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Abstract
Aphelenchoides besseyi could cause great yield loss on rice and many economically important crops.
Acetylcholinesterase inhibitors were commonly used to mitigate plant parasitic nematodes. However,
increasing nematicide-resistance has been reported due to the extensive use of these chemicals. The
correlation between the AChE-inhibitor (fenamiphos) sensitivities and acetylcholinesterase (ace) genes in
two isolates of A. besseyi (designated Rl and HSF) was established. The LD50 of fenamiphos to Rl and
HSF were 572.2 ppm and 129.4 ppm, respectively, indicating that two nematode isolates had different
sensitivities to fenamiphos. Three ace genes were cloned and sequenced in A. besseyi, and their
homology was supported by phylogenic analysis with AChEs protein sequences from various vertebrate
and invertebrate species. Molecular docking showed that the a�nities of each AChEs to fenamiphos were
higher in HSF isolate, indicating that there should be point mutations in Rl isolate AChEs. Treating the two
isolates with 100 ppm fenamiphos for 12 h, three ace genes of HSF isolate were down-regulated but were
up-regulated in Rl isolate. The results suggest that fenamiphos can transcriptionally modulate the
expression of ace genes, as well as the variants in AChEs and increased expression of ace genes might
be associated with fenamiphos-insensitivity in Rl isolate.

Introduction
Plant parasitic nematodes were estimated to cause $US16 billion rice yield loss annually 1 . Rice white tip
nematodes, Aphelenchoides besseyi could be responsible for 10–30% of the total damage to rice crops,
and up to 70% yield loss on highly susceptible rice variety 2,3 . A. besseyi had not only been found on rice,
but also other economical crops including strawberry, chrysanthemum, and bird’s-nest fern. A. besseyi is
di�cult to control as it has a wide host range and could feed on fungi 4–6 .

Soaking rice seeds with nematicides is the most common strategy for controlling A. besseyi. Nematicides
including organophosphates (OPs) and carbamates (CBs) that act by inhibiting acetylcholinesterase
(AChE, EC 3.1.1.7) are widely recommended for this purpose. Those nematicides are widely used in
agricultural pest managements because of their high e�cacy and low cost7. Inhibition of
acetylcholinesterase by AChE-inhibitors leads to the accumulation of acetylcholine, which is an important
neurotransmitter in many types of animals, thereby causing mortality in nematodes 8,9. However, a low
nematode mortality rate has been observed in rice seeds even after being soaked with nematicide, likely
due to the protection of glumes or nematicide-resistance in nematodes10. Pesticides resistance has been
a concerning issue since mid-1940s because of the extensive and repeated use of these chemical
agents11,12. Although the mode of action of OPs and CBs insecticides has been intensively studied in
insects, little is known about the mechanisms by which plant-parasitic nematodes confer resistance to
AChE-inhibitors.

Target site insensitivity is one of the most common mechanisms leading to pesticide resistance, which
could cause the di�culty in pest management12–15. Point mutations in various positions of AChE of
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insects have been reported to result in resistance to AChE inhibitor insecitides15. Organophosphate and
carbamate insecticides are used to control Anopheles spp., the major mosquito vectors of malaria. The
resistance of the mosquito to both these insecticides has been found to be resulted from a point
mutation in AChE1 (G119S), which led to a reduced susceptibility to most AChE-inhibitors16–18. Animal
parasitic nematode Haemonchus contortus displaying resistance to benzimidazoles has also been
proved to be the result of point mutations on the target site protein β-tubulin (F200Y with F167Y or
E198A)19. The plant-parasitic nematode, M. incognita has been reported that 18 point mutations in
AChE2 are associated with the fosthiazate resistance20.

