
Aquaculture 557 (2022) 738303

Available online 4 May 2022
0044-8486/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

A real-time quantitative PCR assay using hydrolysis probes for monitoring 
scuticociliate parasites in seawater 

Rosa A. Sueiro a, Jesús Lamas b, Oswaldo Palenzuela c, Paola Gulias a, Cristina Diez-Vives c, 
Alba García-Ulloa a, José M. Leiro a,* 
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A B S T R A C T   

Scuticociliatosis is a serious disease that affects flatfish during culture and against which no effective control 
measures have yet been developed. Monitoring parasite levels in the water may be a valuable way of establishing 
the risk of infection and enabling appropriate control measures to be taken, thus representing an advance in 
controlling the disease. To achieve this objective, we have designed a quantitative real-time PCR (qPCR) assay 
using primers (f / r ITS2) and a hydrolysis probe that specifically amplify a region of the internal transcribed 
spacer 2 (ITS2) of the main aetiological agents of scuticociliatosis: Philasterides dicentrarchi and Miamiensis avidus. 
The slope (m), efficiency (E) and linearity (R2) determined from the standard curves generated are within the 
optimal values for qPCR. The high analytical sensitivity of the qPCR assay enables quantification of less than 120 
pg of DNA per μL of reaction and detection of 1 ciliate per assay. The qPCR assay also exhibits high precision, 
with intra- and inter-assay coefficients of variation (CV) of respectively 0.27 and 7.57%. The protocol developed 
for isolating and quantifying ciliates seawater samples it has a recovery efficiency greater than 75% when the 
ciliate levels are between 103 and 2 × 103 ciliates/L and the turbidity of the water does not exceed one 
nephelometric turbidity unit (NTU). The real-time qPCR assay developed is a useful and appropriate tool for the 
specific and sensitive monitoring of scuticociliates in the water used in flatfish farms, enabling the establishment 
of effective prevention and control programmes.   

1. Introduction 

Scuticociliatosis, which is mainly produced by the ciliates Phila-
sterides dicentrarchi and Miamiensis avidus, is a serious disease that causes 
high mortalities in commercial flatfish farms, generating serious eco-
nomic losses in this aquaculture sector (Iglesias et al., 2001; Puig et al., 
2007; Jung et al., 2007; Song et al., 2009; Moustafa et al., 2010; Har-
ikrishnan et al., 2012). In Europe, scuticociliatosis in turbot is specif-
ically attributed to P. dicentrarchi (Iglesias et al., 2001; Budiño et al., 
2011a), while in Asia and South America, infections affecting farmed 
flatfish are caused by both P. dicentrarchi and M. avidus (Kim et al., 2004; 
Jung et al., 2007; Lee and Kim, 2008, 2009; Song et al., 2009; Har-
ikrishnan et al., 2010, 2012; Medina et al., 2016; De Felipe et al., 2017; 
Lee et al., 2018). It has recently been established that these pathogens 
are cryptic species, i.e., morphologically indistinguishable but with 

important genetic differences (Ma et al., 2018). These originally free- 
living scuticociliates are marine microorganisms with a single vegeta-
tive evolutionary form, the trophont, in their life cycle. The trophonts 
can transform into facultative histiophagous parasites that produce 
systemic infections mainly affecting flatfish in culture, especially when 
an increase in seawater temperature occurs (Bae et al., 2009). There are 
currently no chemotherapeutic measures available to control the dis-
ease, and the use of autovaccines can only partially prevent infectious 
outbreaks (Lamas et al., 2008; Sanmartín et al., 2008). However, due to 
the ability of the ciliates to modulate the immune response of the host 
and activate antigenic changes that result in the appearance of new 
strains, it is generally almost impossible to achieve effective control of 
infections in the medium and long term by using these immunopro-
phylactic tools (Piazzon et al., 2008; Budiño et al., 2011a, 2011b, 2012). 
At present, the most effective way of controlling the disease involves 
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implementation of measures to improve and optimize the handling and 
hygiene conditions of the fish, to eliminate the environmental factors 
that favour the proliferation of ciliates in fish culture tanks (Har-
ikrishnan et al., 2010). In addition to the influence of physicochemical 
parameters on the proliferation of scuticociliates, such as temperature 
and salinity (Takagishi et al., 2009), which can be difficult to modify in 
fish farm systems, some other very important factors also favour the 
presence of ciliates. These factors include the presence of high concen-
trations of organic matter and of microorganisms, including bacteria and 
other types of microbiota, which are the main food of the ciliates (Lamas 
and Leiro, 2020). The presence of the scuticociliates in fish culture tanks 
represents a potential risk for the development of infectious outbreaks, 
which can also be favoured by high temperatures and the presence of 
high concentrations of nutrients in seawater (Lamas and Leiro, 2020). 
Effective control and minimization of the risk of infections in fish require 
monitoring of the concentration of trophonts in culture tanks and 
determining, through epidemiological studies, the levels of ciliates that 
can cause infectious outbreaks, along with location of critical points in 
the cultivation system that act as reservoirs or sites of proliferation and 
also as sources of dissemination and propagation of parasites (Yang 
et al., 2014). These measures require specific, sensitive identification 
and quantification tools to enable detection of very low levels of these 
ciliates in the water to establish the necessary prophylaxis and control 
measures as quickly as possible. In this study, we designed, developed, 
and optimized a quantitative real-time PCR (qPCR) assay that uses 
primers and a hydrolysis probe that target the internal transcribed 
spacer 2 (ITS-2), a non-coding region located between the 5.8 S and the 
23S of P. dicentrarchi ribosomal DNA (rDNA) coding regions. The assay 
enables highly sensitive and specific quantification of the trophont 
forms of the scuticociliate parasite in seawater samples from fish farms. 

