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Saprolegnia parasitica is the most important pathogen under the genus, Saprolegnia which causes devastating
oomycete diseases in freshwater fish. At present, the most common molecular method for identification of
Saprolegnia species is sequencing of ribosomal DNA internal transcribed spacer (rDNA-ITS) region. In this study, a
highly sensitive multiplex PCR targeting rDNA-ITS region and a hypothetical protein gene was developed using
two sets of primer pair. In this PCR, two amplicons of different size of 750 bp and 365 bp are produced only in
case of S. parasitica while other Saprolegnia species had single amplicon. This protocol could also differentiate

Saprolegnia species from other fungus based on the size of rDNA-ITS region. The protocol does not require
sequencing and can identify S. parasitica in a single reaction. Therefore, the multiplex PCR developed in this
study may prove to be an easier, faster and cheaper molecular method for identification of S. parasitica.

1. Introduction

Saprolegniasis is a disease characterized by visible white or gray
patches of filamentous mycelium on skin and fins. In severe cases, the
hyphae invade epidermal tissues, muscles and blood vessels and ulti-
mately leading to death of the infected fish due to osmoregulatory
failure [1-4]. It is the most devastating oomycete diseases of freshwater
fish caused by species of the genus, Saprolegnia which comprises 23-24
species [1,5-7]. Saprolegnia infection in fish can cause huge losses in
terms of millions of dollars to the aquaculture industry annually [1,8].
Their infection is not only confined to the cultured fish but also linked to
worldwide decline in wild fish as well as amphibian populations [8].
Earlier, Saprolegnia infections were controlled by using malachite green,
but its use in aquaculture has been banned since 2002 due to its carci-
nogenic and toxicological effects and this has resulted in its
re-emergence particularly S. parasitica as economically important fish
pathogen, especially for catfish, salmon and trout species [1,9].

The genus Saprolegnia, contains pathogens of aquaculture impor-
tance although they are often considered as opportunistic pathogen that
is saprotrophic and necrotrophic [1,3,10]. However, some strains
particularly S. parasitica are highly virulent and can cause primary in-
fections [11-13]. Therefore, it is essential to demarcate those

pathogenic species from the non-pathogenic one. For identification of
isolated species, several techniques like microscopic examination of
mycelia, sexual reproductive structures and oospores, had been the main
method until development of molecular techniques. Species identifica-
tion, based on microscopic examination of the sexual structures is
difficult, as these structures do not generally form in lesions nor usually
found in fresh water [14,15] and hence require taxonomic expertise to
delineate different species. Moreover, many isolates fail to produce
sexual structures in vitro or develop after a long period of culture [14]. At
present, the most common molecular technique for identification of
Saprolegnia species is sequencing of the internal transcribed spacer (ITS)
region. However, sequencing facility is not available in many of the
laboratories and it takes time in outsourcing. Therefore, a molecular tool
that can rapidly and accurately detect and identify S. parasitica, the most
destructive pathogen among Saprolegnia species, will be highly benefi-
cial. Among the molecular techniques, multiplex PCR is a powerful tool
for identification of viruses, bacteria, fungi/parasites [16]. This form of
PCR uses two or more primer pairs to amplify more than one gene in a
single reaction [17]. Thus the expenses, effort and time are less in
multiplex PCR as compared to multiple reactions required in uniplex
PCRs [18]. Further, an internal amplification control included in
multiplex PCR indicates the quality and quantity of the template and
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also helps to rule out the false negative results [19,20]. Keeping this in
mind, the present study was carried out to develop a sequencing free
molecular assay based on multiplexing of primers for identification of
S. parasitica.

2. Materials and methods
2.1. Oomycetes culture and isolation of genomic DNA

A total of 40 isolates belonging to different genus of oomycete and
fungus were used in the study. All the species used in this study were
isolated from diseased farmed fishes and water and maintained in Mo-
lecular Biochemistry Laboratory of ICAR-DCFR, Bhimtal. Oomycetes
and other fungus were cultured in potato dextrose agar (PDA) contain-
ing 500 mg/L of ampicillin and 200 mg/L of chloramphenicol at 20 +
1 °C till pure isolates were achieved [21,22]. For isolation of genomic
DNA, a small amount of agar with advancing edges of the growing
colony was excised and inoculated in 5 ml of potato dextrose broth
(PDB) for around 5-7 days at 20 £+ 1 °C. Mycelium from the broth cul-
ture was used for isolation of genomic DNA using commercial kit
(Quick-DNA™ Fungal/Bacterial Miniprep Kit, Zymo Research). Con-
centration of the DNA was determined by Nanodrop sphectropho-
tometer (Thermo Scientific) and kept at —20 °C until further use.

