30 s and 55 �C for 30 s and 72 �C
for 45 s; the final extension at 72 �C for 7 min.

2.5.2. Sequencing and analysis
PCR products showed a clear single band in 2% agarose gels and

were sequenced by Shanghai Sangon Company (China). The
sequenced data were analyzed for methylation using Chromas and
BiQ Analyzer software.

2.6. Measurement of M.SssI methyltransferase inhibition

A series of solutions at 0.03, 0.3, 3, and 30 mM concentrations of
two enantiomers was prepared in nuclease-free water. 2 mL M.SssI
methyltransferase (4 U/mL) and 26 mL of AACFs at different con-
centrations were mixed in wells. The concentration of AACFs was
0.03, 0.3, 3, and 30 mM according to the lambda DNA exposure
experiment. These mixtures were analyzed for M.SssI methyl-
transferase inhibition using the EpiQuik™ DNA Methyltransferase
Activity/Inhibition Assay Kit (Epigentek, Brooklyn, NY, USA)
following the manufacturer's instructions.

2.7. Probe metalaxyl-methyl in different system

After deprotonation on the chiral center of metalaxyl, the chiral
carbon has relative activity. Given the activity of the intermediate
carbanion, we speculate that the carbanion can be methylated to
produce metalaxyl-methyl under a given condition. Therefore, we
detected metalaxyl-methyl under three different conditions by
HPLC-SRM-MS/MS: (a) alkaline condition, different methyl donor,
(b) tissue homogenate of Tenebrio molitor and (c) enzymatic
methylation reaction (Fig. 2).

2.7.1. In alkaline condition metalaxyl-methyl probe
Two methyl donors, iodomethane and SAM, were used in this

experiment. Two mixture was prepared as follow: metalaxyl
(500 mL, 3.6 mM) and iodomethane (500 mL, 7.2 mM); metalaxyl
(500 mL, 3.6 mM) and SAM (28 mL, 64 mM). These mixtures were
added to different alkaline condition, respectively: sodium eth-
oxide, PH 7.9; tris-HCl, PH 7.9.

2.7.2. In tissue homogenate metalaxyl-methyl probe
18 mL of cool normal saline was added to a tube containing 2 g

Tenebrio molitor larvae. The tube was ground with a homogenizer
and then centrifuged at 3000 rpm for 15 min. The supernatant was
collected and sediment was discarded. Three different substrates
were added to three tube containing 5 mL supernatant, respec-
tively: (a) Metalaxyl (500 mL, 3.6 mM), (b) Metalaxyl (500 mL,
3.6 mM) and iodomethane (500 mL, 7.2 mM), (c) Metalaxyl (500 mL,
3.6 mM) and SAM (28 mL, 64 mM). These tubes were maintained at
37 �C for 24 h.

2.7.3. Probe metalaxyl-methyl in enzymatic methylation reaction
Metalaxyl (65 mL, 30 mM) was added to the in enzymatic

methylation reaction which mixture of buffer 2 (10 mL, pH 7.9),
lambda DNA (10 mL, 500 mg/mL), SAM (10 mL, 1600 mM) and M.SssI
methyltransferase (5 mL, 4 U/mL).

2.7.4. HPLC-SRM-MS/MS analysis
Those samples from each of tubes were extracted with aceto-

nitrile. After evaporation of the solvent, the residues were re-
dissolved in 1 mL of acetonitrile (HPLC grade). The mobile phase
consisted of 70% acetonitrile and 30% water (plus 0.1% Formic Acid)
with a flow-rate of 0.5 mL/min. The mass spectrometry conditions
were performed as described previously (see 3.3). Selected-
reaction monitoring (SRM) mode was used for the HPLCeMS/MS
analysis by monitoring transition m/z 294/234, m/z 294/206, cor-
responding to collision energies were 12 and 18 eV, respectively.