2. Materials and methods 

2.1. Obtaining control samples from ciliates cultured axenically in vitro 

The control samples of ciliates used for the initial evaluation of the 
qPCR tests were obtained from axenic cultures of the isolate I1 of 
P. dicentrarchi (Iglesias et al., 2001). Ciliates were obtained under 
aseptic conditions from peritoneal fluid of turbot, Scophthalmus max-
imus, experimentally infected as previously described (Paramá et al., 
2003). The isolated ciliates were cultured axenically at 21 ◦C in sterile 
Leibovitz L-15 medium, as previously described (Iglesias et al., 2003). 
Ascites fluid sampled from naturally infected turbot obtained from 
various fish farms in Galicia yielded P. dicentrarchi isolates C1, D2, D3 
and S1, which were grown under the same conditions as isolate I1 
(Budiño et al., 2011b). The M. avidus strain Ma / 2 ciliates were pur-
chased from the American Type Culture Collection (ATCC, USA) and 
were cultured in ATCC Medium 1651 (ATCC) at 21 ◦C (De Felipe et al., 
2017). 

2.2. Isolating ciliates from fish farm seawater samples 

Seawater samples were collected and transported in 10 L poly-
propylene drums, which had previously been autoclaved at 121 ◦C for 
15 min. The samples (10L) were collected from different areas of the 
turbot rearing and fattening cultivation system of a fish farm in Galicia 
(north-western Spain) by siphoning the bottom and/or walls of the tanks 
where organic material and/or bacterial biofilm were abundant. The 
samples thus obtained were sent directly to the laboratory for analysis. 
The drums were shaken several times and 2 L subsamples of seawater 
were removed from each, immediately before sample processing. These 
subsamples were subjected to differential filtration through 150 and 75 
μm (gravity filtration) and 10 and 0.8 μm (vacuum filtration) filters. The 
10 and 0.8 μm filters (Cytiva, Whatman ™, Germany) were collected, 
allowed to dry at room temperature and stored at − 20 ◦C until further 
processing. 

To determine the recovery yield obtained by the ciliate isolation 
method described above by differential filtration, 2 L samples of water 
previously filtered by 0.45 μm, were contaminated with different con-
centrations of ciliates: 5 × 104, 104, 5 × 103, 103 and 5 × 102 initially 
from in vitro cultures in complete L15 medium and which were subse-
quently adapted to seawater for 1 week before carrying out the 
experiment. 

To analyze the effect of organic matter and other particulate mate-
rials present in the water on the recovery rate of the ciliates, 2 L samples 
of water of different turbidity, previously autoclaved at 121 ◦C for 15 
min, were contaminated with a concentration fixed 5 × 103 ciliates. The 
turbidity of the samples was determined using a portable nephelometer 
(model TB200, Bante Instruments, China) calibrated against formazine 
standards, and the turbidity results were expressed in nephelometric 
turbidity units (NTU; Table 4B). 

The environmental ciliates Uronema marinum, Protocruzia adherens 
and Euplotes minuta were obtained by differential filtration (as detailed 
above) of seawater samples from turbot culture tanks. In this case, the 10 
and 0.8 μm filters were placed on marine agar plates (1.5% agar in 
seawater) and incubated at 21 ◦C for at least 3 days, with daily moni-
toring of the presence of ciliates on agar plates by observation under an 
inverted microscope. When ciliates were detected on the agar, a few 
drops of filtered seawater (0.2 μm) were added to the surface of the Petri 
dish and the ciliates were collected in a sterile 1.5 mL Eppendorf tube. 
For individual isolation of the ciliates, the limiting dilution technique 
was carried out in 96-well microtiter plates. Thus, the concentrated 
mixtures of ciliates held in sterile seawater containing 0.1% of 1651 
medium were serially diluted (1/2) and those wells that contained a 
single ciliate were incubated for 72 h. Finally, the isolated ciliates were 
identified by comparison of the nucleotide sequences (obtained by PCR 
amplification of the gene encoding the 18S rRNA) by using the BLAST 
bioinformatics tool (Blastn, National Center for Biotechnology Infor-
mation -NCBI-, USA). 

