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Introduction 

Scuticociliatosis, a parasitic disease caused by invasive 

ciliates (class: Scuticociliatida), has the largest detrimental 

impact on the fish industry. In South Korea, scuticocilia-
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Background: The scuticociliate Miamiensis avidus is a major pathogenic agent that causes significant economic losses in the floun-
der aquaculture industry. Many different types of drugs are being tested to control this disease, including mebendazole, which is a 
broad-spectrum antiprotozoal agent. The purpose of this study was to determine whether mebendazole worked in vitro against M. avi-
dus and to explore its mechanism of action. 
Methods: Transcriptome and gene ontology analyses were conducted to investigate the specifically expressed gene profile. We con-
firmed the cytotoxic effect of mebendazole against M. avidus when it was applied intermittently for a total of three times. We also 
identified differentially expressed genes using transcriptome analysis. 
Results: Most of the upregulated genes were membrane transport-related genes, including Na+/K+-ATPase. Most of the downregulat-
ed genes were categorized into three groups: tubulin-related, metabolism-related, and transport-related genes. The expression levels 
of glucose uptake-related genes decreased due to the inhibition of tubulin polymerization, but this was not statistically significant. 
Conclusions: Our results demonstrate that intermittent treatment with mebendazole has a significant cytotoxic effect on M. avidus. 
Furthermore, mebendazole induces downregulation of the tubulin-alpha chain and metabolism-related genes. It is presumed that this 
leads to a glucose shortage and the death of M. avidus. Transcriptome analysis will provide useful clues for further studies on meben-
dazole applications for scutica control. 
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tosis was first identified in an olive flounder farm on Jeju 

Island in the 1990s, and is now known to cause serious 

economic damage to olive flounders in farms nationwide 

every year [1,2]. Since the first report of scuticociliates as 

parasites of seahorses, they have been reported to infect 
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various species of marine animals, causing serious dam-

age [3]. Among closely related pathogenic ciliate species, 

Miamiensis avidus was identified as the dominant species 

with the strongest pathogenicity in olive flounders and oth-

er cultured fish [4]. 

Although several drug candidates are currently in trials, 

the Korean government had granted item permissions for 

the use of formalin (37% formaldehyde) in 2006 and hy-

drogen peroxide (35% hydrogen peroxide) in 2015 for olive 

flounder farms. The two agents have proven to be effective 

drugs for the treatment of scuticociliate infection in mul-

tiple studies, and they were subsequently commercialized 

[5]. However, there is a need for drugs that can effectively 

treat scutica without adversely affecting the host fish or 

marine environment. 

Benzimidazole derivatives, such as mebendazole and 

albendazole, have been used as anthelmintics worldwide, 

in both human and veterinary medicine, for the treatment 

of various helminth infections [6,7]. Recently, mebenda-

zole and albendazole have been repositioned as promising 

anti-cancer agents [8]. Among these benzimidazole de-

rivatives, mebendazole has a similar therapeutic effect as 

albendazole, but has been found to induce only milder ox-

idative stress than albendazole in the hosts, and it was pre-

sumed to be the drug of choice for the treatment of parasit-

ic protozoa and helminths [9]. Mebendazole has also been 

reported to have antiparasitic effects on monogeneans and 

scuticociliates that are parasitic on the gills or tissues of 

various aquatic species [10,11]. 

Therefore, we evaluated the efficacy of mebendazole 

against M. avidus in vitro and investigated its gene ex-

pression profile during the killing process of mebendazole 

treatment via transcriptome analysis. 

Methods 

1. Parasite strains and cultivation 
The ciliates used in this study were obtained from Pukyong 

National University (Busan, Korea), which were identified 

to be M. avidus using species-specific oligonucleotide 

primers reported [12]. M. avidus was inoculated into a cul-

ture medium with 2% peptone (BD Biosciences, Franklin 

Lakes, NJ, USA), 1% yeast extract (BD Biosciences), 0.5% 

sodium chloride (BD Biosciences), 10% fetal bovine serum 

(Biowest, Riverside, MO, USA), and 1% penicillin-strepto-

mycin (Gibco, Carlsbad, CA, USA) for 3 to 5 days at 22°C. 