2.2. PCR amplification and sequencing

Genomic DNA of fungal and oomycete isolates was used as template
for amplification of ITS region and hypothetical protein gene using
published primers [23,24]. The primers, ITS1/ITS4 (ITS1: 5'-TCCG
TAGGTGAACCTGCGG-3/, ITS4: 5'- TCCTCCGCTTATTGATATGC-3") and
Puf112/Puf310 (Pufll2: 5'- GTTGTACCATAGCCACTGTATC-3' and
Puf310: 5'- CATCTCGATGCTGTTCTTGC-3') were obtained from Euro-
fins Genomics India Pvt. Ltd. Bangalore. The PCR reaction mixture
consisted of 10 ul of 2 X PCR master mix (NEB), 1 ul of template DNA
(more than 100 ng), 0.5 pl (5 pmol) of each primers, 8 pl of nuclease free
water in a 20 ul volume. Amplifications were performed in an Eppendorf
Mastercycler with initial denaturation at 95 °C for 2 min. The amplifi-
cation cycle for ITS region consisted of 35 cycles of denaturation at 95 °C
for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 1 min and final
extension 72 °C for 10 min. The amplification cycle for the hypothetical
protein gene consisted of 35 cycles of denaturation at 95 °C for 20 s,
annealing at 58 °C to 66 °C (gradient) for 20 s, extension at 72 °C for 30 s
and final extension at 72 °C for 5 min. The PCR products were then gel
electrophoresed in 1.5% agarose stained with ethidium bromide with a
100 bp DNA ladder (Thermo scientific) to determine its size. Gel was
visualized in a gel documentation system (Molecular Imager® Gel Doc™
XR System, Biorad). The PCR products were cleaned up using com-
mercial kit (Wizard® SV Gel and PCR Clean-Up System, Promega) and
sequenced at Agrigenome Labs Pvt. Ltd., India.

2.3. Evaluation of sensitivity and specificity

The PCR protocol using primer pair, Puf112/Puf310 was tested for
its sensitivity with two fold dilutions of genomic DNA from S. parasitica.
Similarly, ITS1/ITS4 primer was also tested using two fold serial dilution
of genomic DNA starting from 20 ng to 10 pg to confirm its amplification
at low concentration of template. The Puf112/Puf310 primers were also
evaluated for its specificity towards S. parasitica as compared to other
Saprolegnia species and other fungus. All the tests were repeated at least
three times to validate the result.

2.4. Multiplex PCR using ITS1/ITS4 and Puf112/310 primers
Different combination of primer concentrations of ITS1/ITS4 and

Puf112/310 were tested in the PCR. The reaction mixture contained 10
ul of 2X PCR master mix, ITS and PUF primers, 2 pl of template (more
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than 100 ng) and nuclease free water to make up to 20 pl. Similarly,
different annealing temperatures varying from 55 to 62 °C was evalu-
ated to determine the suitable annealing temperature for the primer
pairs. The amplification steps consisted of initial denaturation temper-
ature of 95 °C for 2 min followed by 35 cycles of denaturation at 95 °C
for 30 s, annealing for 30 s, extension at 72 °C for 1 min and final
extension at 72 °C for 10 min. Concentrations of the primers, template
and different annealing temperatures are presented in Table 1. The
protocol was evaluated to determine its sensitivity using two fold serial
dilutions of S. parasitica genomic DNA. The protocol was also evaluated
against 40 different isolates of Saprolegnia and other fungus species
which are listed in Table 2. Further, to validate the specificity, sensi-
tivity and inhibition, simulation study was carried out by adding
S. parasitica in fish pond water followed by extraction of genomic DNA
using 10-fold serial dilution method. The extracted DNA was tested by
the multiplex PCR to determine its suitability to detect S. parasitica in
pond water samples.

3. Results
3.1. Culture and isolation of genomic DNA

Saprolegnia isolates showed radial growth with white hyphae
extending towards the edges of the PDA plates. At 20 + 1 °C, the hyphal
growth of all the isolates was clearly visible by 72 h of culture. Some of
the fungal contaminants also showed white cottony like growth which
required expert eye to differentiate from Saprolegnia species. For mo-
lecular identification, extraction of genomic DNA from the isolates was
performed using commercial kit. DNA concentration was found to vary
from 100 to 170 ng/ul with the ratio of A260/280, 1.95.

3.2. PCR amplification and sequencing

In all the isolates, amplification of rDNA-ITS region using ITS1 and
ITS4 produced a single band of PCR product in gel electrophoresis. In the
case of Saprolegnia species, the product was found to be of 750 bp
approximately whereas other fungus had products of smaller size
(Fig. 1). With Puf112 and Puf310 primers, there was a single amplicon of
365 bp in all the tested annealing temperatures. The product band was
bright at 58 °C, 60 °C and 62 °C but less intense at 64 °C and 66 °C and
hence 62 °C was selected for further amplification. Amplification was
observed only in the case of S. parasitica indicating the specificity of the
primer. Amplicons from two isolates showing bright bands in gel elec-
trophoresis were sequenced to confirm its locus and submitted to NCBI
GenBank (Accession numbers-OK492200 and OK492201).