2.3. Obtaining and purifying the DNA 

The 10 and 0.8 μm filters obtained after differential filtration were 
cut into small pieces and placed in 2 mL Eppendorf tubes containing 100 
μL of zirconia balls (diameter, 150 μm) and 700 μL of TE buffer. The 
tubes were incubated for 30 min at room temperature to allow soaking 
and complete rehydration of the filters. The filters were then dis-
integrated by shaking for 1 min (in 20 s pulses) at 30000 rpm in a ball 
mill (Retsch NM400, Germany). The disaggregated material was 
allowed to settle for 5 min at 4 ◦C before the supernatant was removed 
and transferred to new 1.5 mL Eppendorf tubes, to which 30 μL of 10% 
SDS and 3 μL of proteinase K (from a stock solution 20 mg / mL in water) 
were added. All components were thoroughly mixed by vortexing and 
incubated for 1 h at 37 ◦C. After addition of 100 μL of 5 M NaCl, the 
mixture was stirred again, and 80 μL of a 10% cetyl- 
trimethylammonium (CTAB) / 0.7 M NaCl detergent solution was 
added, and the tubes were incubated for 10 min at 65 ◦C. The same 
volume (750 μL) of a mixture of chloroform / isoamyl alcohol (24: 1) 
was then added, mixed by shaking and centrifuged at 10000 xg for 5 
min. Aliquots (750 μL) of the supernatant were then transferred to two 
new 1.5 mL Eppendorf tubes. An equal amount (750 μL) of a mixture of 
phenol / chloroform / isoamyl alcohol (25: 24: 1) was added to each 
tube, mixed by shaking, and centrifuged at 10000 xg for 5 min. The 
supernatants were again added to new 1.5 mL Eppendorf tubes. Iso-
propanol (x 0.6 volume) was added to each tube, mixed gently, and 
centrifuged at 10000 xg for 5 min. After removal of the supernatant, 1 
mL of 70% ethanol was added to the precipitate. The tubes were 
centrifuged at 10000 xg, the supernatant was removed, and the pre-
cipitate was briefly dried under vacuum in a Speed-Vac. The dried 
precipitate was rehydrated in 100 μL of TE buffer and the concentration 
and purity of the DNA was quantified in a spectrophotometer (Nano-
drop, Thermo Scientific, USA), adjusting the sample to a final 
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concentration of 50 ng / μL. 

2.4. Conventional PCR and qPCR 

The primers and the probe were designed based on the sequence of 
the P. dicentrarchi strain I1 internal transcribed spacer 2 (ITS-2), 
deposited in the GenBank database (NCBI, USA) with accession number 
MK002746. We used the Real-time PCR (TaqMan) Primer and Probes 
Design Tool (GenScript, USA) to design the primers and probe. The 
specificity of the primers was checked using the primer-BLAST bioin-
formatics tool (NCBI, USA). The primers designed were named fITS2 (5’- 
TCC CGC TAA ACT CGA AAA GC -3′) and rITS2 (5’-AGC CGA GAT CAC 
TTT CTG TG-3′). The probe used was TaqMan probe pITS2 with a dye 
label 6-FAM (3′,6′-dihydroxy-1-oxospiro[2-benzofuran-3,9′-xanthene]- 
5-carboxylic acid) on the 5′ end and a non-fluorescent quencher BBQ650 
(N-[2-[3-[1-[(2R,4S,5R)-5-[[bis(4-methoxyphenyl)-phenylmethoxy] 
methyl]-4-[2-cyanoethoxy-[di(propan-2 yl)amino]phosphanyl]oxy-
oxolan-2-yl]-2,4-dioxopyrimidin-5-yl]prop-2-enoylamino]ethyl]-6-[[7- 
[[2,5-dimethoxy-4-[(4-nitrophenyl)diazenyl]phenyl]diazenyl]-1-aza-
tricyclo[7.3.1.05,13]trideca-5(13),6,8-trien-6-yl]oxy]hexanamide) on 
the 3′ end (FAM-5′-AAT CGT TCA GTG CCG ACC GAA GT-3’-BBQ650) 
(Table 1). 

2.4.1. Standard PCR 
A 25 μL reaction mixture containing 19.6 μL of sterile MilliQ water, 

2.5 μL of 10× reaction buffer, 0.5 μL of a 25 mM solution of Cl2Mg, 0.5 
μL of 0.2 mM dNTPs, 0.5 μL of a 20 μM fITS2 / rITS2 mixture, 0.4 μL of a 
high affinity Taq DNA polymerase (NZY Proof DNA polymerase, Nzy-
tech, Portugal) was prepared at a concentration of 2.5 U / μL and 1 μL of 
template DNA at 50 ng / μL. The PCR reaction was carried out with the 
following cycles in a T100 Thermal Cycler (BioRad, USA): 95 ◦C for 5 
min, 35 cycles of 95 ◦C 30 s, 60 ◦C 45 s and 72 ◦C for 90 s and finally, a 
third stage of 72 ◦C for 10 min. The PCR products (amplicons) were then 
separated by electrophoresis on 2% agarose gels containing 1× RedSafe 
staining solution (Intron Biotechnology, Korea). The amplification 
bands obtained were visualized by exposing the gel to ultraviolet radi-
ation (312 nm) using a transilluminator of variable light intensity 
(Spectroline, USA). 

