
Introduction 

Miamiensis avidus is a highly pathogenic fish parasite with 

a wide range of aquatic hosts and is one of the most severe 

Original article
Kosin Medical Journal 2022;37(1):52-60
pISSN: 2005-9531 • eISSN: 2586-7024
https://doi.org/10.7180/kmj.21.040

Background: The scuticociliate Miamiensis avidus is a highly pathogenic ciliate responsible for serious damage to various organs of 
aquaculture fish. In particular, the olive flounder aquaculture industry is suffering massive losses due to M. avidus infection. Hydrogen 
peroxide (H2O2) is one of the most widely used chemicals for scuticociliate treatment. Despite the superior killing effect of H2O2, stud-
ies on transcription levels and gene expression changes after H2O2 treatment are limited. We conducted an mRNA transcriptome 
analysis to compare the differentially expressed gene (DEG) profiles between the ciliate and cyst-like stages of M. avidus after H2O2 
treatment. 
Methods: We applied DEG profiling to identify DEGs during the ciliate and cyst-like stages of M. avidus. 
Results: There were 5,967 DEGs among the 9,075 transcripts identified, and 50 of these DEGs were significantly different (p<0.05). 
Among these, 21 DEGs were upregulated and 29 were downregulated in the cyst-like stage. The most significantly upregulated genes 
during the change to the cyst-like stage were cytochrome c oxidase genes. Genes related to the calcium channel were also highly up-
regulated.
Conclusion: The significant upregulation of cytochrome c gene expression and cytosolic calcium ion channel-related gene expression 
after H2O2 treatment suggests that ciliate mortality occurred through apoptosis. The formation of the cyst-like stage is considered a 
temporary form during the process of apoptosis. Information on the gene expression profile of M. avidus in response to H2O2 is ex-
pected to contribute to the understanding of the mechanism of action of therapeutic agents against this pathogen. 
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threats to many cultured marine fish, especially the olive 

flounder (Paralichthys olivaceus), as well as marine fish [1]. 

Recently, devastating outbreaks of M. avidus infection were 

reported in marine teleost fish along with wild elasmo-
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branchs [2].  

It is well known that external stimuli or host immune re-

sponses lead to programmed cell death or cyst formation 

in various species of parasitic protozoa. The harsh condi-

tions like drugs treatment trigger a path of programmed cell 

death in case of non-cyst-forming protists [3]. Hydrogen 

peroxide (H2O2) has been shown to play a key role in stress 

and programmed cell death in previous studies [4]. 

H2O2 and formalin are the most effective and widely 

applied chemicals for the treatment of scuticociliates [5] 

to date. H2O2 has been applied in many non-medical and 

medical fields owing to its stability in water and strong ox-

idizing properties. In particular, H2O2 has drawn attention 

as a suitable biocide in aquaculture, where its decomposi-

tion into non-toxic by-products is crucial. Because of these 

advantages, H2O2 has been approved by the U.S. Food and 

Drug Administration as a therapeutic agent for several fish 

pathogens, with applications including in freshwater cul-

tured fish eggs, fingerlings, and against bacterial gill disease 

in adults [6]. Crosbie and Munday [7] found that Uronema 

nigricans was susceptible to H2O2 and was lysed completely 

at 250 ppm (the lowest concentration tested) for 60 minutes. 

The results in Uronema marinum incubated with H2O2 was 

similar to that of U. nigricans. When U. marinum was treat-

ed with a high concentration of H2O2, it was killed instantly, 

but it was not completely destroyed at lower concentrations 

(100 ppm) [8]. These reports indicate that H2O2 can be a po-

tent therapeutic agent against pathogenic ciliates at moder-

ate concentrations. 

However, studies on transcriptional level and gene ex-

pression changes after H2O2 treatment are still insufficient, 

despite the excellent killing ability of H2O2. Therefore, we 

carried out an mRNA transcriptome analysis to compare 

the expressed gene profiles between the ciliate and cyst-like 

stages of M. avidus after H2O2 treatment. The comparison of 

the gene profiles between treated and non-treated groups 

will provide valuable information for understanding M. avi-

dus destruction by H2O2. 

Methods 

1. M. avidus culture and cyst-like stage induction 
The M. avidus used in this study was obtained from Pukyo-

ng National University (Busan, Korea), and was identified 

as M. avidus using species-specific oligonucleotide primers 

[9]. For the subculture, M. avidus was inoculated into a cul-

ture medium of 2% peptone, 1% yeast extract 0.5% sodium 

chloride, 10% fetal bovine serum, and 1% penicillin-strepto-

mycin for 3–5 days at 22°C. 