2. In vitro anti-M. avidus activity of mebendazole 
Mebendazole (Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at 

a concentration of 3,000 ppm. For the antiparasitic activity 

test, 5 mL (2×106) of M. avidus was dispensed into a 25 cm2 

flask, and 10, 20, and 30 ppm concentrations of meben-

dazole were added. Control cells were treated with DMSO 

only. Then, the number of M. avidus was counted after 1, 

2, 4, 6, and 8 hours. The amount of DMSO did not exceed 

1% of the total volume. Our preliminary test revealed that 

DMSO (<1%) did not show any harmful effect against M. 

avidus (data not shown). 

Among the tested concentrations, 30 ppm showed the 

highest cytotoxic effect against M. avidus. After 8 hours of 

treatment with 30 ppm of mebendazole, 50%–60% of M. 

avidus species were killed, but the number of M. avidus 

cells began to increase after 8 hours. To increase the cyto-

toxicity to 100%, M. avidus was treated with 30 ppm me-

bendazole at 4 and 8 hours. We counted the number of live 

M. avidus (actively moving with cilia) after 24 hours. 

3. Library preparation and strand-specific RNA-sequenc-
ing 
When we treated M. avidus with 30 ppm of mebendazole 

for 8 hours, the mortality rate was found to be 50%–60%. 

Therefore, we used this group as the treated group.  

First, 10–20 mL of scutica culture was pelleted by cen-

trifugation at 3,500 ×g for 10 minutes at room temperature. 

Then, 2–4 mL of RNAprotect (Qiagen, Hilden, Germany) 

was added to the pellet and mixed by vortexing. The pel-

let was re-precipitated by centrifugation at 3,500 ×g for 10 

minutes at room temperature, and the supernatant was 

discarded. The standard TRIzol (Life Technologies, Carls-

bad, CA, USA) protocol was then applied to extract the 

total RNA from cell pellets. To ensure that the DNA was 

completely removed, DNase digestion was performed, and 

the total RNA samples were further purified using acidic 

phenol–chloroform. The sequencing libraries were pre-

pared using an RNA-seq Library Preparation kit (Epicentre 

Biotechnologies, Madison, WI, USA) with rRNA-depleted 

samples, and all of the libraries were sequenced by Illu-

mina HiSeq 2000 following the strand-specific sequencing 

protocol for 100 cycles. 
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4. Reads processing and expression calculation 
The first six bases of reads and adaptors were removed 

using in-house-developed pipelines. The transcripts were 

assembled using the default parameters. All transcripts 

were annotated with coverage and identity greater than or 

equal to 0.8. Overlapped annotations on transcripts were 

further combined if they overlapped with each other by at 

least 70% of their lengths. Based on the gene annotations of 

the transcripts, the reads per kilobase per million mapped 

reads (RPKM) values were calculated to determine the 

gene expression levels. 

5. Differential expression determination 
Differentially expressed genes (DEGs) between the meben-

dazole-treated and control groups were determined using 

the following set. To be considered as an upregulation un-

der drug treatment, the normalized expression value of the 

gene in the treated sample at mid-log phase must be larger 

than or equal to 50 RPKM. To be considered as a downreg-

ulation, the normalized expression value of the gene in the 

control at mid-log phase must be greater than or equal to 

50 RPKM. For upregulation under drug treatment, the nor-

malized expression value of the gene in the treated group at 

mid-log phase must be at least 2-fold larger than that in the 

control; for downregulation under mebendazole treatment, 

the normalized expression value of the gene in the control 

group at mid-log phase must be at least 2-fold larger than 

that in the treated group. 