2.4.2. Real-time PCR (qPCR) 
A 20 μL reaction mixture containing 10 μL of NZYSpeedy qPCR Probe 

Master Mix (2×) / ROX plus (Nzytech, Portugal), 0.6 μL of a mixture of 
20 μM fITS2 / rITS2 primers, 0.4 μL of 10 μM pITS2 probe, 0.5 μL of BSA 
(10 mg / mL), 7.5 μL of sterile MilliQ water, and 1 μL of template DNA 
dilution at a concentration of 50 ng / mL (or at the concentrations 
specified in each experiment) was prepared. The PCR was performed in a 
Step One Plus equipment (Real-Time PCR System, Applied Biosystems 
-Thermo Fisher Scientific, USA) under the following programmed con-
ditions: 95 ◦C for 5 min, 40 cycles of 95 ◦C for 10 s and 60 ◦C for 60 s. The 
results obtained from the analysis of the samples were analyzed using 
the StepOnePlus Real-Time PCR system version 2.3 software (life tech-
nologies, USA). For quantification of the ciliates present in the samples, 
standard curves were generated using serial dilutions ½ of DNA con-
centrations obtained from ciliates in a range between 1 and 60 ciliates / 
μL. For the other calibration curves, at least 6 Log10 of the DNA con-
centrations were used. The Cq values obtained were plotted against the 
log of the sample concentrations, and the slope (m) of the standard 

curves was calculated by linear regression. The efficiency (E) of the 
qPCR was calculated according to the formula: E = 101/m-1. The coef-
ficient of variation (CV) was calculated as follows: CV (%) = mean / 
standard deviation × 100. 

2.5. Cloning, sequencing, and copy number determination 

The PCR product containing the ITS-2 fragment of 78 base pairs (bp) 
was cloned in the vector pSparkII using the pSparkII cloning kit (Canvax, 
Spain), following the manufacturer's instructions. The cloned material 
transformed into competent bacteria Escherichia coli strain DH-5α, which 
were grown for 24 h at 37 ◦C in LB / ampicillin / IPTG / X-Gal medium. 
The white colonies obtained were grown for 24 h at 37 ◦C in LB / 
ampicillin liquid medium and the plasmids were purified using the 
GeneJet Plasmid Miniprep kit (Thermo Fisher Scientific, USA), 
following the manufacturer's instructions. The cloned inserts were 
sequenced by Sanger sequencing by Eurofins Genomics (Germany). The 
identity between the different nucleotide sequences of the ITS-2 frag-
ments of the tested ciliates was determined by multiple alignment, with 
the Clustal Omega bioinformatics tool (European Institute of Bioinfor-
matics, EMBL-EBI). To determine the copy number of the ciliate 
genome, standard curves were constructed for serial 1/10 dilutions of 
known concentrations of plasmids with the cloned fragment in a range 
between 10− 2 and 103 ng / μL. The number of copies corresponding to 
each dilution was calculated as follows: No. copies = DNA concentration 
(ng) × 6.022 × 1023 / length of plasmid containing the insert (bp) × 109 

(conversion factor to ng) × 660 (mean mass of double-stranded DNA). 

3. Results 

3.1. Specificity of qPCR 

The specificity of the designed fITS2 / rITS2 primer pair (Table 1) 
was initially evaluated using conventional PCR, and the results of the 
amplification are shown in Fig. 1. To evaluate the specificity of the 
primers, a conventional PCR was performed on DNA from 5 isolates of 
P. dicentrarchi (isolates I1, C1, D2, D3 and S1), from the Ma / 2 strain of 
M. avidus and from environmental ciliates U. marinum, Prosobothrium 
adherens and E. minuta. The pair of designed primers amplified a 78 bp 
band in all the isolates of P. dicentrarchi and in the Ma / 2 strain of 
M. avidus but did not generate an amplification band in the environ-
mental ciliates U. marinum, P. adherens or E. minuta (Fig. 1). 

Analysis of the nucleotide sequence of the ITS2 amplicons generated 
in the isolates of P. dicentrarchi and M. avidus revealed 100% identity 
between both species (Table 2A); however, the identity was lower when 
the ITS2 sequences of P. dicentrarchi / M. avidus were compared with 
that of the environmental ciliates U. marinum (74.55%), E. minuta 
(44.87%) and P. adherens (42.31%) (Table 2B). 

Table 1 
Primers (f /rITS2) and probe (pITS2) used to amplify the ITS2 region of the 
P. dicentrarchi rDNA.  

Primer Sequence 5′-3′ Fluorophore / quencher 

fITS2 TCC CGC TAA ACT CGA AAA GC – 
rITS2 AGC CGA GAT CAC TTT CTG TG – 
pITS2 AAT CGT TCA GTG CCG ACC GAA GT 6-FAM-BBQ650  

Fig. 1. Results of a conventional PCR on 2% agarose gel for the specific 
detection of P. dicentrarchi using the f / r ITS2 primers. M = molecular size 
markers (50 base pair fragments). Lane 1: negative control –NTC- (substitution 
of the sample for sterile distilled water); DNA from: P. dicentrarchi, strain I1 
(lane 2); P. dicentrarchi, strain C1 (lane 3); P. dicentrarchi, strain D2 (lane 4); 
P. dicentrarchi, strain D3 (lane 5); P. dicentrarchi, strain S1 (lane 6); Miamiensis 
avidus, strain Ma / 2 (lane 7); Uronema marinum, strain CTAS4 / I (lane 8); 
U. marinum, strain CLIT / I (lane 9); Protocruzia adherens (lane 10); Euplotes 
minuta (lane 11). bp: base pairs. 
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3.2. Analysis of qPCR efficiency 