Treatment with 0.3% H2O2 in the scutica growth medium 

(15 mL) with 10% fetal bovine serum induced the cyst-like 

stage of M. avidus from the ciliated form. Cyst-like struc-

tures were confirmed by typical characteristics such as the 

loss of mobility, formation of an outer membrane, vacuole 

formation in the cytoplasm, and the loss of cilia. The cyst-

like stage of M. avidus was harvested 72 hours after H2O2 

treatment. 

2. Library preparation and next generation sequencing 
The total RNA was extracted using the Maxwell RSC sim-

plyRNA Cells Kit (Promega, Madison, WI, USA) according 

to the manufacturer’s protocols. The RNA concentration 

and RNA integrity were measured using NanoDrop (Thermo 

Fisher Scientific, Waltham, MA, USA) and RNA Nano 6000 

Assay Kit on an Agilent Bioanalyzer 2100 System (Agilent 

Technologies, Santa Clara, CA, USA), respectively. To obtain 

high-throughput transcript data of M. avidus, cDNA frag-

ments were purified using the TruSeq Stranded Total RNA 

Sample Prep Kit (Illumina, San Diego, CA, USA) to select 

fragments of 100–150 bp. Sequencing was performed using 

an Illumina HiSeq4000 (Opentrons, Opentrons, NY, USA).  

3. Sequence analysis and identification  
The sequencing data were converted to raw reads by dis-

carding adapters and low-quality reads and obtaining clean 

reads. Transcriptome assembly was performed based on 

the merged and clean paired-end reads generated by Illu-

mina Hiseq4000 (Opentrons) using Trinity software. For 

the identification of functional transcripts, unigenes were 

searched against the National Center for Biotechnology 

Information non-redundant database using the BLASTx 

program with a cutoff E-value less than 1×10-5. 

4. Differentially expressed gene analysis 
Clean reads were mapped onto the assembled transcripts. 

The read counts for each gene were obtained from the map-

ping results and normalized to the number of fragments per 

kilobase of transcript sequence per million base pairs se-

quenced (FPKM). The differentially expressed genes (DEGs) 

were determined based on a difference of at least 2-fold in 
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the FPKM values and a p-value <0.05. 

5. Gene ontology enrichment of DEGs 
The gene ontology analysis was performed using the se-

quence annotation tool Blast2GO. After comparing simi-

larities using the default parameters, three main categories 

(biological processes, cellular components, and molecular 

functions) were obtained. 

Results 

1. Sequence analysis and assembly of the transcriptome 
Two cDNA libraries (ciliated and cyst-like) were sequenced 

on an Illumina HiSeq 2500 platform. A total of 98,172,410 

and 60,346,680 raw reads were generated from the ciliated 

(control group) and cyst-like (induced group) databases, 

respectively (Table 1). After removing low-quality reads, 

95,425,100 and 58,045,632 clean reads were obtained for 

each group, which mapped 97.2% and 96.2%, respectively. 

The transcripts were assembled into 29,699 single genes 

with an average length of 374 bp. 

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

formed using BLASTx. The putative functions of 9,075 se-

quences (30.6%) of 29,699 unigenes were identified (Table 2). 

3. Most abundantly expressed genes 
The gene expression levels were estimated by calculating the 

abundance of reads in the transcriptome. The 20 most highly 

expressed transcripts are listed in Table 2. Protein TAR1 was 

the most abundant gene in the two groups. However, most 

of the abundantly expressed genes were ribosomal protein 

genes that are essential for biological metabolism, such as 

40S ribosomal protein S14, 60S ribosomal protein L8, Ubiqui-

tin-60S ribosomal protein L40, and 60S acidic ribosomal pro-

tein P2. Among these 20 highly expressed genes, only elonga-

tion factor 1-alpha and peptidyl-prolyl cis-trans isomerase 1 

were co-expressed in both stages (Table 3).  

4. Stage-specific gene expression in the ciliated form and 
cyst-like stage of M. avidus 

There were 5,967 DEGs among the 9,075 transcripts iden-

tified, and 50 of these DEGs were significantly different 

(p<0.05). Among these, 21 DEGs were upregulated and 

29 were downregulated in H2O2 treated group (Tables 4, 

5). The most significantly upregulated genes during the 

change to the cyst-like stage were caricain and cytochrome 

c oxidase genes. Cytochrome c oxidases are key enzymes in 

aerobic metabolism and closely related to oxidative stress. 