2.8. Metalaxyl-methyl influences global lambda DNA methylation
and M.SssI methyltransferase inhibition assay

A series of solutions at 0.03, 0.3, 3, and 30 mM concentrations of
metalaxyl-methyl was prepared in nuclease-free water. The
method of global lambda DNA methylation and M.SssI methyl-
transferase inhibition assay was carried out according to 2.4 and
2.6.

3. Results and discussion

3.1. Acylamino acid chiral fungicide influence on global lambda
DNA methylation levels

This study evaluated the association of AACFs exposure with
DNA methylation in vitro. To achieve our goal, we established an
in vitro (R, S)-enantiomer influence global lambda DNA methyl-
ation assay. Given the activity difference between the two enan-
tiomers, we investigated their impact on DNA methylation
respectively. In this assay, we employed the lambda DNA from
bacteriophage lambda (Daniels et al., 1983) as the DNA substrate
and M.SssI methyltransferase (MeTase) (Nur et al., 1985) as CpG
methyltransferase to methylate all cytosine residues of lambda
DNA. M.SssI MeTase is used to mimic the cytosine methylation
in vitro as it has equal methylation efficiency between



Fig. 2. The detailed protocol of metalaxyl-methyl probe assay. (A), sodium ethoxide, PH 7.9. (B), tris-HCl, PH 7.9. (C), tissue homogenate of Tenebrio molitor. (D), enzymatic
methylation reaction.
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unmethylated and hemi-methylated DNA substrates (Renbaum
et al., 1990). Using the lambda DNA and M.SssI MeTase as study
system could reduce the complexity of organisms in environmental
toxiciepigenetics.

To quantify lambda DNA methylation level, the concentration of
cytosine (C) and 5-methylcytosine (5 mC) was estimated using
linear regression analysis. The ratio of 5 mC to total C, as the indi-
cator of global DNA methylation level, was calculated using the
formula:

5 mC / (5C þ 5 mC) � 100%

As shown in Fig. 3, raw lambda DNA was almost unmethylated
(blank control). Contrary to the blank control, the global methyl-
ation level of lambda DNA was methylated by M.SssI was 31.39%
(negative control). Additionally, we employed the 5-Aza-dC, a
known representative inhibitor of DNA methyltransferase (Obach
et al., 2008), as a positive control (Fig. 3). The optimal concentra-
tion of 5-Aza-dC was determined by a dose-response experiment.
The result showed that the maximum demethylation level was
reached for lambda DNA when 0.8 mM of 5-Aza-dC was used.

To test whether R-metalaxyl and S-metalaxyl could influence
global DNA methylation level in vitro, we treated the process of
lambda DNA methylation with R- and S-metalaxyl on 0.03, 0.3, 3
and 30 mM. As shown in Fig. 3A, contrary to the negative control,
the global methylation level of lambda DNA was significantly
decreased under 30 mM R-metalaxyl or S-metalaxyl. However,
30 mM (R, S)-metalaxyl had a lower inhibition rate of methylation
than positive control. Moreover, low concentrations of (R, S)-
metalaxyl were not affected the global methylation of lambda
DNA. In this study, the lowest observed adverse effect level (LOAEL)
of R-metalaxyl and S-metalaxyl were 30 mM and 0.3 mM respec-
tively. Addition of serially diluted S-metalaxyl in the enzymatic
reaction catalyzed 5C methylation in a dose-dependent manner. By
contrast, the dose-dependent manner was not found when R-
metalaxyl was added. Of note, we found that the global methylation
level of lambda DNAwas more susceptible to S-metalaxyl whenwe
added the same concentration (0.3, 3 and 30mM) of R-metalaxyl or
S-metalaxyl, suggesting that a higher activity of S-metalaxyl
decrease the global methylation level of lambda DNA. Interestingly,
R-metalaxyl, as the biologically active enantiomer contained in the
racemic compound metalaxyl (Parra and Ristaino, 1998), exhibited
relatively low activity in vitro enzymatic assays as shown in Fig. 3A.