To analyze the indicators of true qPCR amplification and differen-
tiate them from a drift signal, standard curves were initially generated 
from qPCR assays using 7 1/10 concentrations of plasmids cloned with 
the ITS2 fragment amplified with the fITS2 / rITS2 primers, yielding a 
Cq between 14 and 29 cycles (Fig. 2). Calibration curves of the Cq ob-
tained after amplification were also constructed for DNA concentrations 
obtained from ½ dilutions of between 1 and 64 ciliates (Fig. 3). After 
transforming the calibration curve by linear regression, the slope (m) of 
the lines obtained was calculated (Figs. 2 and 3). The calculated m of the 
regression line corresponding to the amplification with the plasmids 
cloned with the ITS2 fragment was − 3.0585 (Fig. 2). The m calculated 
from the regression line constructed from the Cq corresponding to the 
amplification of the DNA of the ciliates was − 3.3928 (Fig. 3). In both 
cases, the values of m lie within the range − 3.6 ≤ m ≤ − 3.1 considered 
optimal for qPCR. 

Regarding the estimation of the efficiency (E) of the qPCR used 
calculated from m, both when the regression line is constructed with the 
cloned plasmids, and with the DNA of the ciliates, E is obtained from 
between 1.1 and 0.9 (110–90%), respectively (Figs. 3 and 4), values that 
are in the range of 0.9 < E < 1.1 that are considered optimal for qPCR. 

Table 2 
(A) Partial sequences of the internal spacer transcript 2 (ITS2) of several P. dicentrarchi isolates and of Miamiensis avidus Ma / 2 strain, as well as of the isolates of marine 
environmental ciliates Uronema marinum, Protocruzia adherens and Euplotes minuta species. (B) Nucleotide identities, expressed as percentages, between the sequences 
of the ITS2 fragment of the P. dicentrarchi species and the marine ciliates U. marinum, P. adherens, and E. minuta calculated using the Clustal Omega multiple sequence 
alignment program.  

(A) 

Philasterides dicentrarchi isolate I1 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Philasterides dicentrarchi isolate C1 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Philasterides dicentrarchi isolate D2 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Philasterides dicentrarchi isolate D3 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Philasterides dicentrarchi isolate Pe5 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Philasterides dicentrarchi isolate S1 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Miamiensis avidus strain Ma/2 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Miamiensis avidus isolate 20,151,209–01 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Miamiensis avidus voucher XS-1207 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Miamiensis avidus strain YS2 
TCCCGCTAAACTCGAAAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTCACAGAAAGTGATCTCGGCT 

Homalogastra setosa isolate GT1 clone C 
TCCCGTTAAACATG-AAAGCGCTGAATCGTTCAGTGCCGACCGAAGTAGTCACTTCTTTGCA-A–GTGATCTCGG– 

Uronema marinum strain CTAS4/I 
——————————————AAGCGCTGAATCGTTCAGTGTCAATCGAAGTAGTCACTTCT—C-GCAAGTGATCTCG— 

Protocruzia adherens 
TCCATGC-AGGCTGTCGAGTTGTATTCTAAAGAGGCGAGTCGATCTATTGTCTTCTGGAATAAGTTCTTAGGAATTTGA 
CACCACAGAGGGTGAAAGTCCCGT— 

Euplotes minuta 
TCCTGACGCCCAAGTGTCTTGGAATAGACCGCCAGGGAGGGTGAAAGCCCCGTACGGTGTCGGGAGAGCGCTAGGTGGC 
CGCTTGAAGAGTCGAGTTGTTCGGGACTGCAGCTCTAAGTGGGAGGTAGACTTCTCCTAAGGCT   

(B) 

Species E. minuta P. adherens P. dicentrarchi U. marinum 

E. minuta 100.00 46.06 44.87 36.36 
P. adherens  100.00 42.31 40.00 
P. dicentrarchi   100.00 74.55 
U. marinum    100.00  

Fig. 2. Calibration line constructed with the Cq values obtained by qPCR using 
the ITS2 fragment of P. dicentrarchi cloned in the vector pSparkII as the tem-
plate. In the qPCR, different concentrations in ng / μL of the plasmid cloned 
with the ITS2 fragment and the corresponding copy number were tested using 
the primers f / rITS2 and the probe pITS2 in the qPCR assay. The graph also 
includes the value of the slope (m) of the line, the efficiency (E) of the PCR, and 
the linearity (linear correlation coefficient, R2) of the line, as well as the ranges 
of values considered optimal for m and E. 
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3.3. Internal quality control of qPCR assay: Linearity, analytical 
sensitivity, and precision 

To determine the quality of the qPCR, we determined the linearity of 
the regression lines obtained, the analytical sensitivity, determined from 
the limit of detection (LOD) and quantification (LOQ), and the assay 
precision. 

Linearity. - The correlation coefficient (R2) yielded by the standard 
curves was greater than 0.99 (Figs. 2 and 3), indicating high linearity of 
the qPCR assay, as well as a very high correlation between Cq and the 
DNA concentration of the sample. 