In addition to target site insensitivity, overexpression of neuronal AChE and production of non-neuronal
AChE are involved in resistance to AChE-inhibitors 21. Overexpression of neuronal AChE could be due to
transcriptional activation and duplication of the ace genes. As the amount of AChE increases, the pests
could become more resistant to AChE-inhibitors22. For instance, up-regulation of a single copy of the ace
gene in Drosophila sp. has been shown to lead to parathion resistance23. Similar phenomena have also
been found in organophosphate-resistant greenbug (Schizaphis graminum)24. Duplication of the Ace
genes has been found in some cases of insecticide-resistance often resulting in higher AChE catalytic
e�ciency and resistance to AChE-inhibitors21,25,26. Non-neuronal AChE can affect cellular sensitivity to
AChE-inhibitors by interfering the function of AChE-inhibitors 21. In a study involving mammalian cells,
cells become more resistant to organophosphate as the result of the non-neuronal soluble read-through
AChE (AChE-R), which could repair neurodegeneration and avoid cell damage upon exposure to
organophosphate27. Studies have also found that both Caenorhabditis elegans and Bursaphelenchus
xylophilus nematodes have a non-neuronal AChE3 gene, which has been shown to be responsible for
xenobiotic substances defensing28–30

Two A. besseyi isolates designated R1 and HSF were isolated from rice and bird-nest fern, respectively.
Sensitivity tests to fenamiphos, an AChE-inhibitor nematicide revealed a drastic difference between these
two isolates, in which the R1 isolate was highly tolerant and the HSF isolate was sensitive to fenamiphos.
The objective of this study was to determine whether A. besseyi confers resistance to AChE-inhibitors is
resulted from mutations of the acetylcholinesterase-coding gene (ace). The ace genes of A. besseyi Rl
and HSF isolates were identi�ed and sequenced. The 3D-structures of AChEs were revealed based on
computational predictions. Molecular docking analysis of these AChEs was performed to predict whether
mutations in AChE were responsible for the fenamiphos insensitivity. qRT-PCR was applied to determine
the expression levels of the ace genes in R1 and HSF isolates before and after fenamiphos treatment.

Methods

Collection and identi�cation of Nematodes
Aphelenchoides besseyi Rl isolate was collected from rice leaves in Linnei township, Yunlin County, and
the HSF isolate was collected from bird’s nest ferns in Huisun experimental forest, Nantou County. No
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approvals were required for the study, which complied with all relevant ethical parameters for plant
usage. These two isolates were established by single female according to Jen et al.31. The Rl and HSF
isolates were identi�ed to species according to the morphological characters and the 18S rRNA
sequences32. Nematodes were reared on Alternaria citri slant at 27°C.

The nematicide bioassays
Fenamiphos (Merck, Darmstadt, Germany, #45483-250MG), an organophosphate nematicide, was
dissolved in acetone for the following treatments. The nematicide bioassay was modi�ed from the
protocol described by Kang et al.7. Fenamiphos was diluted to �ve stock concentrations:5000, 10000,
20000, 30000 and 50000 ppm. Nematodes were washed out from a slant using 2-ml ddH2O. Nematode
suspensions (495 µl) containing approximately 150 nematodes were mixed with 5 µl stock fenamiphos in
a 1.5 ml microcentrifuge tube. The �nal treating concentrations were 50, 100, 200, 300, 500 ppm,
respectively. The nematodes treated with fenamiphos were incubated at 27℃ for 24 h on a shaker in the
dark, and the mortality rates were recorded. Nematodes that were rigidity and after touching remained
motionless for 3 seconds after touching were presumed dead. Each treatment had three replicates, and
the experiment was repeated three times. The data was plotted as dose-response curves.

The mortality progress curve of these 2 isolates was obtained as follows. Two nematode isolates were
treated with the highest concentration of fenamiphos and the mortality rates were hourly recorded for 12
h and the last data was taken at 24 h post-treatment. Each isolate had three replicates and the
experiment was repeated three times.

The dose-response regression curves with standard error and the median lethal doses (LD50) were

deduced by the ‘drc’ package33 in R environment. Dose-response regression curves and mortality progress
curves were plotted by ‘ggplot2’ package.

