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Abstract

One of the emerging oomycete pathogens of rainbow trout and other salmonids is
designated as Saprolegnia spp. Rainbow trout and other cold-water fish are most
susceptible to Saprolegnia infections in early and advanced life stages.
Saprolegnia has a complicated and well-characterized life cycle that includes
both sexual and asexual stages. It has been traditionally identified and distin-
guished, using patterns of asexual and sexual characteristics, while the sexual
characteristics, oospore and lipid droplet position in the oospore, and the asexual
characteristics, such as mycelium and germinating cyst, have been most fre-
quently used in identifications. This chapter highlights the morphological and
molecular identification of Saprolegnia spp., symptoms of Saprolegnia infections
and control measures, including biocontrol methods.
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16.1 Introduction
Since the 1990s, the main species captured and cultured in the Indian Himalayan

regions have been Oncorhynchus mykiss, Schizothorax richardsonii, Tor putitora,
Labeo dero and Labeo dyocheilus (Sarma et al. 2018). Rainbow trout (O. mykiss) is
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the most cultured cold-water exotic species in more than 100 countries, including
India (FAO 2020). The primary producers of rainbow trout are Iran, Turkey, Chile,
Norway, Peru and other European Union countries. In India, trout farming has
advanced steadily, and the cold-water aquaculture industry in Himalayan states
and union territories has grown exponentially over the past 15 years. Due to
intensification, improved feed, infrastructure facilities and trout production in upland
states have attained increasing attention (Sarma et al. 2018). Significant impediments
to the development of intensive trout aquaculture in India are various health
disorders, climate change, old rainbow trout stocks and effluent discharges (Singh
2020; Barat et al. 2015).

Rainbow trout and other salmonids are most susceptible to Saprolegnia infections
in early and advanced life stages (Mehrabi et al. 2020). Saprolegnia is generally
considered a secondary infectious agent that causes severe economic losses in
cultured freshwater fish, affecting skin, gills and other organs (Van West 2006).
Saprolegniasis in fish is mainly caused by Saprolegnia parasitica and S. australis
(Sandoval-Sierra and Diéguez-Uribeondo 2015). S. parasitica can cause devastating
impacts, leading to ‘winter kill’ in catfish and accounting for losses up to £24
million, representing 10-50% of farmed fish (Bruno et al. 2011). The losses can
even exceed 30-50% annually because of S. parasitica infection in coho salmon
farming in Japan (Hatai et al. 1990; Bruno et al. 2011). Saprolegniales are responsi-
ble for the weakening of fish immune mechanism by haemodilution and production
of effector proteins (Van West 2006; Walker and van West 2007; Romansic et al.
2009; Rezinciuc et al. 2014; Van Den Berg et al. 2013; Masigol et al. 2019, 2020).

In India, major bottleneck in rainbow trout farming in flow-through system is the
saprolegniasis infection by oomycetes. The fluctuations in water temperature, water
currents and poor management practices in farms and hatcheries are the key risk
factors for the saprolegniasis. Changes in temperature regime weaken the fish’s
immune system and provide an environment for developing infections in culture
conditions (Sarowar et al. 2014). Further, prolonged incubation period in hatcheries
produces oomycetes spores from the dead to healthy eggs, causing significant
economic loss at the early stages of fish production.

16.2 Oomycetes: Fungal-Like Organism

Oomycetes or water moulds or fungal-like organisms are eukaryotic microbes
different from true fungi with distinct phylogenetic, physiology and biochemical
properties (Judelson and Blanco 2005). They have evolved either pathogenic or
saprophytic lifestyles and have fungal-like characters such as filamentous hyphae
(Kamoun 2003). It causes the most destructive disease in animals, plants and fishes,
which results in significant economic losses (Derevnina et al. 2016). They are
stramenopile and superficially resemble true fungi with their appearance, ecological
niches and physical characters (Verret et al. 2010).