As shown as in Fig. 3B and C, benalaxyl and furalaxyl had similar
results to metalaxyl, which they had a significant inhibition of
global methylation levels at high concentration. However, there
was difference between AACFs on global methylation levels. In this
study, the LOAEL of R-benalaxyl and S-benalaxyl were 0.3 mM. The
LOAEL of R-furalaxyl and S-furalaxyl were 30 mM. Our results
showed a significant dose-response effect between two enantiomer
of benalaxyl and global methylation level. By contrast, the dose-
dependent effect was not found in R-furalaxyl and S-furalaxyl. In
general, global methylation level was more susceptible to S-enan-
tiomer when the same concentrations of R- and S- enantiomer
were added.

Enantiomers are known to selectively interact with biological
systems that is usually enantioselective (Liu et al., 2005). The
enantioselectivity has been found in degradation and toxicity.
Previous studies have shown that (R, S)-metalaxyl and (R, S)-
benalaxyl has different degradation rate in soil, sewage sludge or
plant (Buser et al., 2002; Jing et al., 2017; Marucchini and Zadra,
2002). In addition, it has reported that the concentration of S-
metalaxyl was higher than R-metalaxyl in earthworms via soil
exposure (Xu et al., 2011). Our previous experiments also had the
same result in Tenebrio molitor larvae, which was preferential
accumulation of S-metalaxyl in animals. Additionally, only one of
the two enantiomers contributed significantly to the toxicity. Here,
our result demonstrated that AACFs enantiomers caused hypo-
methylation and had the enantioselectivity in toxiciepigenetic.
3.2. Acylamino acid chiral fungicide influence on CpG dinucleotide
sites methylation

Our finding not only supports that AACFs have toxiciepigenetic



Fig. 3. A series of concentration of acylamino acid chiral fungicides influence on global methylation level of lambda DNA. Values are represented as mean percentages ± SD. (A),
Metalaxyl. (B), Benalaxyl. (C), Furalaxyl.
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through influence on the global DNA methylation level, but also
shows that AACFs and their enantiomers have different tox-
iciepigenetic. To obtain further evidence to support our argument,
we next aimed to investigate the change of CpG dinucleotide loci
methylation under 30 mM AACFs exposure.

We employed five genes of lambda DNA as the research object
because they had a high content of CpG dinucleotide. Shortened
PCR amplicons that avoid homopolymer sequences are generally
purer templates for sequencing. Therefore, the actual methylation
statuses in the loci were determined through direct PCR product
sequencing and then were interpreted by comparing the
sequencing results and the original DNA sequence. Basically, all
unmethylated cytosines convert to thymine (T) after treatment by
sodium bisulfite. Moreover, the presence of a C peak indicates the
presence of 5 mC in the genome.

All cytosines at CpG loci converted to thymines in raw lambda
DNA that treated with anything (see b in Figs. 4 and 5). As shown a
in Figs. 4 and 5, the cytosine at CpG loci remained cytosine because
it was methylated to 5 mC by M.SssI MeTase. In contrast, the
cytosine at non-CpG loic converted to thymines. These results
suggested that all cytosines at CpG loci were unmethylated in five
selected genes of raw lambda DNA. However, these cytosines were
completely methylated by MeTase in vitro enzymatic reaction.

The result of global methylation assay showed that AACFs would
decrease the global methylation levels. Thus, we speculated that
the methylation status of CpG could be changed when AACFs was
added to the enzymatic reaction. The sequencing results showed
both cytosine and thymine peaks appeared at CpG site. This result
indicated that these CpGs were partial methylation or potentially
incomplete bisulfite conversion has occurred. If incomplete, it will
lead to the appearance of C peaks that are not adjacent to the 50 side
of Gs. That is, the presence of Cs that is not adjacent to Gs is diag-
nostic for incomplete bisulfite conversion. Therefore, we employed
Cs at non-CpG positions as an internal reference standard for
completeness of bisulfite conversion. All Cs at non-CpG positions
were completely converted into Ts in The sequencing results. Thus,
these results suggest that C at CpG sites is partial methylationwhen
AACFswere added to the enzymatic reaction (see c and d in Fig. 4, c-
f in Fig. 5).