Analytical sensitivity. The LOD and LOQ of the assay were determined 
using a standard curve constructed from the sample means (n = 3). The 
concentrations of P. dicentrarchi DNA used for the construction of the 
standard curve ranged between 50 ng / μL and 50 pg / μL, corresponding 
to a range of ciliates between 10− 2 and 104 ciliates / reaction (Fig. 4). 
Negative controls lacking template DNA (NTC) and 50 ng / μL DNA 
samples from a mixture of environmental ciliates isolated from seawater 
(EC) were also included in the assay. The mean Cq values obtained in 

qPCR using the NTC and EC controls were 35 and 34.3, respectively. The 
experimental results showed that the LOQ of the assay was at least 120 
pg / μL, generating a Cq of 30 (Fig. 4). The experimental results obtained 
after amplification by qPCR show that it is possible to detect up to 1 
ciliate per reaction, and this value therefore represents the LOD of the 
assay (Fig. 4). 

Assay precision. - In the qPCR, we analyzed 10 samples in each assay 
in which we evaluated the intraspecific and interspecific variation ob-
tained. Specifically, we tested the variability in the Cq obtained from 
positive samples and negative samples, the results of which are shown in 
Table 3. The intra-assay CV varied between 0.55 and 2.05% and the 
inter-assay CV ranged between 0.27 and 7.57%. 

3.4. Evaluation of the performance of sample processing protocol 

Finally, we carried out experiments to determine the efficiency of 
isolation and recovery of ciliates from seawater samples. For the isola-
tion of the ciliates, we used a concentration method using a sequential 
filtration system. Previous tests (results not shown) indicated that at 
least 2 L of water was required to produce a quantifiable number of 
ciliates by the filtration system used. To evaluate the performance of the 
complete procedure, 2 L water samples, were contaminated with 
different concentrations of ciliates: 5 × 104, 104, 5 × 103, 103 and 5 ×
102. All contaminated water samples were processed using the differ-
ential filtration protocol described in the M&M section, were analyzed 
by qPCR, and the ciliates were quantified by extrapolation of the Cq 
obtained to a calibration line constructed for different amounts of ciliate 
DNA (Fig. 4). In this experiment we used as a positive control a sample of 
known DNA concentration, extracted from ciliates of P. dicetrarchi 
cultured in vitro and, as negative controls, DNA obtained from envi-
ronmental ciliates such as U. marinum, E. minuta and Protocruzia. sp., 
0.45 μm filtered seawater and sterile distilled water (Table 4A). As can 
be deduced from the results obtained, the recovery rate of the ciliates 
increases very significantly as the number of ciliates present in the 
samples decreases, reaching recovery values higher than 75% when the 
2 L water samples are contaminated with between 103 and 5 × 102 

ciliates (Table 4A). 
In addition, we also carried out a study to evaluate the effect of water 

turbidity on ciliate collection performance using the differential filtra-
tion method used in this work. As can be seen in Table 4B, the recovery 
performance of the ciliates in the water samples using the differential 
filtering system is directly influenced by the level of turbidity of the 
water, obtaining a better recovery performance of the ciliates in waters 
with low turbidity than in waters with high turbidity. 

Fig. 3. Calibration line constructed with the Cq values obtained from a qPCR 
using DNA obtained from between 1 and 64 ciliates as a template. The f / rITS2 
primers and the P. dicentrarchi probe pITS2 were used in the qPCR. The figure 
also includes the values of the slope (m) of the obtained line, the efficiency (E) 
of the qPCR, the linearity (R2) of the line and the intervals of the values that are 
considered optimal of the m and E in the assay. 

Fig. 4. Calibration line for determining the limit of detection (LOD) and 
quantification (LOQ) of the qPCR. The figure represents the Cq values obtained 
in the qPCR using the f / rITS2 primers and the pITS2 probe and, as template, 
log10 concentrations of DNA between 50 pg and 50 ng obtained from between 
10− 2 and 104 ciliates. The limit of detection (LOD) of the assay corresponds to 
the lowest DNA concentration (in whole genome equivalents per reaction) that 
is reproducibly detected with a 95% probability. To determine the cut-off value 
of the assay, the mean Cq of the LOD + 2 times the standard deviation (xLOD +
2SD) was calculated and the result was rounded to the nearest whole number. 
NTC: Cq obtained in qPCR by replacing the template DNA with double 
distilled water. 

Table 3 
Determination of the degree of precision after analysis of the intra- and inter- 
assay coefficients of variation (CV) of the Cq obtained in the qPCR. NTC: 
Negative control without template (MilliQ water); CN: Negative control 
(seawater autoclaved for 15 min at 121 ◦C and subjected to the same DNA 
processing and extraction conditions as the samples); CP: Positive control 
(template: 50 ng / mL of DNA extracted from ciliates grown in vitro); CPC: 
Contaminated positive control (template: seawater autoclaved for 15 min at 
121 ◦C and contaminated with 1.5 × 103 ciliates / mL); CC: Control mixture of 
environmental ciliates; S: Positive experimental sample (P. dicentrarchi pres-
ence) of water obtained in the fish farm; SD: standard deviation; CV = SD / mean 
× 100. n = 10 samples.   