Genes related to the calcium channel, calcium transporter, 

gelsolin, and eIF2 were also highly upregulated. The expres-

sion of muscle contraction and cell motility-related genes, 

such as myosin-6 and myoglobin, were largely upregulated 

after induction into the cyst-like stage. In addition, the ex-

pression of the collagen alpha-1(III) chain and collagen al-

pha-2(I) chain genes, which encode the major components 

of collagen that strengthen and support many tissues of the 

body, also increased. However, the expression of metab-

olism-related genes, such as glyceraldehyde 3-phosphate 

dehydrogenase and pyruvate carboxylase 1, decreased after 

the induction of the cyst-like stage. 

Table 1. Quality parameters of transcriptome sequencing of Miamiensis avidus
Stage Raw reads Raw bases Raw bases (>Q30) Clean reads Clean base pairs Low-quality reads
Ciliate 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)
Cyst-like 60,346,680 6,095,014,680 5,724,436,494 58,045,632 (96.2) 5,844,404,085 (95.9) 1,794,418 (3.0)

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

Table 2. Gene functional annotation

Stage
Gene Gene (>FPKM 1.0)

Expressed Known Novel Unexpressed Expressed Known Novel Unexpressed
Ciliate 24,784 8,188 16,596 4,915 22,444 7,159 15,285 4,189
Cyst-like 24,003 6,444 17,559 5,696 23,237 6,339 16,898 3,396

FPKM, fragments per kilobase of transcript sequence per million base pairs sequenced.
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Table 3. The top 20 most abundant genes in the ciliate and cyst-like stages

No.
Ciliate Cyst-like

Name Description Name Description
1 TAR1 Protein TAR1 TAR1 Protein TAR1
2 - - - -
3 - - - -
4 - - TBA_TETTH Tubulin alpha chain
5 TU20 Polyubiquitin RPL8 60S ribosomal protein L8
6 EF-1-alpha Elongation factor 1-alpha RLA2_EUPRA 60S acidic ribosomal protein P2
7 RPS15 40S ribosomal protein S15 ubl-1 Ubiquitin-like protein 1-40S ribosomal protein S27a
8 Rps14 40S ribosomal protein S14 GB1 Guanine nucleotide-binding protein subunit beta-like protein
9 - - TBA_TETTH Tubulin alpha chain
10 RPS27AA Ubiquitin-40S ribosomal protein S27a-1 EF-1-alpha Elongation factor 1-alpha
11 RPL40 Ubiquitin-60S ribosomal protein L40 - -
12 RPL8 60S ribosomal protein L8 RPL8 60S ribosomal protein L8
13 RPL35A 60S ribosomal protein L35a RPL18 60S ribosomal protein L18
14 rps28b 40S ribosomal protein S28 Rps14 40S ribosomal protein S14
15 RPL17 60S ribosomal protein L17 - -
16 - - HHT2 Histone H3
17 RLA2_EUPRA 60S acidic ribosomal protein P2 RPL40 Ubiquitin-60S ribosomal protein L40
18 RpS15Aa 40S ribosomal protein S15a cyn-1 Peptidyl-prolyl cis-trans isomerase 1
19 RPL21 60S ribosomal protein L21 RPS10A 40S ribosomal protein S10-A
20 cyn-1 Peptidyl-prolyl cis-trans isomerase 1 rps19e 30S ribosomal protein S19e

Table 4. The top 21 most upregulated genes in the cyst-like stage

No. Name Description Log2 FCa) p-value
1 PPIII Caricain 19.0 0.001
2 Mtco1 Cytochrome c oxidase subunit 1 16.3 0.003
3 mt-Co3 Cytochrome c oxidase subunit 3 15.2 0.006 
4 Mtco2 Cytochrome c oxidase subunit 2 13.9 0.011
5 Myh6 Myosin-6 13.3 0.015
6 Mtnd1 NADH-ubiquinone oxidoreductase chain 1 13.0 0.018
7 Col3a1 Collagen alpha-1(III) chain 12.5 0.023
8 Gsn Gelsolin 12.2 0.027
9 Mtnd2 NADH-ubiquinone oxidoreductase chain 2 11.8 0.033
10 Mb Myoglobin 11.7 0.034
11 Col1a2 Collagen alpha-2(I) chain 11.4 0.041
12 Mtnd5 NADH-ubiquinone oxidoreductase chain 5 11.4 0.041
13 Myl2 Myosin regulatory light chain 2, ventricular/cardiac muscle isoform 11.4 0.041
14 Tpm1 Tropomyosin alpha-1 chain 11.4 0.040
15 Apoe Apolipoprotein E 11.2 0.046
16 Hba Hemoglobin subunit alpha 11.2 0.044
17 Atp2a2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 11.1 0.047
18 Eef2 Elongation factor 2 11.1 0.048
19 w Protein white 8.9 0.036
20 Mtnd4 NADH-ubiquinone oxidoreductase chain 4 8.7 0.039
21 alh-9 Putative aldehyde dehydrogenase family 7 member A1 homolog 8.1 0.027