RNA and cDNA preparation
All stages of A. besseyi were washed with sterile distilled water from the A. citri slant and puri�ed by the
modi�ed Bearmann funnel technique for 12 h before total RNA extraction. For qRT-PCR, nematodes mixed
with 100 ppm fenamiphos were incubated at 27℃ for 12 h on placed on a shaker in the dark. After
treatment, nematodes were washed two times with ddH2O before RNA extraction. GENEzol™ TriRNA Pure
Kit (Geneaid, New Taipei City, Taiwan) was used to extract total RNA according to the manufacturer’s
instructions. Single stranded cDNA was synthesized using SuperScript III Reverse Transcriptase
(Invitrogen, California, USA), using an oligo-dT primer.

Identi�cation of A. besseyi acetylcholinesterase (ace) genes

Sequences including the Bursaphelenchus xylophilus ace genes (Accession Nos: ACZ64207.1,
ACZ64208.1, ACZ64209.1) and the Ditylenchus destructor ace genes (Accession Nos: ABQ58117.1,
ABQ58116.1, ABQ58115.1) were used as templates to blast A. besseyi transcriptome database
(Accession: SRX385206) to identify the reserved regions of the gene. The primers (Table S1) used for the
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following experiments were designed based on the conserved regions. The 3’ and 5’ cDNA ends �anking
the acetylcholinesterase coding gene were obtained by 3’ RACE and 5’ RACE System for the Rapid
Ampli�cation of cDNA Ends (Invitrogen, Carlsbad, California, USA, #18373–019 and #18374–058). The
RACE PCR was �rst performed followed by a nest PCR in the same tube. The PCR started with
denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 58°C for 45 s, and 72°C for 1 min
30 s, and a �nal extension at 72°C for 10 min. The PCR products were separated in 1.2% agarose gels
and stained with 40 ppm ethidium bromide solution. Target gene products were recovered from the gel
with the Gel Elution Kit (GeneMark, Taipei, Taiwan, #DP03) and cloned into a vector with the TOPO TA
Cloning kit (Invitrogen, Carlsbad, California, USA). Plasmids were propagated in Escherichia coli DH5α
cells, extracted and sent to the NCHU Biotechnology Center (Taichung, Taiwan) for sequencing. Each ace
gene of two A. besseyi isolates were sequenced from three biological repeats, and three independent
clones with target gene were used for sequencing in each repeat.

Bioinformatics analysis of ace genes

Open Reading Frame Finder (ORF Finder, https://www.ncbi.nlm.nih.gov/or�nder/) was used to locate the
start codon and stop codon of ace genes. The ORF sequences of ace genes were translated into
Acetylcholinesterase (AChE) protein sequences and used for phylogenic analysis and prediction of
protein functional domains. Protein sequences of AChEs from other vertebrates, nematodes and
arthropods used in the phylogenic analysis34 were downloaded from NCBI database. Multiple alignment
analysis was performed by ClustalW with default parameters. The phylogenetic tree was conducted using
the Maximum Likelihood method with LG model and Gamma Distributed (G) with 500 bootstrap
replicates35–37.

Protein sequences of AChEs were aligned with AChEs from Torpedo californica, Homo sapiens, and
Drosophila melanogaster (SwissProt codes: ACES_TETCF, ACES_HUMAN and ACES_DROME). The
functional domains were located based on the reported AChE38. Transmembrane domains, signal
peptides and Glycosylphosphatidylinositol (GPI) Anchors were predicted by TMHMM Server v. 2.0,
SignalP-5.0 Server and PredGPI GPI-Anchor Predictor, respectively39–42.