In alignment using MEGA X, the sequences were found to have high
similarity with a part of S. parasitica hypothetical protein gene (Gene ID:
24,137,098) of the genomic scaffold, NW_012156556 [8]. The nucleo-
tide sequences, OK492200 and OK492201 were found to have initiation
codon of the coding region along with introns. As compared to the

Table 1
Amplification conditions followed in the multiplex PCR for identification of
S. parasitica.

Reaction mixture Quantity

2X PCR master mix 10 ul

ITS1/ITS4: Puf112/Puf310 5 pmol : 5 pmol, 10 pmol : 10 pmol and 5 pmol : 10
pmol

More than 100 ng

To make up the volume to 20 pl

Saprolegnia genomic DNA
Nuclease free water
Amplification program
Initial denaturation
Denaturation
35 cycles Annealing
of Extension
Final extension

95 °C for 2 min

95 °C for 30 s

55, 56, 59, 60 and 62 °C for 30 s
72 °C for 1 min

72 °C for 10 min
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Table 2
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Evaluation of the multiplex PCR for identification of Saprolegnia parasitica among different isolates.

Sl. No. Name Accession number  Source Amplicon size of rDNA-ITS region (~bp) ~ Amplicon of hypothetical protein gene (~365 bp)
1 S. parasitica MK163535 Tor putitora 750 Present
2 S. australis MT912582 Oncorhynchus mykiss 750 -

3 S.parasitica MT912580 Oncorhynchus mykiss 750 Present
4 S.parasitica MT912581 Oncorhynchus mykiss 750 Present
5 S.parasitica MT912584 Schizothorax richardsonii 750 Present
6 S.parasitica MT912585 Schizothorax richardsonii 750 Present
7 S.parasitica MT912586 Schizothorax richardsonii 750 Present
8 S.parasitica MT912589 Water 750 Present
9 Alternaria species MT912588 Schizothorax richardsonii 650 -

10 Achlya species MT908192 Tor putitora 750 -

11 Achlya species MT908847 Tor putitora 750 -

12 Achlya species MT908917 Fish tank water 750 -

13 Didymella species MT908911 Tor putitora 550 -

14 Emmia species MT912577 Tor putitora 650 -

15 Fusarium species MT907512 Tor putitora 550 -

16 Fusarium species MT912583 Oncorhynchus mykiss 550 -

17 Mucor species MT912587 Schizothorax richardsonii 650 -

18 Phoma species MT912578 Tor putitora 550 -

19 Schizophyllum species ~ MT908224 Water 650 -

20 Schizophyllum species ~ MT909559 Water 650 -

21 S. diclina OK448358 Oncorhynchus mykiss 750 -

22 S. parasitica 0K448359 Oncorhynchus mykiss 750 Present
23 S. diclina 0K448360 Oncorhynchus mykiss 750 -

24 S. aenigmatica OK448361 Oncorhynchus mykiss 750 -

25 S. parasitica 0K448362 Oncorhynchus mykiss 750 Present
26 S. parasitica 0OK448363 Oncorhynchus mykiss 750 Present
27 S. parasitica OK448364 Oncorhynchus mykiss 750 Present
28 S. parasitica 0K448365 Oncorhynchus mykiss 750 Present
29 S. diclina 0K448366 Oncorhynchus mykiss 750 -

30 S. diclina 0OK448367 Oncorhynchus mykiss 750 -

31 S. diclina OK448368 Oncorhynchus mykiss 750 -

32 S. parasitica 0OK448369 Oncorhynchus mykiss 750 Present
33 S. asterphora 0K448370 Oncorhynchus mykiss 750 -

34 S. diclina 0OK448371 Oncorhynchus mykiss 750 -

35 S. diclina 0K448372 Oncorhynchus mykiss 750 -

36 S. parasitica 0K448373 Oncorhynchus mykiss 750 Present
37 S. parasitica OK448374 Oncorhynchus mykiss 750 Present
38 S. parasitica 0OK448375 Oncorhynchus mykiss 750 Present
39 S. diclina 0K448376 Oncorhynchus mykiss 750 -

40 S. diclina 0K448377 Oncorhynchus mykiss 750 -

were found to be highly sensitive. The limit of detection for Puf112/
M1 2 3 4 5 6 7 8 9 101112 1314 M