a)log2 FC, log2 value of fold changes.
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5. Gene ontology enrichment analysis of the DEGs 
Gene ontology enrichment is generally used to describe the 

biological roles of genes and their products. All DEGs were 

mapped to terms in the gene ontology database and com-

pared to the whole transcriptome background to determine 

the function of the DEGs. The DEGs were classified into three 

major functional categories: biological processes, cellular 

components, and molecular functions. In the biological 

processes category, the DEGs were classified into 22 subcat-

egories and the major DEGs were assigned into “metabolic 

process,” “cellular process,” and “single-organism process.” 

Within the cellular component category, the DEGs were clas-

sified into 21 subcategories and many DEGs were classified 

as “cell,” “cell part,” “organelle,” “organelle part,” and “mac-

romolecular complex.” The molecular function categories 

included 23 subcategories and the subcategories of “binding” 

and “catalytic activity” were mostly related (Fig. 1). 

Discussion 

Here, we present comprehensive data on the transcriptome 

of the M. avidus cilia and the cyst-like stages after H2O2 

treatment using the Illumina RNA-seq platform. One of the 

survival strategies for single-cell eukaryotes is to transform 

into a cyst stage in response to unfavorable environmental 

conditions. This phenomenon is commonly observed in 

pathogenic and free-living eukaryotes. When we treated 

M. avidus with H2O2 (0.3%), its shape gradually changed 

Table 5. The top 29 most downregulated genes in the cyst-like stage

No. Name Description Log2 FCa) p-value
1 GAPCP2 Glyceraldehyde 3-phosphate dehydrogenase GAPCP2, chloroplastic –13.00 0.004
2 pyc-1 Pyruvate carboxylase 1 –9.84 0.020
3 RCA Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic –9.82 0.020
4 LHCB5 Chlorophyll a-b binding protein CP26, chloroplastic –9.71 0.021
5 RBCS F1 Ribulose bisphosphate carboxylase small chain F1, chloroplastic –9.69 0.021
6 fech Ferrochelatase, mitochondrial –9.45 0.024
7 CAB36 Chlorophyll a-b binding protein 36, chloroplastic –9.32 0.025
8 CAB8 Chlorophyll a-b binding protein 8, chloroplastic –9.17 0.028
9 LHCP Chlorophyll a-b binding of LHCII type 1 protein –9.12 0.028
10 TPRP-F1 36.4 kDa proline-rich protein –9.06 0.029
11 CAT3 Catalase-3 –9.05 0.029
12 PER42 Peroxidase 42 –8.92 0.031
13 CB12_PETHY Chlorophyll a-b binding protein, chloroplastic –8.91 0.031
14 THI1 Thiamine thiazole synthase, chloroplastic –8.82 0.033
15 LHCA1 Chlorophyll a-b binding protein 6, chloroplastic –8.80 0.033
16 AOX Ubiquinol oxidase, mitochondrial –8.66 0.020
17 Kdm4d Lysine-specific demethylase 4D –8.60 0.037
18 PSBR Photosystem II 10 kDa polypeptide, chloroplastic –8.52 0.038
19 CAB13 Chlorophyll a-b binding protein 13, chloroplastic –8.47 0.039
20 LHCA4 Chlorophyll a-b binding protein 4, chloroplastic –8.34 0.042
21 PSAL Photosystem I reaction center subunit XI, chloroplastic –8.30 0.043
22 psaD1 Photosystem I reaction center subunit II-1, chloroplastic –8.30 0.043
23 Q949Q5_ARATH - –8.20 0.045
24 AGT1 Serine--glyoxylate aminotransferase –8.19 0.045
25 PSBQ2 Oxygen-evolving enhancer protein 3-2, chloroplastic –8.18 0.045
26 FD2 Ferredoxin-2, chloroplastic –8.07 0.048
27 MT23_BRAJU Metallothionein-like protein type 2, MT2-22 –8.06 0.048
28 RBCS Ribulose bisphosphate carboxylase small chain, chloroplastic –7.71 0.034
29 LHCB1.3 Chlorophyll a-b binding protein 1, chloroplastic –7.70 0.033

a)log2 FC, log2 value of fold changes.
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Fig. 1. Gene ontology (GO) annotation of differentially expressed genes (DEGs). The GO results are summarized into three main GO cate-
gories: biological processes, cellular components, and molecular functions.
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and became a cyst-like round form. This overall structural 