Molecular docking evaluation
The 3D structures of three AChE proteins obtained from A. besseyi HSF and Rl isolates were homology-
modeled by using the I-TASSER standalone package version 5.143 with default parameters. The
simulated structures were applied in the molecular docking study using the Discovery Studio software
(BIOVIA, San Diego, CA, USA)44 to assess the probably binding modes of fenamiphos in AChE active site.
The initial structures were prepared using the Prepare Protein protocol in Discovery Studio to insert
missing loop regions based on SEQRES data and to protonate the structures at pH 7.4. The crystal
structure of Torpedo californica AChE in complex with acetylcholine (PDB code: 2ACE)45 was employed
as reference structure to determine the docking site through the superimposition of the simulated
structures onto the co-crystallized structure. The docking was performed using the CDOCKER46 docking
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protocol in Discovery Studio and potentials were added applying the CHARMM force �eld47.
Conformations of fenamiphos were generated via random rotations and high-temperature molecular
dynamics, and then were re�ned by grid-based simulated annealing and minimization. The best docking
poses were selected following the highest docking energy scores. The post-docking analyses were
performed using the LigPlot + software48 to identify the ligand-protein hydrogen bonds and hydrophobic
moieties.

Quantitative RT-PCR (qRT-PCR)
qRT-PCR was used to assess the expression levels of the ace genes in two different A. besseyi isolates
treated with or without 100 ppm fenamiphos. CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc) was used to conduct gene expression analysis. The speci�c primes of one 18 small-
subunit ribosomal (18S) gene and three ace genes were designed (Table S1) to detect gene expression
levels and the 18s gene was used as the internal reference gene in the experiment. For each primer pair,
PCR e�ciencies were determined by standard curves. The qRT-PCR conditions were set as follow: 95℃
for 3 min, 40 cycles of 95℃ for 10 s and 59.5℃ for 30 s, following a dissociation stage. E�ciencies of
primer pairs in Rl isolate are 83.5% (18S), 96.4% (ace1), 96.6% (ace2), and 99.3% (ace3). In HSF isolate,
e�ciencies of primer pairs are 83.7% (18S), 92.2% (ace1), 95.5% (ace2), and 90.3% (ace3) (all with R2 ≥ 
0.999). Concentrations of each cDNA were adjusted to about 1 ng/µl. qRT-PCR of four genes (18S, ace1,
ace2 and ace3) from two nematode isolates were conducted with three technical replicates and three
biological replicates. Data were analyzed with the ΔΔCT method and compared between untreated and
fenamiphos-treated groups by one-tailed Student’s t-test. Data after analyzing by the ΔΔCT method were
converted to fold changes, and plotted in R environment by ‘ggplot2’ package.

Results

Con�rming nematode species
Both Rl and HSF isolates had morphological characteristics resembling Aphelenchoides. Both isolates
had offset lip region. The metacorpus width is larger than 75% body width, pharyngeal glands
overlapping ventrally and 3–4 mucros at the tail tip49. The 18S rRNA sequences of the Rl and HSF
isolates had 100% and 99.56% identity to Aphelenchoides besseyi (#KT454963 and #KT454962),
respectively, and both had zero E value. HSF and Rl isolates used in this study were identi�ed as
Aphelenchoides besseyi based on sequence similarity and morphological characteristics.

The AChE inhibitor sensitivity of two A. besseyi isolates

In the fenamiphos bioassay, the results indicated that the median lethal dose (LD50) of Rl and HSF
isolates to fenamiphos was 129.367 ppm and 572.236 ppm, respectively. The dose-response regression
curves showed that Rl isolate was less sensitive to fenamiphos than HSF isolate (Fig. 1). The mortality
progress curves showed that these two isolates had different responses to 500 ppm fenamiphos in the



Page 7/22

�rst 12 h post-treatment (Fig. 2). The curve of HSF isolate showed a larger slope compared to that of Rl
isolate, indicating further that Rl isolate was less sensitive to fenamiphos.