Fig. 1. rDNA-ITS region amplified with ITS1/ITS4 primers. M: 100 bp DNA
ladder. A: Lane 1, 5,7, 13 and 14- amplicons of different Saprolegnia species
(~750 bp). Lane 2 and 3- Fusarium equiseti, lane 4- Schizophyllum commune, lane
6- Didymella heteroderae, lane 8-Emmia lacerate, lane 9 and lane 10-Schizo-
phyllum species, lane 11-Phoma species, lane 12- Fusarium oxysporum. The fungal
contaminants produced an amplicon size of ITS region varying from ~550 to
650 bp.

reference sequence, OK492200 differed by one nucleotide whereas
OK492201 had differences of two nucleotides in the exons. The com-
bined exons translated into 54 amino acid sequences which were 100%
identical to N-terminal side of the hypothetical protein (XP_012209840)
of NW_012156556 (supplementary file).

3.3. Sensitivity and specificity of the PCR protocol

Both the PCR protocol using ITS1/ITS4 and Puf112/Puf310 primers

Puf310 primer was found to be 8 pg of genomic DNA. Amplification of
rDNA ITS region was observed in all the tested concentration of genomic
DNA. Similar results were observed in repeated experiments. There was
no amplification of the targeted hypothetical protein gene in the fungal
isolates. Among the Saprolegnia species, amplification of hypothetical
protein gene was observed only in the case of S. parasitica (Fig. 2).

MOPPPPPOPPPPPP OP

700 bp
500bp
400 bp

700 bp
500 bp
300bp

Fig. 2. PCR amplification of rDNA ITS region (A) and hypothetical protein gene
(B) of different Saprolegnia species. M: 100 bp DNA ladder. A-All the samples
had amplicons of rDNA-ITS region at ~750 bp. B-Saprolegnia parasitica (P)
produced amplicons at ~365 bp but no amplification in other (O) Saproleg-
nia species.
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3.4. Multiplex PCR for easy identification of S. parasitica

The optimum annealing temperature for both the primer sets in the
multiplex PCR was found to be 59 °C. Two amplification products of
approximate size at 750 bp for nrDNA ITS region and another at 365 bp
for the hypothetical protein gene were observed. When the primers were
used at equal concentration, amplification of nrDNA ITS region was
much higher than that of the hypothetical protein gene. When ITS1/1TS4
primers were used at 5 pmol and Puf112/310 at 10 pmol each, the
resulting yield of the amplified products was more or less similar. The
protocol was found to be highly sensitive with detection limit up to 16
pg of genomic DNA. It was also found to detect S. parasitica specifically
among other Saprolegnia species (Fig. 3). In simulation assay using fish
pond water, the PCR protocol could detect up to 50 pg of genomic DNA
(Fig. 4).

4. Discussion

Until the advent of molecular technique, microscopic examination of
mycelia, sexual reproductive structures and oospores had been the main
method for identification of Saprolegnia species [10]. Species identifi-
cation, based on morphological features is often complicated as many
isolates do not generally form these structures in lesions or fail to
develop in vitro [14,15]. During isolation of Saprolegnia species from the
site of infection or water, some fungal contaminants may also be present.
Some of the fungal species encountered were of Didymella, Phoma,
Schizophyllum and Emmia which also produced white colonies [25-28].
Hence identification of Saprolegnia species based on culture morphology
may be difficult for untrained eyes. Therefore, more accurate way to
identify Saprolegnia species is through molecular approach.

The most commonly used molecular technique for identification of
Saprolegnia species is the sequencing of ITS region located between 18S
rRNA gene and 28S rRNA gene present in the chromosome [29].
Eukaryotic rDNA ITS region is widely used for taxonomy and molecular
phylogeny due to its small size, high copy number and conserved
flanking sequences [30]. PCR amplification of Saprolegnia rDNA-ITS
region which consists of partial 18S rRNA gene, ITS1, 5.8S rRNA gene,
ITS2 and partial 28S rRNA gene using ITS1 and ITS4 primers resulted to
product of 750 bp approximately. Liu et al. [31] also found the size of
ITS region in different species of Saprolegnia to be around 700 bp. Suc-
cessful amplification of rDNA-ITS region was observed even at a very
low concentration of genomic DNA indicating its high copy number.

M 12345678 -----M

700 bp
500 bp
300 bp
200 bp

MPOOPOOOPO POOOOM

700 bp
500 bp
300 bp
200 bp

Fig. 3. Multiplex PCR using ITS1/ITS4 and Pufl12/Puf310 primer pairs. M:
100 bp DNA ladder. A-Determination of detection limit of the protocol using
two fold dilution (1 ng onwards) of genomic DNA. Amplification was observed
up to 0.016 ng in lane 8. B- Evaluation of the protocol against different Sap-
rolegnia species. Two bands of PCR product in S. parasitica (P) and single band
in other Saprolegnia species (O).
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M 1

2 3 4 5 6 7 8 910 M
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Fig. 4. Multiplex PCR using genomic DNA from Saprolegnia parasitica simulated
fish pond water. The amplification was observed up to 50 pg of genomic DNA in
lane 3. M: 100 bp marker. Lane 10: negative control without template.