change was accompanied by several other changes, such 

as the loss of cilia, vacuole formation, formation of an outer 

membrane, and the loss of active motion. Because of these 

changes, we hypothesized that the H2O2 treatment might 

induce a process similar to cyst formation in M. avidus. The 

induced cyst-like stage was converted to a small-sized cili-

ated form when it was returned to the normal media; how-

ever, it failed to divide further and eventually died. The life 

cycle of M. avidus is characterized by three stages: tomite, 

microstome, and macrostome. Although the tomite stage is 

non-feeding, it is a fast-swimming stage [10]. Therefore, the 

cyst-like stage induced by the H2O2 treatment was different 

from the normal cyst stage. We assumed that the cyst-like 

stage was an intermediate form during the death process. 

Cyst formation is reportedly controlled by intracellular 

signal transduction pathways that convert environmental 

signals into gene expression changes [11,12]. Recent studies 

suggest that the cyclic adenosine monophosphate (cAMP) 

signaling pathway is probably a common mechanism of 

cyst formation in protists [13,14]. However, we could not 

find genes related to the cAMP signaling pathway, and the 

characteristic responses following encystment, such as 

autophagy-related gene expression, were not observed. In-

stead, we identified the caricain gene, which is well known 

as a class of papain-like cysteine proteases that are central 

to the immune defense system against invading pathogens 

or abiotic stress [15,16].  

Previous studies have demonstrated that oxidative stress, 

such as H2O2 treatment, leads to apoptosis-like cell death 

in single-celled eukaryotes [17,18]. The morphological 

changes caused by oxidative stress lead to DNA fragmen-

tation, increased vacuolization, nuclear condensation, and 

cell rounding in single-celled eukaryotes. We also observed 

some of these changes, such as vacuolization, cell rounding, 

and immobility. 

Oxidative stress caused by elevated reactive oxygen spe-

cies, such as H2O2, is known to cause programmed cell 

death through a process similar to apoptosis. Mitochondrial 

damage by these stimuli leads to excessive cytochrome c 

release, which can result in DNA damage and apoptosis 

[19,20]. We also found a significant increase in cytochrome 

c gene expression, which could explain the high rate of M. 

avidus death. When Entamoeba histolytica trophozoites 

were treated with H2O2, apoptosis-like death was induced, 

and one of the downstream effects was a cytosolic Ca2+ 

increase [21]. We also found upregulated gene expression 

related to calcium ion influx, such as the gelsolin and elon-

gation factor 2 genes. Ribosomal protein S60 was highly 

expressed in both the ciliate and cyst stage. It is known to 

be involved in the regulation of translational initiation and 

protein synthesis in response to extracellular stimuli [22]. 

These findings suggest that the formation of the cyst-like 

stage of M. avidus after H2O2 treatment followed a similar 

process of encystment. However, the process was not a nat-

ural encystment process, but an intermediate form of cell 

death. The gene profile expressed during cell death suggests 

that this process is part of apoptosis. 

The most markedly downregulated genes were those in-

volved in glycolysis or gluconeogenesis, namely glyceralde-

hyde 3-phosphate dehydrogenase and pyruvate carboxylase 

1. This was interpreted as a result of metabolic reduction. 

However, the gene expression levels of catalase and per-

oxidase were also significantly downregulated. These two 

genes are well-known enzymes whose optimal substrate is 

H2O2. It is presumed that the normal response correspond-

ing to apoptosis was not accomplished due to prolonged 

exposure to H2O2 at a specific concentration. It can also be 

considered a high mortality effect of H2O2 on M. avidus. 

Another point to note from our results was that the 

expression of chlorophyll-related genes significantly de-

creased. Most ciliates are heterotrophs, although they can 

be free-living or symbiotic depending on the food environ-

ment. M. avidus is a free-living species in marine environ-

ments when it is not parasitic on the fish host. However, 

chloroplasts have not been reported in ciliate groups, in-

cluding M. avidus. Therefore, we speculate that the expres-

sion of genes with high homology to chloroplast-related 

genes was the result of the lack of reference genomes that 

were taxonomically close to M. avidus. 

Taken together, the M. avidus cyst-like stage induced by 

H2O2 showed the upregulation of many apoptosis-related 

genes. These findings suggest that H2O2 treatment induces 

apoptosis-like cell death. However, the downregulation of 

two genes related to H2O2 breakdown suggests further study is 

required. In addition, a number of chloroplast-related genes 

were downregulated in the induced cyst-like stage. These 

results revealed a lack of scutica-related gene information. 

The comparison of the gene profiles between H2O2-treated 

and non-treated stages will provide valuable information for 
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understanding M. avidus destruction by H2O2. 
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