Three acetylcholinesterase genes in A. besseyi

Both HSF and Rl isolates have three ace genes, designated Abeace1-Rl, Abeace1-HSF, Abeace2-Rl,
Abeace2-HSF Abeace3-Rl and Abeace3-HSF. Sequences of three genes were submitted to the Genebank
database (accession no. MT431320- MT431325). Based on sequence analysis, open reading frames of
Abeace1-Rl, Abeace2-Rl and Abeace3-Rl were 1884 bp, 1908 bp and 1815 bp, respectively. Abeace1-HSF,
Abeace2-HSF and Abeace3-HSF had an ORF of 1887 bp, 1914 bp and 1815 bp, respectively. The proteins
encoded by the ace genes were named AChE1, AChE2 and AChE3. Amino acid sequences of six ace
genes were aligned with 3 BuChEs from vertebrates and 37 AChEs from vertebrates, arthropods and
nematodes, and their phylogenetic relationships with an esterase amino acid sequence from
Caenorhabditis elegans as an outgroup was analyzed. The phylogeny tree indicated that each of AChE1,
AChE2 and AChE3 from A. besseyi was independently grouped with AChE1, AChE2 and AChE3 of plant-
parasitic nematodes (Fig. 3). Phylogenetic analysis indicated that AChE1 of both A. besseyi isolates was
most similar to arthropods AChE1, followed by vertebrates AChE and BuChE. Meanwhile, AChE2/3 of
both A. besseyi isolates were grouped independently in the same clade with AChE2/3/4 of other
nematodes.

Predicting functional domains of AbeAChEs from two A. besseyi isolates

A. besseyi AChEs contained six functional domains resembling those found in the Torpedo californica
AChE (TcAChE) (Fig. 4). Sequence alignment showed that amino acid differences between three AbAChEs
were found in the choline-binding site, the Acyl pocket, the peripheral site and the �exible peripheral site
loop. However, no ambiguities were found in AChEs between two nematode isolates. No substitution was
found at catalytic residues in catalytic triad or oxyanion hole between AbeAChEs and TcAChE. The
alignment also revealed three AbeAChEs might pose different binding abilities due to the differences in
their choline-binding site and peripheral sites. AChE1/2 had signal peptides and transmembrane domains
at N-terminus. AChE3 had transmembrane domains at C-terminus and only AChE2 had GPI-anchors at C-
terminus.

Molecular docking
A molecular modeling study was performed to estimate the binding a�nity of fenamiphos in
acetylcholine-binding pocket of the simulated 3D structures of three AChE proteins obtained from A.
besseyi HSF and Rl isolates. The docking energy scores for the AChE1 and AChE3 proteins in HSF isolate
(Docking score of AChE1: -26.79 kcal/mol; Docking score of AChE3: -19.33 kcal/mol) were signi�cantly
higher than that for the Rl isolate (Docking score of AChE1: -2.84 kcal/mol; Docking score of AChE3: -5.43
kcal/mol). The docking analysis of AChE2 protein also revealed a slight difference of docking energy
scores between HSF isolate (-22.74 kcal/mol) and R1 isolate (-21.51 kcal/mol). Further post-docking
analyses indicated that several equivalenced residues surrounding the binding pocket of individual AChE
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proteins in both HSF and Rl isolates were predicted to form the hydrogen bonds and hydrophobic
interactions (Fig. 5). Among these interactions, the hydrophobic interactions between fenamiphos and
AChE1 protein were found on Trp102, Tyr354, and Phe355 in the AChE1 of HSF isolate and Tyr353 and
Phe354 in the AChE1 of Rl isolate. Those amino acids are required for binding to choline. However, the
hydrogen bond interactions were found on Gly138 and Trp101of the AChE1 proteins in HSF isolate and Rl
isolate, respectively. The hydrophobic interactions within choline-binding site on AChE2 protein were
found on Trp115, Tyr367, and Trp368 in HSF isolate and Trp113, Tyr365, and Trp366 in Rl isolate. Two
regulatory residues (Trp109 and Trp356) in HSF isolate and three regulatory residues (Trp109, Phe355,
and Trp356) in Rl isolate were also identi�ed to form the hydrophobic moieties on choline-binding site of
the AChE3 protein (Fig. 5). Furthermore, the hydrogen bond was only found on His469 residue in HSF
isolate to produce more steady interaction than Rl isolate. The results suggested that three AChE proteins
of HSF isolate have a higher binding a�nity for fenamiphos than those of Rl isolate due to the difference
in hydrogen bond force �eld, especially for AChE1 and AChE3 proteins.