6. GO and KEGG enrichment analyses of DEGs 
Gene ontology (GO) enrichment analysis of DEGs was 

performed using the GO seq R package, in which gene 

length bias was corrected. GO terms with corrected p-val-

ues <0.05, were considered to be significantly enriched in 

DEGs. KOBAS 2.0 was used to test the statistical enrich-

ment of DEGs in the Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) pathway. 

Results 

1. Anti-M. avidus activity of Mebendazole in vitro 
The concentration of 30 ppm mebendazole showed the 

highest killing effect against M. avidus after 8 hours of in-

cubation (Fig. 1). However, the number of M. avidus began 

to increase after 8 hours. After the application of meben-

dazole at 4 and 8 hours after the first treatment, the killing 

effect of more than 99.9% was confirmed after 24 hours (Fig. 

2). This confirmed that mebendazole was effective in kill-

ing M. avidus in vitro. 

Fig. 2. Cytotoxic effects after three administrations of 30 ppm 
mebendazole. A higher cytotoxic effect on Miamiensis avidus was 
confirmed by repeating treatment with mebendazole at a concen-
tration of 30 ppm at 0, 4, and 8 hours. Control group: not treated 
with mebendazole.

Fig. 1. Cytotoxic effects of different concentrations of mebenda-
zole on Miamiensis avidus. Among the three concentrations that 
were tried, 30 ppm mebendazole showed the highest cytotoxic 
activity.
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2. RNA sequencing and aligning to the reference genome 
To investigate the gene expression profile associated with 

the cytotoxic effect of mebendazole against M. avidus, 

transcriptome analysis was carried out. The two cDNA 

libraries (control and mebendazole-treated groups) were 

sequenced on an Illumina HiSeq 4000 platform. A total of 

98,172,410 and 53,616,548 raw reads were generated from 

the control and mebendazole-treated groups’ databases, 

respectively (Tables 1, 2). After removing the low-quality 

reads, 95,425,100 and 52,123,958 clean readings were ob-

tained, mapping 97.2% and 97.2%, respectively. 

3. Gene functional annotation 
The presumptive annotation of these transcripts was per-

formed using BLASTX. The putative functions of 11,253 

(64.8%) sequences of 17,346 unigene sequences in the 

control group and 12,167 (53.8%) sequences among 22,631 

unigene sequences in the mebendazole-treated group 

were confirmed (Tables 1, 2). 

4. Specific gene expression after mebendazole treatment 
There were 204 DEGs with significant differences among 

10,621 DEGs. Among them, 48 DEGs were upregulated, 

while 156 DEGs were downregulated. The most abundant-

ly expressed genes in the control (untreated) and treated 

groups were the 40S and 60S ribosomal protein genes 

(Table 3). Transcripts related to the channel and transport 

proteins, such as Na+/K+ ATPase alpha subunit, aquaporin, 

polyol transporter 2, transmembrane amino acid trans-

porter protein, and granule lattice protein 3 precursor, 

were upregulated (Table 4). Table 4 also shows the top 20 

ranked downregulated genes. Among them, three catego-

ries of gene groups known to be associated with the action 

mechanism of mebendazole were identified (Table 5). In 

addition, the expression of pyruvate carboxylase related 

to glucose metabolism was downregulated. Catalase and 

peroxidase, which are important enzymes that protect the 

cells from oxidative damage by reactive oxygen species, 

were also downregulated (Table 5). Glucose transport and 

immune response-related genes were also identified (Table 

6). However, most of them were not significant statistically. 

5. GO enrichment analysis of DEGs 
GO enrichment is commonly used to explain the biological 

roles of genes and their products. All DEGs were mapped 

to GO database terminology and compared to the overall 

transcriptome background to determine the functionality 

of the DEGs. All DEGs were categorized into three major 

functional categories: biological processes (565 unigenes), 

cellular components (769 unigenes), and molecular func-

tions (210 unigenes) (Fig. 3). 

The cellular process (124 unigenes), metabolic process 

(116 unigenes), and single-organism process (93 unigenes) 

represented the majority category of biological processes. 