Intra-assay variation Inter-assay variation 

Cq (mean ± SD) CV (%) Cq (mean ± SD) CV (%) 

NTC 36.10 ± 0.74 2.05 34.42 ± 0.95 0.27 
CN 35.07 ± 0.20 0.55 34.69 ± 0.55 1.58 
CP 15.87 ± 0.12 0.78 15.22 ± 1.15 7.57 
CPC 22.04 ± 0.12 0.55 22.33 ± 0.41 1.86 
CC 35.07 ± 0.20 0.57 35.15 ± 1.16 3.31 
S 27.29 ± 0.31 1.13 27.67 ± 0.53 1.93  
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4. Discussion 

Optimization of several factors, including primer selection, anneal-
ing temperatures, primer concentrations, and range of DNA concentra-
tions, is essential to ensure correct results and to obtain greater 
sensitivity, specificity, and molecular precision of the assay (Zhao et al., 
2021). The specificity of the oligonucleotides (primers and probe) must 
be verified during assay development to ensure that they only react with 
the target sequence (Bustin and Huggett, 2017). Predictive analysis must 
first be performed by comparing DNA sequences in the databases using 
bioinformatics tools (e.g., Blast) (Ye et al., 2012), and the chosen 
primers must then be evaluated experimentally by testing them against 
different samples containing biological material related to the sample to 
be analyzed (Lemmon and Gardner, 2008). In eukaryotes, the genes 
encoding the 18S, 5.8S and 28S rRNAs are separated by two internal 
transcript spacers called ITS1 and ITS2 (Zhang et al., 2020). These non- 
coding spacer regions, especially ITS-2, have been shown to be excellent 
markers for identifying and differentiating species from problematic 
taxa such as cryptic species (Villalobos et al., 2014). The results of the 
present study showed that the pair of primers designed exhibited high 
specificity when tested by conventional PCR, amplifying only the DNA 
samples from the scuticociliate parasites P. dicentrarchi and M. avidus. 
Likewise, the nucleotide sequence of the PCR-generated amplicons is 
identical in the ITS2 region of P. dicentrarchi and M. avidus; however, the 

nucleotide identity between these two species in the gene encoding the 
18S subunit of rRNA was only 96% (De Felipe et al., 2017), which has 
led to the suggestion that they are probably cryptic species (Ma et al., 
2018; Zhang et al., 2019). 

Different concentrations of plasmids cloned with the fragment to be 
amplified must be tested to determine the characteristics of the qPCR. 
Thus, the lowest and highest concentrations of the standards must be 
included in the calibration curve, which must be determined according 
to a range linear dynamic of at least 6 Log10 (Kralik and Ricchi, 2017). 
The indicator of true qPCR amplification is usually obtained from the 
slope (m) of the calibration curve calculated by linear regression and 
ideally has a value of − 3.33, which corresponds to an efficiency (E) of 
100% for the qPCR (Svec et al., 2015). With this E, the number of target 
molecules is exactly doubled in one qPCR cycle and an m between − 3.1 
and − 3.6, with an E of between 90 and 110% are generally considered 
acceptable (Taylor et al., 2019). The amplification efficiency (E) is one 
of the most important parameters to consider during qPCR optimization 
as it greatly affects the results obtained, with even small changes in E 
leading to substantial differences in the final data (Stolovitzky and 
Cecchi, 1996; Rao et al., 2013). Therefore, correct determination of E 
allows the precision of the qPCR assay to be increased (Rebrikov and 
Trofimov, 2006; Ruijter et al., 2021). The E of qPCR is defined as the 
fraction of target molecules that are copied in a PCR cycle and in a well- 
designed assay the template DNA will be amplified with at least 90% E 
(Svec et al., 2015). Therefore, from a theoretical point of view, the E 
should be in the range of 0–1 (0–100%), with E = 1 when the number of 
DNA amplicons generated is doubled in each cycle; however, in practice 
this parameter is usually in the range 90–110% (Johnson et al., 2013). 
The E is usually estimated from the m of the calibration curve (Kralik 
and Ricchi, 2017). In the present case, after construction of regression 
lines with 1/10 concentrations of the plasmids cloned with the ITS2 
fragment, a value located in the optimal range of qPCR amplification 
was obtained. The E of the qPCR assay was in the range 0.9 < E < 1.1, 
which is considered optimal for efficient qPCR (Raymaekers et al., 
2009). 

The linear correlation coefficient (R2) obtained from the regression 
lines constructed in this study, both from plasmids and from ciliate DNA, 
was greater than 0.99, i.e. it exceeded the limit of 0.98 established as 
indicating significant linearity (Broeders et al., 2014). The critical pa-
rameters used to validate any analytical method, such as qPCR, include 
those related to the minimum amount of analyte that can be detected 
and quantified (Bustin et al., 2009), known as the limit of detection 
(LOD) and quantification (LOQ) (Forootan et al., 2017). In our study, the 
qPCR assay developed can detect amounts of DNA lower than 120 pg 
(LOD) in each reaction and quantify at least 1 ciliate per assay (LOQ). 

In general, the precision of qPCR methods is analyzed by calculating 
the coefficients of variation (CV), which measure the variation around 
the mean and are useful for assessing the degree of inconsistency in the 
data (Taylor et al., 2019). Precision is defined as the degree of agree-
ment of measurements under specific conditions; however, for the 
practical determination of precision, two conditions called repeatability 
and reproducibility are considered (Kralik and Ricchi, 2017). These 
conditions describe the variability of the results obtained and can be 
determined from the intra-assay variability (variability in replicates 
performed in the same experiment) and inter-assay variability (vari-
ability between different assays performed on different days). For our 
qPCR assay, both the intra- and inter-assay variability were always much 
lower than the 25% considered the limit of variability for a qPCR assay 
to exhibit adequate repeatability and reproducibility (Broeders et al., 
2014). 