Similar size of PCR product was also observed for Achlya species that
belong to family Saprolegniaceae, and order Saprolegniales. Interest-
ingly, the fungal contaminants had smaller PCR product of ITS region
thus enabling to differentiate from Saprolegnia species based on the
amplicon size. However, identification of Saprolegnia at species level
requires sequencing of the ITS region [32]. Recently, Ghosh et al. [33]
developed a loop-mediated isothermal amplification (LAMP) for the
detection of Saprolegnia species. The developed protocol targeted the ITS
region and the cytochrome C oxidase subunit 1 (CoxI) gene and was
shown to be specific only to Saprolegnia genus [33].

Earlier, a PCR protocol using pufl12 and puf310 markers targeting
hypothetical protein gene was reported to specifically identify
S. parasitica [24]. This hypothetical protein contains Pumilio-family or
Puf RNA binding domain at the C-terminal. Puf locus is highly conserved
at C-terminal RNA-binding domain but the variable N-terminal region
was used for developing Saprolegnia-specific markers [24]. The PCR
protocol was also found to be highly sensitive with detection limit as low
as 8 pg of genomic DNA. However, the yield may vary depending upon
the copy number of the particular gene as expression of Puf protein in
S. parasitica differs with the stages of its life cycle [34]. This may be the
reason for different yield of PCR product by pufl12/ puf310 primers
irrespective of template concentration in the samples.

These two PCR reactions with ITS1/ITS4 and Pufl12/Puf310
primers target unique sites resulting into different product size. So, if the
two reactions are combined in a single run, considerable effort and
consumables may be saved. Considering this, a multiplex PCR using the
primer pairs, ITS1/ITS4 and Pufl112/Puf310 was developed. Multiplex
PCR is a fast molecular technique that simultaneously amplifies different
targets enabling to detect multiple pathogens in a single reaction
[35-37]. The technique has been used in diagnosis of various viral,
bacterial, fungal and parasitic diseases [38]. In the study, the protocol
was optimized to amplify both the rDNA-ITS region and hypothetical
protein gene with similar efficiency and also devoid of nonspecific
products. The amplicons were visible as two distinct bands at ~750 bp
and ~365 bp. In multiplex PCR, the amplicon sizes should be different
enough to produce distinct bands in gel electrophoresis [39]. In this
multiplex assay, the amplicon of ITS region served as internal amplifi-
cation control and the amplicon resulting from other primer pair helps in
species identification of S. parasitica. Internal control is important in
multiplex PCR as it helps to rule out the false negative results. If the
amplicons of internal control is detected, non-appearance of the species
specific amplicon can be more confidently interpreted as absence of the
target gene rather than failure of the PCR reaction. In the case of bac-
teria, universal primers targeting 16 s rDNA serve as a good choice for
internal amplification control [20]. In the multiplex PCR for detection
and identification of different yeast strains, universal primers, ITS1 and
ITS2 have been used in combination with ITS2 and ITS3 primers [40].
Similarly, we have also used the universal primer pair ITS1/ITS4 as
internal control in the multiplex PCR. This primer pair could success-
fully detect the ITS region in all the tested fungus and produced
amplicon of different size ranging from 550 to 650 bp approximately
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whereas it was around 750 bp in case of Saprolegnia. The other primer
pair, Pufl12/310 showed positive reaction only in the case of
S. parasitica. Thus, Saprolegnia species could be differentiated from the
fungal contaminants based on the size of rDNA-ITS region and simul-
taneously identify S. parasitica by the presence of amplicon at ~365 bp
in a single test run. The protocol was also found to be highly sensitive
having a low detection limit and hence may be applied in less concen-
tration of genomic DNA. Further, the protocol was also suitable to detect
S. parasitica in fish pond water as observed in simulation assay. The
detection limit in S. parasitica simulated pond water was higher which
may be due to presence of genomic DNA of other microbes. As species
identification could be achieved in a single PCR reaction without
sequencing, there was substantial reduction in time, effort and cost in
this protocol.

5. Conclusion

Sequencing of rDNA-ITS region is the most common method for
identification of Saprolegnia species. As sequencer is not a common fa-
cility in many of the laboratories, sequencing free molecular method for
species identification specially S. parasitica would be beneficial. In the
study, a multiplex PCR was developed using two different primer pairs.
Based on the amplicon size resulting from the first primer pair, Sapro-
legnia species can be differentiated from other fungal contaminants and
the PCR product resulting from the second primer pair specifies
S. parasitica. Therefore, this multiplex PCR may prove to be an easier,
faster and cheaper method for molecular identification of S. parasitica.
The protocol was found to be sensitive and specific and may also be
suitable for molecular screening of large number of Saprolegnia isolates.