The majority of cellular components were composed of 

cells (144 unigenes), cell parts (144 unigenes), membranes 

(98 unigenes), and organelles (127 unigenes). 

Binding (100 unigenes) and catalytic activity (76 uni-

genes) accounted for the largest portion of the molecular 

function categories. 

Table 1. Quality parameters of transcriptome sequencing of the control and mebendazole-treated group of Miamiensis avidus
Name Raw reads Raw bases Raw bases (>Q30) Clean reads Clean base pairs Low-quality reads
Control 98,172,410 9,915,413,410 9,420,795,592 95,425,100 (97.2) 9,599,291,653 (96.8) 2,172,456 (2.2)
Mebendazole 53,616,548 8,096,098,748 7,579,514,339 52,123,958 (97.2) 7,655,407,067 (94.6) 1,361,044 (2.5)

Values are presented as number only or number (%).

Table 2. Quality parameters of transcriptome assembled unigenes of the control and mebendazole-treated group of Miamiensis avidus

Name
Gene Gene (>FPKM 1.0)

Expressed Known Novel Unexpressed Expressed Known Novel Unexpressed
Control 17,346 11,253 6,093 25,411 16,661 10,708 5,953 21,553
Mebendazole 22,631 12,167 10,464 20,126 22,173 11,893 10,280 16,041

FPKM, fragments per kilobase of transcript sequence per million base pairs sequenced.
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Discussion 

Here, we report the profile of DEGs and GO analysis after 

mebendazole treatment of M. avidus. Our data clearly in-

dicate that mebendazole has significant deleterious effects 

on M. avidus. 

When M. avidus ciliate was treated with mebendazole 

(30 ppm) for 4 hours, more than 50% of scutica was killed 

and the survival rate dropped to less than 40% at 8 hours. 

However, the number of live cells started to increase there-

after. In order to increase the killing effect of mebendazole, 

the drug was treated twice at 4 and 8 hours after the first 

mebendazole treatment. After 24 hours, most of the scutica 

cells were killed. These results suggest that the appropriate 

intermittent administration of mebendazole can be effec-

tive for the control of scutica. However, the low efficacy of 

mebendazole in seawater seems to be one of the most im-

portant challenges in its application [13].  

The mechanism underlying the antiparasitic action of 

mebendazole is known to inhibit tubulin polymerization 

and the formation of microtubules. Glucose transporter 

(GLUT)-2 is also blocked by mebendazole, which prevents 

glucose uptake by parasites in the intestines [14,15]. In 

addition, mebendazole has been reported to activate the 

mitogen-activated protein kinase (MEK)-extracellular sig-

nal-regulated kinase (ERK) pathway in tubulin-activating 

drugs [16]. We also confirmed the changes in the gene ex-

pression patterns of three key categories: membrane trans-

port-related, tubulin-related, and metabolic processes. The 

characteristic changes in these three categories are in good 

agreement with the previously known the action mecha-

nism of mebendazole. 

Among the upregulated genes, expression of membrane 

channel and transport-related genes, such as Na+/K+ AT-

Pase alpha subunit, apolipoprotein, aquaporin, polyol 

transporter 2, and transmembrane amino acid transporter 

protein, were confirmed. Granule lattice protein precur-

sor transcripts are highly upregulated, and these genes 

are known to be involved in protein sorting and solubility 

[17,18]. Mebendazole is thought to primarily affect the 

membrane. Membrane damage and permeability changes 

caused by mebendazole treatment have been confirmed by 

antifungal activity screening in previous reports [19,20]. It 

seems that the expression of related genes was increased to 

Table 3. The top 20 most abundantly expressed genes in the control and mebendazole-treated groups