Ace genes were up-regulated after fenamiphos-treating in Rl isolate

The transcript abundance of three ace genes were quanti�ed by qRT-PCR. The basal expression levels of
ace genes of untreated HSF and Rl isolates were obtained. HSF showed higher expression levels of ace1,
ace2, and ace3, which were 274.0fold, 2.6-fold and 3.5-fold higher than those of Rl ace genes,
respectively. In the individuals, ace2 presented the highest expression level, followed by ace3 and ace1 in
both Rl and HSF isolates (Fig. 6).

Three ace genes in the fenamiphos sensitive HSF isolate were signi�cantly down-regulated after
fenamiphos treatment. Among them, ace1 was 0.0008-fold decrease(P = 0.00095), ace2 was 0.203-fold
decrease(P = 0.005) and ace3 was 0.095-fold decrease(P = 0.00093) compared to the untreated ones
(Fig. 7a-c). However, in Rl isolate, signi�cant up-regulation of ace genes was detected after fenamiphos
treatment, the expression levels of ace1, ace2, and ace3 of the treated Rl isolate were 121.937-fold(P = 
0.0085), 2.255-fold(P = 0.05), and 2.473-fold(P = 0.01) higher than those in the untreated nematodes,
respectively (Fig. 7a-c).

Discussion
In rice cultivation systems, fenamiphos is one of the main nematicides recommended for controlling
seed-borne rice white-tip nematode (Aphelenchoides besseyi). In Taiwan, fenamiphos is recommended to
be applied by pre-soaking rice seeds in water for 24 h then followed by soaking in 400 ppm fenamiphos
for 2 h. However, the soaking application fails to effectively reduce rice white-tip nematode incidences
3,10. Our data indicated that A. besseyi originated from different hosts were observed to have different
fenamiphos susceptibilities. The LD50 of the rice-originated Rl isolate to fenamiphos was 572.2 ppm,
which was 4.4 time greater than that of the fern-originated HSF isolate which was collected from a site
that has not been exposed to pesticides. It appears that Rl isolate has lower sensitivity to fenamiphos
than HSF. The mortality progress curve showed that the insensitive Rl isolate after being treated by 500
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ppm of fenamiphos for 2 h, had lower than 25% mortality. This indicates that the currently recommended
dosage and 2-hour-treatment for rice seeds might not be able to eradicate the survival stages of A.
besseyi in the rice seeds. Either higher dosage or longer nematicide-soaking time should be
recommended for rice seeds sanitizing.

Nematicides resistance is an intricate phenomenon in which multiple mechanisms are involved19,50; but
mounting evidence has showed that the nematicides mainly target acetylcholinesterase genes21,38are
one of the major reason. In this study, three ace genes in A. besseyi were �rst sequenced and reported. We
have found that Abeace-1, Abeace-2 and Abeace-3 are orthologous with ace genes from other nematodes.
Nematode AChE1 is closer to arthropod AChE1, followed by vertebrate AChE and BuChE (Fig. 3).
Nematode AChE2/3/4 proteins are independently grouped to different clades. In the evolution of AChE,
the duplication event of ace loci likely leads to multiple ace genes in nematode during the period of
divergence of Protostomia, and nematode AChE2/3/4 have more ancient evolutionary origins than
nematode AChE1, which shares the ancestor with arthropod AChE1 and vertebrate AChE28,51,52. Previous
review on acetylcholinesterase of Caenorhabditis elegans has reported that four AChEs perform non-
overlapping functions and each has its own distinct patterns of expression in different organs53. It
suggests that during evolutionary events, functional differentiation also occurred in these distinct ace
loci; and might also apply to these three A. besseyi ace genes.