Ethical approval statement

No experimental fish and no genetically engineered organisms were
used in this study. All the protocols and methods used in this study were
approved by Institutional Research Committee of ICAR-Directorate of
Coldwater Fisheries Research, Bhimtal.

Author’s contributions

KVC and DT conceptualised and designed the experiments. KVC
wrote the manuscript and DT edited. KVC, DT, VP, SB did the molecular
works. SB also contributed in literature search. KVC, DT and RST
collected the isolates. KVC and VP cultured and maintained the isolates.

Declaration of Competing Interests

The authors declare no conflict of interest with respect to publication
of this article.

Acknowledgements

The present work was supported by ICAR Institutional fund under
the project “Development of rapid assays for detection and identification
of Saprolegnia species”. The authors are also thankful to Director, ICAR-
DCFR, Bhimtal for providing necessary facilities to carry out this work.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.btre.2022.e00758.

References

[1] P. Van West, Saprolegnia parasitica, an oomycete pathogen with a fishy appetite:
new challenges for an old problem, Mycologist 20 (2006) 99-104.

[2]

[3

=

[4]

[5]

[6]
[71

(8]

[91

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

Biotechnology Reports 35 (2022) e00758

A.D. Pickering, L.G. Willoughby, Saprolegnia infections of salmonid fish, editor, in:
R.J Roberts (Ed.), Microbial Diseases of Fish, Academic Press, London, 1982,

pp. 271-297.

Volume 3Edited by: D.W. Bruno, B.P. Wood, Saprolegnia and other oomycetes, in:
PTK Woo, DW Bruno (Eds.), Fish Diseases and Disorders, CAB International,
Wallingford, UK, 1999, pp. 599-659. Volume 3Edited by:.

K. Hatai, G. Hoshiai, Mass mortality in cultured Coho salmon (Oncorhynchus
kisutch) due to Saprolegnia parasitica coker, J. Wildl. Dis. 28 (1992) 532-536.

S. Shin, D. Kulatunga, S. Dananjaya, C. Nikapitiya, J. Lee, M. De Zoysa, Saprolegnia
parasitica isolated from rainbow trout in Korea: characterization, anti-Saprolegnia
activity and host pathogen interaction in Zebrafish disease model, Mycobiology 45
(2017) 297-311.

R.L. Seymour, The genus Saprolegnia, Nova Hedwigia 19 (1970) 1-124.

T.W. Johnson, R.L. Seymour, D.E. Padgett, University of North Carolina At
Wilmington. Department of Biological Sciences, University of North Carolina at
Wilmington, Dept. of Biological Sciences, Wilmington, N.C., 2002.

R.H.Y. Jiang, I. de Bruijn, B.J. Haas, R. Belmonte, L. Lobach, J. Christie, G. van den
Ackerveken, A. Bottin, V. Bulone, S.M. Diaz-Moreno, B. Dumas, L. Fan, E. Gaulin,
F. Govers, L.J. Grenville-Briggs, N.R. Horner, J.Z. Levin, M. Mammella, H.J.

G. Meijer, M. Morris, C. Nusbaum, S. Oome, A.J. Phillips, D. van Rooyen,

E. Rzeszutek, M. Saraiva, C.J. Secombes, M.F. Seidl, B. Snel, J.H.M. Stassen,

S. Sykes, S. Tripathy, H. van den Berg, J.C. Vega-Arreguin, S. Wawra, S.K. Young,
Q. Zeng, J. Dieguez-Uribeondo, C. Russ, B.M. Tyler, P. van West, Distinctive
expansion of potential virulence genes in the genome of the oomycete fish
pathogen Saprolegnia parasitica, PLoS Genet. 9 (2013), e1003272.

A. Almeida, A. Cunha, N.C. Gomes, E. Alves, L. Costa, M.A. Faustino, Phage therapy
and photodynamic therapy: low environmental impact approaches to inactivate
microorganisms in fish farming plants, Mar. Drugs 7 (2009) 268-313.

A.H. van den Berg, D. McLaggan, J. Diéguez-Uribeondo, P. van West, The impact of
the water moulds Saprolegnia diclina and Saprolegnia parasitica on natural
ecosystems and the aquaculture industry, Fungal Biol. Rev. 27 (2013) 33-42.
L.G. Willoughby, A.D. Pickering, Viable Saprolegniaceae spores on the epidermis of
the Salmonid fish Salmo trutta and Salmo alpinus, Trans. Br. Mycol. Soc. 68 (1977)
91-95.