No
Control Mebendazole

Name Description Name Description
1 MTR_5g051170 Hypothetical protein ALF2_PEA Fructose-bisphosphate aldolase, cytoplasmic isozyme 2
2 LOC310926 Hypothetical protein LOC310926 TTHERM_00047480 40S ribosomal protein S3a
3 GL50803_114813 VSP - -
4 TTHERM_00047480 40S ribosomal protein S3a MTR_5g051170 Hypothetical protein
5 RPS15 40S ribosomal protein S15 LOC310926 Hypothetical protein LOC310926
6 Rps14 40S ribosomal protein S14 GAPC1 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic
7 EF-1-alpha Elongation factor 1-alpha RPS15 40S ribosomal protein S15
8 RPL15 60S ribosomal protein L15 RPS16 40S ribosomal protein S16
9 RPS5 40S ribosomal protein S5 RPL17 60S ribosomal protein L17
10 RPL17 60S ribosomal protein L17 RPS17C 40S ribosomal protein S17-3
11 RPS16 40S ribosomal protein S16 rps30a 40S ribosomal protein S30
12 cyn-1 Peptidyl-prolyl cis-trans isomerase 1 RPL15 60S ribosomal protein L15
13 RPL27 60S ribosomal protein L27 rps19a 40S ribosomal protein S19-A
14 RPS6 40S ribosomal protein S6 RPS26 40S ribosomal protein S26
15 RPL23 60S ribosomal protein L23 RPL18A 60S ribosomal protein L18a
16 rps28a 40S ribosomal protein S28 RPL19 60S ribosomal protein L19
17 RPS8 40S ribosomal protein S8 RPS8 40S ribosomal protein S8
18 RPL7 60S ribosomal protein L7 Rps14 40S ribosomal protein S14
19 EF-1-alpha Elongation factor 1-alpha RPS5 40S ribosomal protein S5
20 RpS7 40S ribosomal protein S7 RPS27B 40S ribosomal protein S27-2