The functions of three AbeAChEs were predicted by aligning the amino acid sequences with Torpedo
californica AChE whose functional domains had been well studied. The alignment indicates that Rl and
HSF shared similar AChEs and had the same sequences in the catalytic regions with TcAChE (Fig. 4).
Thus, we inferred that AChEs of the two isolates had similar a�nities not only to acetylcholine but also to
AChE-inhibitors. However, whether the amino acids differences of Rl and HSF AChEs in non-functional
parts might contribute to their sensibilities to AChE inhibitors still remains unknown. Molecular docking
was performed to predict the a�nities of AChEs to fenamiphos. The results suggested that each AChE of
Rl isolate had lower a�nities to fenamiphos than AChEs of HSF isolate, especially AChE1 and AChE3
proteins, which correlates the lower sensitivity of Rl isolate to the fenamiphos. However, the further
protein-level experiments will be needed to conclude the predicted differences in hydrogen bonds. The
results could lead to the difference of fenamiphos sensitivities between two isolates.

For the non-catalytic subunits of the AChEs in the two isolates, both AbeAChE1/2 had a signal peptide
and a transmembrane domain at N-terminus. AbeAChE3 had a transmembrane domain at C-terminus,
and only AbeAChE2 had a GPI-anchor at C-terminus. The characteristics of AChEs non-catalytic subunits
of A. besseyi are not found in those of four reference nematodes C. elegans, M. incognita, B. xylophilus
and Ditylenchus destructor. However, the phylogenic analysis clearly predicts the functions of the three
AbeAChEs found in this study based on the sequence similarity28,34,53,54. By comparing with ace genes
sequence data of other nematodes, we could predict their function and expression sites. We speculated
that AbeAChE1/2 might locate in neural network and muscle cells, and play non-overlapping roles in
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synaptic transmission and early development. The AbeAChE3 might participate in non-neuronal
functions, such as xenobiotic substances defense.

Comparing the basal expression levels of ace genes in two A. besseyi isolates, fenamiphos-susceptible
HSF isolate was higher than Rl isolate in all three ace genes. In human and mice AChE studies, high basal
expression level of AChE led to hypersensitivity to AChE-inhibitors and failed to transcriptionally induce
AChE production when exposure to AChE-inhibitors55. The phenomenon was similar to the qRT-PCR
results (Fig. 6) observed in these two A. besseyi isolates. Fenamiphos-sensitive HSF isolate displays a
higher expression level of three ace genes. However, whether the basal expression level of ace genes
directly in�uences AChE-inhibitor sensitivity in A. besseyi needs further experiments to be con�rmed. To
explore the reasons of different basal expression levels in these two A. besseyi isolates, the 5’ �anking
regions (6000 base-pairs) of the three ace genes in unpublished genome database were searched but no
published promoter sequences55–59 of AChE were matched in these regions. The 5’ �anking regions of
each ace genes in two isolates only shared 85–89% identity. Whether the differences are associated with
ace genes expression levels could not be concluded at this point.

Three ace genes of Rl isolate were up-regulated after 100 ppm fenamiphos treatment. In a mice study,
higher ace gene expression level was observed when mice were stressed with an AChE-inhibitor. The
authors speculate that transcription factor c-Fos was triggered by an AChE-inhibitor, which affects the
activities of the genes involved in acetylcholine metabolism, and leads to the different
acetylcholinesterase expression level60. Studies in greenbug (Schizaphis graminum) also found that
increasing expression of AChE will lead to increased AChE activity and resistance to organophosphate24.
Furthermore, ace genes duplication, which was proportional to levels of transcript would lead to up-
regulation of ace genes and result in organophosphate resistance21,23,26. Based on the unpublished
genome data, A. besseyi Rl isolate has only one copy of each ace gene. Up-regulation of all three AChEs
in Rl might explain why R1 isolate is less sensitive to fenamiphos. By contrast, HSF isolate, which is
susceptible to fenamiphos showed down-regulation of ace genes after fenamiphos treatment. Thought
the organophosphate was considered as an AChE-inhibitor that cannot mediate ace genes expression59,
our results suggested that ace genes expression levels in A. besseyi was associate with the exposure to
fenamiphos. In a study on human neuronal acetylcholinesterase expression, a chemical dioxin was found
to down-regulate ace gene expression in human neuroblastoma cells transcriptionally or post-
transcriptionally via the aryl hydrocarbon receptor (AhR) pathway or other mechanisms59,61. It indicated
that ace genes regulation is an intricate process, and we speculate that organophosphate might
contribute to this complex pathway.