The level of partial methylation was calculated by ratio of signal
peak area at CpG sites as follow:

5 mC / (5 mC þ T) � 100%

As shown in Fig. 6, S-enantiomer of AACFs had higher inhibition
rate than R-enantiomer correspond to the result of global methyl-
ation level. However, average methylation levels of detected CpG
sites cannot complete reflect the effect of AACFs on DNA



Fig. 4. CpG sites methylation data under (R, S)-metalaxyl exposure. (A), NU1 gene; (B), A gene. (a), methylated lambda DNA; (b), raw lambda DNA; (c), treated by R-metalaxyl; (d),
treated by S-metalaxyl. Blue and red circles correspond to methylated and unmethylated CpG sites, respectively. Red-blue circle correspond to partially methylated CpG sites. The
methylation level in one CpG site was present by the area of blue in red-blue circle. Gray corresponds to undetected CpG sites. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. CpG sites methylation data under (R, S)-benalaxyl or (R, S)-furalaxyl exposure. (A), W gene; (B) and (C), two regions in B gene; (D) and (E), two regions in C gene. (a),
methylated lambda DNA; (b), raw lambda DNA; (c), treated by R-benalaxyl; (d), treated by R-furalaxyl; (e), treated by S-benalaxyl; (d), treated by S-furalaxyl. Blue and red circles
correspond to methylated and unmethylated CpG sites, respectively. Red-blue circle correspond to partially methylated CpG sites. The methylation level in one CpG site was present
by the area of blue in red-blue circle. Gray corresponds to undetected CpG sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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methylation level due to the different calculation methods. In
addition, only five genes (seven regions) were selected. Moreover,
parts of CpG sites in these regions were successful detected in this
study. Thus, the results of AACFs influence on CpG sites methylation
assay indicated that enantiomers of AACFs could decrease DNA
methylation by partial methylation on CpG sites and had
enantioselectivity.
3.3. Acylamino acid chiral fungicides inhibits M.SssI
methyltransferase in vitro

AACFs did barely inhibit M.SssI methyltransferases activity at
0.03 mM. At later concentration, M.SssI methyltransferases inhi-
bition gradually increased at S-metalaxyl, R-benalaxyl and S-
benalaxyl treatment. However, after only 30 mM of treatment,
M.SssI methyltransferases inhibition was increased by approxi-
mately 40%, 29% and 37% in R-metalaxyl, R-furalaxyl and S-fur-
alaxyl, respectively. Of note, treatment of 3 mM S-benalaxyl led to a
rapid and significant increase in M.SssI methyltransferases inhibi-
tion by 63.86%. Furthermore, the impact of S-benalaxyl on M.SssI
methyltransferases acticity was far more than other anilides chiral
fungicides at this concentration (Fig. 7).

It is known that DNA methylation is mediated by DNA methyl-
transferases (DNMTs). It has been demonstrated that some metals
and pesticides can modify DNMT activity. Exposure to cadmium,
lead or arsenic reduces DNMT activity resulting in DNA hypo-
methylation (Gebel, 2002; Takiguchi et al., 2003; Tsai et al., 2015).
In addition, dichlorodiphenyltrichloroethane and environmental
endocrine disruptors have been ascertained that they can cause
epigenetic perturbations by DNA methylation and other epigenetic
mechanisms (Baccarelli and Bollati, 2009; Shutoh et al., 2009). Our
results showed that AACFs could affect methyltransferase activity
resulting in modulating DNA methylation levels. The differences of
M.SssI methyltransferases inhibition might be produced due to the
structure of AACFs and the enantioselectivity of enantiomer.