Transcriptome of M. avidus treated with MBZ
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Table 4. The top 27 most upregulated and 20 most downregulated genes between the control and mebendazole-treated groups
Name Description Val_1 Val_2 log2 (FC) p-value 
PTMB.66 Na+\K+ ATPase alpha subunit 0 2,222.10 16.90 0.00057
ALB Serum albumin 0 792.00 15.40 0.00173
ACA1_015510 Replication factor a protein 1 (rpa1) subfamily protein 0 183.56 13.30 0.03071
APOB Apolipoprotein B-100 0 166.38 13.10 0.03792
IMG5_197820 Major facilitator superfamily protein, putative 0 158.83 13.10 0.04190
Gvin1 Interferon-induced very large GTPase 1 3.67 1,735.07 8.89 0.00240
ANO10 Anoctamin-10 1.83 424.19 7.85 0.01239
TTHERM_00310510 Phosphatidylinositol-4-phosphate 5-kinase family protein 1.83 401.65 7.78 0.01372
UTY Histone demethylase UTY 3.67 502.56 7.10 0.01431
Ogfr Opioid growth factor receptor 1.83 213.95 6.87 0.04353
HSFA1E Heat stress transcription factor A-1e 5.50 470.94 6.42 0.02231
TTHERM_01070340 Protein kinase domain-containing protein 3.67 259.04 6.14 0.04582
speH S-adenosylmethionine decarboxylase proenzyme 3.67 250.94 6.10 0.04847
PIP2-4 Aquaporin PIP2-4 31.17 2,002.68 6.01 0.01959
PLT2 Putative polyol transporter 2 62.33 4,023.52 6.01 0.02657
CG8135 LMBR1 domain-containing protein 2 homolog 7.33 460.62 5.97 0.02982
TTHERM_00277160 Transmembrane amino acid transporter protein 60.50 3,650.58 5.92 0.02726
SAV_6332 Alpha-L-arabinofuranosidase 56.83 3,410.31 5.91 0.02655
TTHERM_00378890 Granule lattice protein 5 precursor, putative 34.83 1,617.00 5.54 0.02687
ATL36 Putative RING-H2 finger protein ATL36 11.00 508.75 5.53 0.03692
PHGPx Probable phospholipid hydroperoxide glutathione peroxidase 34.83 1,475.99 5.41 0.02943
TTHERM_00676930 PAS domain S-box family protein 20.17 750.06 5.22 0.03760
CAMKK2 Calcium/calmodulin-dependent protein kinase kinase 2 18.33 638.69 5.12 0.04327
C33A12.1 Probable NADH dehydrogenase [ubiquinone] 1 alpha Gubcomplex subunit 5 33.00 990.27 4.91 0.04441
TTHERM_00624730 granule lattice protein 3 precursor, putative 64.17 1,895.44 4.88 0.04761
IMG5_197400 Snf7 family protein, putative 51.28 1,493.86 4.86 0.04590
gghB Gamma-glutamyl hydrolase B 36.67 1,037.44 4.82 0.04722
LHCB1.3 Chlorophyll a-b binding protein 1, chloroplastic 6,169.50 0 –15.70 0.00020
RBCS Ribulose bisphosphate carboxylase small chain, chloroplastic 3,431.50 0 –14.80 0.00017
IMG5_150220 Scramblase family protein, putative 3,018.80 0 –14.70 0.00017
ART2 Putative uncharacterized protein ART2 11,709.60 0.69 –14.10 0.00077
SE0112 Pyridoxal-deC 1,178.50 0 –13.30 0.00028
RCA Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic 925.83 0 –13.00 0.00040
LHCB5 Chlorophyll a-b binding protein CP26, chloroplastic 863.50 0 –12.90 0.00045
pyc Pyruvate carboxylase 889.20 0 –12.90 0.00043
RBCS F1 Ribulose bisphosphate carboxylase small chain F1, chloroplastic 847.50 0 –12.80 0.00047
PSBO1 Oxygen-evolving enhancer protein 1-1, chloroplastic 729.67 0 –12.60 0.00062
ABHD17A Alpha/beta hydrolase domain-containing protein 17A 669.51 0 –12.50 0.00074
CAB36 Chlorophyll a-b binding protein 36, chloroplastic 658.17 0 –12.50 0.00076
DHFR-TS Bifunctional dihydrofolate reductase-thymidylate synthase 634.41 0 –12.40 0.00082
CAB8 Chlorophyll a-b binding protein 8, chloroplastic 591.54 0 –12.30 0.00095
CAT3 Catalase-3 542.68 0 –12.20 0.00114
TPRP-F1 36.4 kDa proline-rich protein 548.17 0 –12.20 0.00112
PER42 Peroxidase 42 498.67 0 –12.10 0.00137
CB12_PETHY Chlorophyll a-b binding protein, chloroplastic 495.00 0 –12.00 0.00139
PSBP Oxygen-evolving enhancer protein 2, chloroplastic 485.85 0 –12.00 0.00145
THI1 Thiamine thiazole synthase, chloroplastic 463.83 0 –12.00 0.00161
log2 FC, log2 value of fold changes.
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restore the damaged membranes and altered permeability. 

The downregulated genes were categorized into three 

main groups: microtubule-related, metabolism-related 

and transport-related genes. Genes belonging to the mi-

crotubule-related group were microtubule constituent 

genes, tubulin-binding protein transcript, lactoylglutathi-

one lyase, and dynein. Lactoylglutathione lyase is known 

to be associated with microtubule assembly, and dynein is 

a protein family responsible for the movement of cilia and 

flagella by moving along microtubules [21,22]. Our results 

on microtubule-related genes were consistent with those 

of previous reports. 

Expression levels of genes belonging to the energy me-

tabolism-related group, such as serine hydroxymethyltrans-

ferase 1, pyruvate carboxylase, phosphoglycerate kinase 

1, enolase, and sodium/calcium exchanger protein, were 

significantly decreased. It is well known that inhibition of 

tubulin polymerization by mebendazole induces the loss 

of cytoplasmic microtubules, which leads to decreased glu-

cose uptake and increased use of stored glycogen [23,24]. 