Although fungi and the animal kingdom share a common evolutionary ancestor,
oomycetes are more closely connected to golden-brown algae (Table 16.1). The
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Table 16.1 Major Oomycetes (Saprolegnia sp.) abstracted from India and

rainbow trout and other important fish

abroad affecting

Region/

Species Host country References

S. parasitica Schizothorax richardsonii Bhimtal, Tandel et al.
India (2021)

S. parasitica and Rainbow trout (Oncorhynchus mykiss) | Bhimtal, Tandel et al.

S. australis India (2021)

S. parasitica Golden mahseer (Tor putitora) Bhimtal, Shah et al.
India (2021)

Saprolegnia diclina | Tilapia (Oreochromis niloticus) Riyadh, Mostafa et al.
Saudi (2020)
Arabia

Saprolegnia Stripped catfish (Pangasianodon UP, India Kumar et al.

parasitica hypophthalmus) (2022)

S. parasitica Atlantic salmon (Salmo salar L.), ova, | Canada Elameen et al.

fry or brood stock (2021)

S. parasitica, Sockeye salmon (Oncorhynchus nerka) | Japan

S. diclina, and Coho salmon (Oncorhynchus

S. salmonis kisutch)

S. parasitica, Brown trout (Salmo trutta) and one Norway

S. ferax, S. diclina strain from common whitefish

(Coregonus lavaretus)

S. diclina Channa gachua, C. striatus Andhra Mastan (2015)

S. ferax C. batrachus Pradesh,

S. Hypogyana C. gachua India

S. parasitica H. fossilis, Mystus sp., C. punctatus

Achlya americana H. fossilis, Labeo rohita

Saprolegnia Rainbow trout (Oncorhynchus mykiss) | Iran Mehrabi et al.

parasitica (2019)

Saprolegnia Pike (Esox lucius) Netherlands | Minor et al.

parasitica (2014)

Saprolegnia species | Rainbow trout, Oncorhynchus mykiss Tehran, Johari et al.
Iran (2014)

Saprolegnia diclina, | C. catla, C. mrigala and L. rohita Bhopal, Chauhan et al.

S. ferax and India (2012)

S. parasitica

Saprolegnia diclina | Clarias batrachus Bhopal, Chauhan et al.
India (2012)

S. parasitica Tor putitora Bhimtal, Singh et al.
India (2013)

Saprolegnia spp. Nile tilapia (O. niloticus) Egypt Mahboub and

Shaheen (2021)

Saprolegnia Salmonid eggs, Salmo trutta Spain Rezinciuc et al.

australis (2014)

Aphanomyces Labeo rohita, Tilapia (Oreochromis Bangladesh | Sarowar et al.

invadans niloticus) (2019)

(continued)


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/saprolegnia-parasitica
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/saprolegnia-parasitica
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/esox-lucius
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aphanomyces-invadans
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aphanomyces-invadans
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/labeo-rohita
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tilapia
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oreochromis-niloticus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oreochromis-niloticus

288

R. S. Tandel et al.

Table 16.1 (continued)

Region/
Species Host country References
Saprolegnia Gilt-head seabream (Sparus aurata) Turkey Dingtiirk et al.
parasitica (2019)
Saprolegnia spp. Rainbow trout Iran Tour Savad
Kouhi et al.
(2021)
Saprolegnia Female crayfish, Pacifastacus Sweden Edsman et al.
parasitica and leniusculus (2015)
S. australis
Saprolegnia Cyprinus carpio var. communis and India Magray et al.
parasitica and specularis (2021)
Saprolegnia ferax
S. delica, S. ferax Rainbow trout (Oncorhynchus mykiss) | India Magray et al.
(2021)
Saprolegnia spp. African catfish (Clarias gariepinus) Ethiopia Melaku et al.
eggs and adults (2017)
Saprolegnia White fish (Rutilus frisii kutum) eggs Iran Kalatehjari
parasitica et al. (2015)
Saprolegnia spp. Common carp, Cyprinus carpio L. Iraq Salih and
Mustafa (2017)
Saprolegnia Rainbow trout (Oncorhynchus mykiss) | Iran Salehi et al.
parasitica eggs (2015)
Saprolegnia O. niloticus and C. gariepinus Egypt Younis et al.
parasitica (2020)
S. diclina Salmo salar England Pickering et al.
Salvelinus alpinus (1979)
Salmo trutta
Coregonus lavaretus
Lampetra fluviatilis
Esox lucius
Perca fluviatilis
S. parasitica (CBS Esox lucius Italy Tedesco et al.
223.6) Salmo trutta fario (2019)
S. parasitica (ITT Oncorhynchus mykiss
320/15/20)
Saprolegnia delica
(ITT 290/15/15)
Saprolegnia Oncorhynchus mykiss Iran Khosravi et al.
parasitica (2012)
Saprolegnia Oncorhynchus mykiss Korea Shin et al.
parasitica (2017)
Saprolegnia diclina | Salmo salar Norway Thoen et al.
S. parasitica (2015)
S. hypogyna
S. ferax
Saprolegnia sp. Oncorhynchus mykiss eggs Finland Hoskonen et al.