Fig. 6. Average methylation level of detected CpG sites under 30 mM acylamino acid chiral fungicide exposure. Values are represented as mean percentages ± SD. *: two regions at
NU1 and A genes. #: five regions at W, B and C genes.

Fig. 7. Acylamino acid chiral fungicides at different concentration affect activity of M.SssI methyltransferases in vitro. Values are represented as mean percentages ± SD.
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3.4. The way of AACFs affects DNA methylation

The observation of a reduction in methylation levels in the
lambda DNA under AACFs exposure prompted us to ask the
intriguing question of which way does the AACFs affect methyl-
ation. It is known that mainly two pathways affect the process of
DNA methylation (Nicolia et al., 2015). The first is that DNA
methylation is mediated by DNMTs. Previous studies suggested
that the intermediate carbanion had relatively activity after
deprotonation of chiral center (Gao et al., 2014; Reist et al., 1995;
Testa et al., 1993). Therefore, we synthesized AACFs-methyl, a se-
ries of derivatives that lacks the chiral center, but is otherwise
identical to AACFs (Fig. 8A). We attempted to conjugate methyl to
chiral center of AACFs via direct reaction with iodomethane.
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Unfortunately, metalaxyl-methyl was only successful synthesized
due to the absence of suitable catalysts (Li et al., 2017).We therefore
decided to use the metalaxyl-methyl to explore the specificity of
DNA methylation inhibition by chiral center of AACFs. The results
showed that metalaxyl-methyl was not able to inhibit lambda DNA
global methylation level efficiently (Fig. 8B). Moreover, no inhibi-
tory effect could be observed for metalaxyl derivative that lacks
chiral center (Fig. 8C), which further confirmed the specificity of
chiral center of AACFs. These results establish an important role for
the chiral center of AACFs in the interaction the enzyme. In addi-
tion, it also suggests a considerable specificity in the interaction
between the AACFs and the DNA methyltransferase active site
(Brueckner et al., 2005).

The second pathway involves the supply of metabolites of the
SAM cycle. After deprotonation of chiral center, the intermediate
carbanion could be methylated in chemical synthesis. Therefore,
we analyzed activity of the intermediate carbanion firstly. We
employed high-performance liquid chromatography-triple quad-
rupole mass spectrometry, coupled with selected-reaction moni-
toring (HPLC-SRM-MS/MS) analysis to detect and measure the
abundance of metalaxyl-methyl in different conditions. The HPLC-
SRM-MS/MS results showed that no signal was detected in the two
alkaline conditions and lambda DNA exposure experiment. How-
ever, a signal was detected in three conditions of Tenebrio molitor
Fig. 8. Structure of AACFs-methyl and the effect of metalaxyl-methyl on methylation. A, str
lambda DNA. C, inhibition of M.SssI methyltransferases activity by metalaxyl-methyl.
larvae tissue homogenate (see Fig. 9). To confirm that the signal
indeed was metalaxyl-methyl, we performed a further spectrom-
etry analysis that was comparison with the spectrum of standard
metalaxyl-methyl. As shown in Fig. 9, the signal of a, b and c
appeared to display a peak at the 1.62min, whichmatched the time
of standard metalaxyl-methyl. The result confirmed that the signal
of a, b and c were metalaxyl-methyl. We next sought to quantify
metalaxyl-methyl in Tenebrio molitor larvae tissue homogenate
using the HPLC-SRM-MS/MS method and first focused on
measuring the metalaxyl-methyl abundance. However, we found it
exhibited extremely low levels that were difficult or impossible to
quantify (Fig. 9a-c).