Genes related to glucose uptake in humans are known as 

the GLUT gene family, and it has been reported that the 

Caenorhabditis elegans-facilitated glucose transporter 

(FGT) gene in C. elegans performs functions similar to those 

of GLUT in humans [25,26]. However, there are no reports 

on GLUT or FGT-like genes in protozoa, including ciliates. 

In our study, the expression levels of GLUT1 and SLC2A3 

(solute carrier family 2, facilitated glucose transporter 

member 3 genes) in humans and At5g16150 (the plastidic 

glucose transporter 4) gene in Arabidopsis thaliana were 

found to be decreased. However, the changes of expres-

sion levels of these genes were not statistically significant 

(p>0.05). The statistically non-significant downregulation in 

the expression of these genes is presumed to be related to 

Table 5. Three major categories of downregulated genes in the mebendazole-treated groupa)

Category Name Description log2 (FC)
Tubulin-related TUBA3 Tubulin alpha-3 chain –10.60

TBA_TETTH Tubulin alpha chain –5.18
CGB_B6140C Tubulin-binding protein –5.02
GLO1 Lactoylglutathione lyase –10.10

Metabolism-related SHM1 Serine hydroxymethyltransferase 1, mitochondrial –10.40
pyc Pyruvate carboxylase –12.90
PGK1 Phosphoglycerate kinase 1 –10.40
PGH1 Enolase –10.30

Transport-related TTHERM_00473210 Sodium/calcium exchanger protein –8.24
dhc-1 Dynein heavy chain, cytoplasmic –5.73

log2 (FC), log2 value of fold changes.
a)p-value <0.05.

Table 6. Two categories of downregulated genes in the mebendazole-treated groupa)

Category Name Description log2 (FC)
Glucose transporter At5g16150 Plastidic glucose transporter 4 –0.32

TBA_TETTH Glucose transporter type 1 –2.08
SLC2A3 Solute carrier family 2, facilitated glucose transporter member 3 –2.29

Immune response-related SOD1 Superoxide dismutase (Cu-Zn) –3.10
Sod-1 Superoxide dismutase (Cu-Zn) –3.16
CSD2 Superoxide dismutase (Cu-Zn) 2, chloroplastic –10.00
kat Catalase –2.73
CAT2a) Catalase-2 –5.35
CAT3a) Catalase-3 –12.60

log2 (FC), log2 value of fold changes.
a)p-value <0.05.

Transcriptome of M. avidus treated with MBZ
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Fig. 3. Gene ontology (GO) annotation of differentially expressed genes. The GO results were summarized in three main GO categories: 
biological process, cellular component, and molecular function.
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the mode of action of metronidazole. The mode of action of 

benzimidazole derivatives involves the selective binding of 

helminths tubulin, thus inhibiting microtubule formation. 

Therefore, the effect of this drug may be slower than that of 

anthelmintics, which act as neurotransmitter agonists [27]. 

The expression levels of stress-related genes, such as cata-

lase, were significantly decreased, and those of superoxide 

dismutase (Cu-Zn) genes, which serve antioxidants were 

also decreased but not significantly. 

Taken together, our results show that the intermittent use 

of mebendazole can be effective against M. avidus infec-

tion in vitro, although it can be different in salt waters. The 

gene expression profile after treatment with mebendazole 

revealed that most of the upregulated genes were related to 

membrane transport. The downregulated genes consisted 

of three main categories: tubulin, metabolism and trans-

port-related groups. A couple of stress-related and glucose 

transporter-related genes were also downregulated but 

their expression was not statistically significant. These re-

sults suggest that the successful killing effect of mebenda-

zole against M. avidus is due to changes in the membrane 

transporters and permeability. In addition, inhibition of 

tubulin polymerization and decreased metabolism have 

also been shown to play a role in its killing effect. Tran-

scriptome analysis of mebendazole treatment against M. 

avidus will provide valuable genetic knowledge to explore 

the possibility of using mebendazole for scutica control. 
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