G.A. Neish, Observations on Saprolegniasis of adult sockeye salmon, Oncorhynchus
nerka (Walbaum), J. Fish Biol. 10 (10) (1977) 513-522.

H.C. Whisler, Identification of Saprolegnia spp. Pathogenic in Chinook Salmon, US
Department of Energy, Washington, D.C, 1996, p. 43.

J. Dieguez-Uribeondo, J.M. Fregeneda-Grandes, L. Cerenius, E. Perez-Iniesta, J.
M. Aller-Gancedo, M.T. Telleria, K. Soderhall, M.P. Martin, Re-evaluation of the
enigmatic species complex Saprolegnia diclina, Saprolegnia parasitica based on
morphological, physiological and molecular data, Fungal Genet. Biol. 44 (2007)
585-601.

J.M. Fregeneda-Grandes, M. Fernandez-Diez, J.M. Aller Gancedo, Ultrastucture
analysis of Saprolegnia secondary zoospore cyst ornamentation from infected wild
brown trout, Salmo trutta L., and river water indicates two distinct morphotypes
amongst long-spined isolates, J. Fish Dis. 23 (2000) 147-160.

E.M. Elnifro, A.M. Ashshi, R.J. Cooper, P.E. Klapper, Multiplex PCR: optimization
and application in diagnostic virology, Clin. Microbiol. Rev. 13 (2000) 559-570.
M.C. Chifiriuc, I. Gheorghe, 1. Czobor, D.A. Florea, L. Mateescu, M.E. Caplan, D.
M. Caplan, V. Lazar, Advances in molecular biology based assays for the rapid
detection of food microbial contaminants, editor, in: A.M Grumezescu (Ed.),
Nanotechnology in the Agri-Food Industry, Food Preservation, Academic Press,
2017, pp. 645-669.

Edited by N. Marmiroli, C. Peano, E. Maestri, Advanced PCR techniques in
identifying food components, in: M. Lees (Ed.), Woodhead Publishing Series in
Food Science, Technology and Nutrition, Food Authenticity and Traceability,
Woodhead Publishing, 2003, pp. 3-33. Edited by.

J. Xu, H. Miao, H. Wu, W. Huang, R. Tang, M. Qiu, J. Wen, S. Zhu, Y. Li, Screening
genetically modified organisms using multiplex-PCR coupled with oligonucleotide
microarray, Biosens. Bioelectron. 22 (2006) 71-77.

Edited by A. Van Stelten, K.K. Nightingale, Microbiological analysis | DNA
methods, in: M. Dikeman, C. Devine (Eds.), Encyclopedia of Meat Sciences, 2nd
Edition, Academic Press, 2014, pp. 294-300. Edited by.

R. Parra-Laca, F.C. Hernandez-Hernandez, H. Lanz-Mendoza, F.L L.E.Borrego-
Enriquez, Garcia-Gil Isolation and Identification of Saprolegnia sp from fresh water
aquarium fishes and the hemolymph immune response of Dactylopius coccus Costa
de 1835 (Homoptera: Coccoidea: Dactylopidae) against this Oomycete, Entomol.,
Ornithol. Herpetol. 4 (2015) 149.

J.M. Fregeneda-Grandes, F. Rodriguez-Cadenas, M.T. Carbajal-Gonzalez, J.

M. Aller-Gancedo, Detection of "long-haired’ Saprolegnia (S. parasitica) isolates
using monoclonal antibodies, Mycol. Res. 111 (2007) 726-733.

T.J. White, T. Bruns, S. Lee, J. Taylor, Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. PCR Protocols: A Guide To Methods
and Applications, 18 (1990) 315-322.

W.L. Leung, The Oomycete Saprolegnia parasitica: Molecular Tools for Improved
Taxonomy and Species Identification, MSc. Thesis, University of Victoria, Canada,
2012.

P.R. Johnston, Phoma on New Zealand grasses and pasture legumes, N.Z. J. Bot. 19
(1981) 173-186.

K. Das, Lee S.Y, H.Y. Jung, Molecular and morphological characterization of two
novel species collected from soil in Korea, Mycobiology 48 (2019) 9-19.

J.M. Lee, E. Han, J. Kim, J.H. Park, G.H. Sung, J.H. Shin, Y.J. Park, Five Korean
cases of respiratory tract infection by filamentous basidiomycetes, Ann. Lab. Med.
40 (2020) 84-87.


https://doi.org/10.1016/j.btre.2022.e00758
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0001
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0001
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0002
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0003
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0003
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0003
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0004
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0004
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0005
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0006
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0007
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0007
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0007
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0008
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0009
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0010
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0011
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0012
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0013
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0013
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0014
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0015
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0016
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0016
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0017
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0018
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0019
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0019
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0019
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0020
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0020
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0020
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0021
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0021
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0021
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0021
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0021
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0022
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0022
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0022
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0024
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0024
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0024
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0025
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0025
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0026
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0027
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0027
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0027

K.V. Chanu et al.