Instead of regulation of neuronal ace genes, some reports in arthropod and nematodes showed that
production of non-neuronal acetylcholinesterase provides tolerance to xenobiotics, such as
pesticides21,29,30,62. For example, knocking down ace-3 in B. xylophilus signi�cantly increased their
sensitivity to organophosphates and carbamates because Bxace-3 provides the non-neuronal function of
chemical defense29. The phenomenon was observed in C. elegans as well, and it reveals that up-
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regulation of ace-3 could result in the detoxi�cation of organophosphate30. In our case, up-regulation of
ace-3 was also observed in fenamiphos-treated Rl isolate, and might also contribute to the low sensitivity
to fenamiphos in Rl isolate.

In summary, two A. besseyi isolates, Rl and HSF, showed different susceptibilities to organophosphate
nematicide fenamiphos. By studying the three ace gene sequences and expressing regulation of these
two isolates, we speculate that the different susceptibilities to fenamiphos in two isolates might be due to
the point mutations responsible for different hydronic bond a�nities and hydronic bond numbers, and
the ace genes regulation. Low a�nity and up-regulation of both neuronal and non-neuronal ace genes in
Rl isolate might be responsible to the lower sensitivity to fenamiphos, but the mechanisms of gene
regulation are still unknown. Besides, because ace genes were down-regulated by fenamiphos in the high-
susceptible isolate HSF, we reason that fenamiphos can block the activity of AChE and also contribute to
the regulation of ace genes expression.
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Figure 1

The fenamiphos dose-response curves correlating to the mortality rates of Aphelenchoides besseyi Rl and
HSF isolates. Each point represents the mortality rate of population treated with corresponding
fenamiphos dosage in one replicate. Con�dence bands were presented by a grey band. The median lethal
doses (LD50) of two isolates to fenamiphos were displayed at the top-left of the �gure.

Figure 2

A maximum likelihood phylogeny of six AbeAChEs with the AChEs and BuChEs from Vertebrata,
Arthropoda and Nematoda. The phylogenetic tree was generated using a ClustalW alignment and
maximum likelihood tree with 500 bootstrap replicates. The GenBank accession numbers of each gene
are indicated in parentheses. The six AbeAChEs are indicated by bold and red font.
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Figure 3

A maximum likelihood phylogeny of six AbeAChEs with the AChEs and BuChEs from Vertebrata,
Arthropoda and Nematoda. The phylogenetic tree was generated using a ClustalW alignment and
maximum likelihood tree with 500 bootstrap replicates. The GenBank accession numbers of each gene
are indicated in parentheses. The six AbeAChEs are indicated by bold and red font.
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Figure 4

Alignment of Torpedo californica and Aphelenchoides besseyi AChEs. Residues marked in red and bold
font are essential for catalysis. Numbering of AbeAChEs is based on the protein sequences that
translated from the coding sequences.
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Figure 5

Schematic of the interaction between fenamiphos and AChE-residues. The key residues surrounding the
acetylcholine-binding pocket of AChE1, AChE2, and AChE3 proteins were identi�ed via the best docking
poses. The red circles and ellipses indicate the identical residues in both HSF and Rl isolates.
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Figure 6

The relative transcript level of the three ace genes compared to a reference gene (18s) in the two
Aphelenchoides besseyi isolates normalized to the HSF AChE1 gene. Error bars represent standard errors.
The experiments were performed with three biological replicates, each having three technical replicates.
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Figure 7

Effect of 12-hour-treatments of 100 ppm fenamiphos on transcript abundance of three ace genes in two
Aphelenchoides besseyi isolates, transcription levels were normalized to Rl control treatments. Error bars
represent standard errors. The experiments were performed with three biological replicates, each having
three technical replicates.
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