Our results showed that chiral carbon of metalaxyl could be
methylated in biosystem, even in the absence of a methyl donor
(see Fig. 9a). We speculated that the methyl might be coming from
methylation process of organism, such as DNA methylation. DNA
methylation referred to a methyl group derived from SAM was
transferred to the fifth carbon of cytosine of CpG dinucleotide by
enzyme catalysis (Costello and Plass, 2001). Some studies reported
that the metabolism of arsenic is a process of consuming SAM. For
example, Zhao et al. showed that toxicoepigenomics of arsenic,
associated with depressed SAM levels and global DNA hypo-
methylation, could be mediated by epigenetic mechanisms (Zhao
et al., 1997). Trichloroethylene, dichloroacetic acid and
ucture of AACFs-methyl. B, metalaxyl-methyl influence on global methylation level of



Fig. 9. HPLC-SRM-MS/MS chromatograms of metalaxyl-methyl from tissue homogenate. (a) Added metalaxyl; (b) added metalaxyl and iodomethane; (c) added metalaxyl and SAM.
(d) Chromatograms of standard metalaxyl-methyl.
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trichloroacetic acid would decrease methylation in the promoter
regions of the c-jun and c-myc genes by depleting the availability of
SAM (Tao et al., 1999). Therefore, we explored whether metalaxyl
had an effect on DNAmethylation by consuming SAM. However, the
result of metalaxyl-methyl probe assay indicated that no signal is
detected in the lambda DNA exposure experiment. That is, metal-
axyl does not consume SAM to change the DNA methylation in this
simple enzymatic system.

From the examples available, deprotonation of chiral center of
the type R00R0RC-Hmainly has two pathways. Chiral center adjacent
to a carbonyl group could be base-catalyzed at nonenzymatic
condition such as alkaline condition (Severin, 1992). Beside
nonenzymatic reaction, a variety of enzymatic reactions can oper-
ate to deprotonate with different racemases (Testa et al., 1993). In
this study, we found that metalaxyl-methyl was not present in the
two alkaline condition and lambda DNA exposure experiment but
present in the tissue homogenate. This result indicated that the
proton of chiral center was loss to form an intermediate carbanion
only in enzymatic reaction. Therefore, it is necessary to further
study whether the intermediate carbon of chiral center of AACFs
can consume SAM resulting in DNA hypomethylation in organism.
4. Conclusion

In the present study, we demonstrate AACFs as a low toxicity
pesticides has toxiciepigenetics by influencing the DNA methyl-
ation, and between R-enantiomer and S-enantiomer have enan-
tioselectivity in toxiciepigenetics. AACFs does not affect the global
methylation of lambda DNA at low concentrations. In this study, the
LOAEL of R-metalaxyl and S-metalaxyl were 30 mM and 0.3 mM,
respectively. The LOAEL of R-benalaxyl and S-benalaxyl were
0.3 mM. Moreover, The LOAEL of R-furalaxyl and S-furalaxyl were
30 mM. The difference in toxiciepigenetics may be caused by the
structure of AACFs. Our results showed a significant dose-response
effect between two enantiomer of benalaxyl and global
methylation level. By contrast, the dose-dependent effect was not
found in other AACFs. Enantiomers of AACFs have the enantiose-
lectivity in toxiciepigenetics. In general, global methylation level is
more susceptible to S-enantiomer when the same concentrations
of R- and S- enantiomer were added. The results of AACFs influence
on CpG sites methylation assay indicated that enantiomers of
AACFs could decrease DNA methylation by partial methylation on
CpG sites and have the enantioselectivity. The influence of AACFs on
toxiciepigenetics is caused by specificity of the chiral center for
DNA methyltransferases. However, it is still need further research
whether the chiral structure of AACFs induces DNA hypo-
methylation in organism. In view of the above-mentioned facts, we
conclude that AACFs as a low toxicity pesticides has tox-
iciepigenetics, andwe have reason to believe that other low toxicity
pesticides may have toxicoepigenomics also. The effect between R-
enantiomer and S-enantiomer on DNA methylation status gener-
ated in this study provides an important evaluation way to pesti-
cides toxicoepigenomics, which are enantioselectivity.
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