The acquisition and processing of the samples constitutes the first 
source of potential experimental variability in a qPCR, which is why the 
choice of a method for obtaining and purifying the samples is critical 
when optimizing the performance of this technique (Raymaekers et al., 
2009). In the present study, we verified that the method used to isolate 
the ciliates, as well as the method of preparing the samples and 

Table 4 
(A) Results of qPCR assay with ITS2 primers-probe using DNA extracts from 
seawater artificially contaminated with known numbers of P. dicentrarchi, 
showing the number of ciliates added initially to the sample, the number ex-
pected according to the Cq values, and the percentage of recovery. Different 
controls were used (P. dicentrarchi I1 strain, U. marinum, E. minuta, Protocruzia 
sp. (10 ng/μl, each sample), samples obtained from filtering seawater without 
adding ciliates (C- seawater), and distilled water as negative control (C-). (B) 
Effect of water turbidity, quantified by nephelometry and expressed in nephe-
lometric turbidity units (NTU), on the rate of ciliate collection using the dif-
ferential filtration protocol used in this study. Four samples of 2 L of water of 
different turbidity, pretreated in autoclave, and subsequently contaminated with 
5 × 103 ciliates/sample, were analyzed. In all assays, each sample was tested by 
qPCR in triplicate and the values of Cq, ciliate count and recovery percentage 
obtained were expressed as mean ± standard deviation (SD).  

A) 

N◦ ciliates Cq value 
(mean ± SD) 

Estimated ciliates/2 L 
(mean ± SD) 

Recovery (%) 
(mean ± SD) 

50,000 16.85 ± 0.32 10,923 ± 327 21.9 ± 0.65 
10,000 18.49 ± 0.13 5020 ± 121 50.2 ± 1.21 
5000 19.56 ± 0.16 3097 ± 95 61.9 ± 0.88 
1000 22.60 ± 0.17 754 ± 44 75.4 ± 4.4 
500 24.17 ± 0.04 381 ± 22 76.1 ± 4.4 
P. dicentrarchi 

(I1) 17.17 ± 0.07   
U. marinum 31.21 ± 0.24   
E. minuta 32.90 ± 0.24   
Protocruzia sp. 32.95 ± 0.12   
C- seawater 34.72 ± 0.44   
C- 36.69 ± 0.25     

B) 

Sample Turbidity 
(NTU) 

Cq value 
(mean ±
SD) 

Estimated ciliates 
/2 L (mean ± SD) 

Recovery (%) 
(mean ± SD) 

1 120.72 25.88 ±
0.081 

515 ± 32 12.88 ± 0.8 

2 34.33 25.46 ±
0,51 

979 ± 37 19.58 ± 0.7 

3 9.61 20.21 ±
0.27 

2249 ± 78 44.98 ± 1.6 

4 0.92 19.01 ±
0.04 

3271 ± 115 65.42 ± 2.3  
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obtaining the DNA enabled good quantification of the ciliates by qPCR. 
With the ciliate recovery method using differential filtration, we 

obtain average recovery rates like those traditionally obtained by 
filtration for the detection of other protozoa and viruses in small vol-
umes of seawater (Bonilla et al., 2015). In addition, the effectiveness of 
the method is increased when the concentration of parasites in the water 
is lower, which allows greater sensitivity to the quantification method. 
There are several studies that indicate the existence of various envi-
ronmental factors such as temperature, microbial activity and organic 
matter that can affect the amount of specific DNA present in water 
samples, which could cause an underestimation in the quantification of 
the microbiota in water. With high levels of organic matter (van 
Bochove et al., 2020). Likewise, it has also been detected that, in water 
samples with high turbidity, due to the high content of suspended solids, 
organic and inorganic matter, etc., there may be a negative effect on 
DNA extraction that ultimately alters the quantification results. by qPCR 
(Linke et al., 2021). In our study, we observed that in the samples that 
have a higher level of turbidity, a lower quantification of ciliates is 
obtained, which could be related, either, to a greater degradation of the 
DNA of the ciliates due to the large amount of microbiota in the sam-
ples., or by the effect of the interference of the particulate material on 
the filtration, altering the pore of the filters and the passage of the cil-
iates through them. 

5. Conclusion 

In conclusion, the qPCR assay designed is very specific, enabling the 
determination and quantification of the presence of trophont forms of 
scuticociliate parasites (specifically of the species P. dicentrarchi and 
M. avidus). In addition, the high efficiency and sensitivity of the tech-
nique enabled detection of up to 1 ciliate / sample. Moreover, the low 
intra- and inter-assay variation indicate the high precision, and the 
isolation protocol for quantifying ciliates in water samples produced 
very high yields. All these results indicate that the assay developed in the 
present study is suitable for quantifying scuticociliate parasites present 
in the culture tanks in flatfish farms; although it should be noted that a 
high turbidity of the water can underestimate the presence of ciliates in 
these samples. This will provide fish farmers with a reliable tool to 
establish levels of risk and decide on the necessary control measures to 
prevent outbreaks of scuticociliatosis. 
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