[28]

[29]

[30]

[31]

[32]

[33]

N. Itoh, N. Akazawa, H. Murakami, Y.Takahashi Y.Ishibana, W. Hosoda,

T. Yaguchi, K. Kamei, A Schizophyllum commune fungus ball in a lung cancer
cavity: a case report, BMC Infect. Dis. 21 (2021) 1052.

G. Bena, M.F. Jubier, I. Olivieri, B. Lejeune, Ribosomal external and internal
transcribed spacers: combined use in the phylogenetic analysis of Medicago
(Leguminosae), J. Mol. Evol. 46 (1998) 299-306.

B.G. Baldwin, M.J. Sanderson, P.J. Mark, M.F. Wojciechowski, C.S. Campbell, M.
J. Donoghue, The ITS region of nuclear ribosomal DNA: a valuable source of
evidence on angiosperm phylogeny, Ann. Missouri Bot. Gard. 82 (1995) 247-277.
S. Liu, P. Song, R. Ou, W. Fang, M. Lin, J. Ruan, X. Yang, K. Hu, Sequence analysis
and typing of Saprolegnia strains isolated from freshwater fish from Southern
Chinese regions, Aquac. Fish. 2 (2017) 227-233.

P. Tedesco, M. Saraiva, J.V. Sandoval-Sierra, M.L. Fioravanti, B. Morandi,

J. Dieguez-Uribeondo, P. van West, R. Galuppi, Evaluation of potential transfer of
the pathogen Saprolegnia parasitica between farmed Salmonids and Wild Fish,
Pathogens 10 (2021) 926.

S. Ghosh, D.L. Straus, C. Good, V. Phuntumart, Development and comparison of
loop-mediated isothermal amplification with quantitative PCR for the specific
detection of Saprolegnia spp, PLoS ONE 16 (2021), e0250808.

[34]

[35]
[36]

[37]

[38]
[39]

[40]

Biotechnology Reports 35 (2022) e00758

M.G. Andersson, L. Cerenius, Pumilio homologue from Saprolegnia parasitica
specifically expressed in undifferentiated spore cysts, Eukaryot. Cell 1 (2002)
105-111.

O. Henegariu, N.A. Heerema, S.R. Dlouhy, G.H. Vance, P.H. Vogt, Multiplex PCR:
critical parameters and step-by-step protocol, BioTechniques 23 (1997) 504-511.
P. Markoulatos, N. Siafakas, M. Moncany, Multiplex polymerase chain reaction: a
practical approach, J. Clin. Lab. Anal. 16 (2002) 47-51.

J.W. Law, N.S. Ab Mutalib, K.G. Chan, L.H. Lee, Rapid methods for the detection of
foodborne bacterial pathogens: principles, applications, advantages and
limitations, Front. Microbiol. 5 (2014) 770.

E.M. Elnifro, A.M. Ashshi, R.J. Cooper, P.E. Klapper, Multiplex PCR: optimization
and application in diagnostic virology, Clin. Microbiol. Rev. 13 (2000) 559-570.
C.H. Shen, Amplification of nucleic acids. Diagnostic Molecular Biology, Academic
Press, 2019.

S.I. Fujita, Y. Senda, S. Nakaguchi, T. Hashimoto, Multiplex PCR using internal
transcribed spacer 1 and 2 regions for rapid detection and identification of yeast
strains, J. Clin. Microbiol. 39 (2001) 3617-3622.


http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0028
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0028
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0028
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0029
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0029
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0029
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0030
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0031
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0031
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0031
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0032
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0033
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0034
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0034
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0034
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0035
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0035
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0036
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0036
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0037
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0037
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0037
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0038
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0038
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0039
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0039
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0040
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0040
http://refhub.elsevier.com/S2215-017X(22)00056-X/sbref0040

	Development of multiplex PCR assay for species-specific detection and identification of Saprolegnia parasitica
	1 Introduction
	2 Materials and methods
	2.1 Oomycetes culture and isolation of genomic DNA
	2.2 PCR amplification and sequencing
	2.3 Evaluation of sensitivity and specificity
	2.4 Multiplex PCR using ITS1/ITS4 and Puf112/310 primers

	3 Results
	3.1 Culture and isolation of genomic DNA
	3.2 PCR amplification and sequencing
	3.3 Sensitivity and specificity of the PCR protocol
	3.4 Multiplex PCR for easy identification of S. parasitica

	4 Discussion
	5 Conclusion
	Ethical approval statement
	Author’s contributions
	Declaration of Competing Interests
	Acknowledgements
	Supplementary materials
	References