(2015)

(continued)
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Table 16.1 (continued)
Region/
Species Host country References
Saprolegnia A. leptodactylus Sweden Diéguez-
parasitica Uribeondo
etal. (1994a, b)
Saprolegnia diclina | Pejerrey, Odontesthes bonariensis Japan Kitancharoen
et al. (1995)
Saprolegnia Salmo trutta Sweden Diéguez-
parasitica Uribeondo
et al. (1996)
Saprolegnia Oncorhynchus mykiss UK Pottinger and
parasitica Day (1999)
Saprolegnia Rainbow trout, all freshwater species, Egypt Hussein and
parasitica, incubator eggs Hatai (2002)
S. diclina,
S. salmonis
Saprolegnia Rainbow trout, all freshwater species, USA Torto-Alalibo
parasitica, incubator eggs et al. (2005)
S. diclina,
S. salmonis
Saprolegnia Oncorhynchus mykiss Iran Mirmazloomi
parasitica et al. (2022)
Saprolegnia Oncorhynchus mykiss, Salmo trutta Italy Pavic et al.
parasitica, (2021)
S. australis and
S. ferax
Saprolegnia spp. Japan Hatai et al.
(1990)
Saprolegnia Brown trout, Salmo trutta fario Spain Diéguez-
parasitica Uribeondo

etal. (1994a, b)

composition of the cell wall, genome size, ploidy structure, many cytoplasmic gene
sequences and mitochondrial morphology can all be used to distinguish between
biflagellated water moulds and true fungi (Bruno et al. 2011). Plant pathogenic
oomycetes, Phytophthora infestans, cause late potato blight, which losses UK £3
billion annually (Phillips et al. 2008). Sudden oak death caused by P. ramorum and
the soybean pathogen P. sojae continues to cause serious economic losses to the
plant industry (Beakes et al. 2012).

Among the animal pathogenic oomycetes, crustacean pathogen, Aphanomyces
astaci, has caused high mortalities, virtually wiping out freshwater crayfish from UK
rivers (Edgerton et al. 2004). Haliphthoros milfordensis and Homarus americanus
cause disease in lobsters and penaeid shrimp, respectively (Cawthorn 2011; Hatai
1992). Oomycetes, S. parasitica, A. invadens, S. australis and S. diclina, are causing
cotton wool and ulcers in fishes, such as salmonids and carps (Van West 2006;
Phillips et al. 2008).
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16.3 Saprolegniasis

One of the emerging oomycetes pathogens of wild and cultivated freshwater and
brackish water fish, crustaceans, and plants is designated as Saprolegnia spp.
(Sarowar et al. 2019). It causes financial losses in food fish, ornamental fish, and
overall fish industries (Eissa et al. 2013). Saprolegniasis ordinarily is viewed as
cottony white, dark, earthy-coloured, red or greenish masses on the skin or gills of
freshwater or salty fish (Yanong 2003). S. parasitica causes infections by producing
long ‘hooked shape boat’ second cysts for attachment to fish and then producing
hyphae growth to germinate in fish skin/eggs to establish infections finally. It can
suppress the host immunity by the production of effector-specific proteins into the
host (Sarowar et al. 2019). Saprolegnia is responsible for causing infection in living
and dead fish and their eggs (Cao et al. 2014).

Mortalities related to Saprolegnia are therefore limited to the late autumn, winter
and early spring seasons due to the mass mortality, caused by saprolegniosis being
especially devastating at lower water temperatures (Eissa et al. 2013). Salmon
farming is mostly affected by S. diclina and S. parasitica, which are generally
prevalent in temperate climates like Northwest Europe, Chile, Japan and Canada
(Van Den Berg et al. 2013). The emergence of white or greyish cotton-like structures
on eggs, gills and skin in the early stages of Saprolegnia infections is the first
unpleasant symptom. The illness spreads swiftly and frequently results in mortality,
which causes massive losses of fish and ova (Howe and Stehly 1998; Stueland et al.
2005a). Loss of equilibrium, lethargy and rubbing infected areas to the borders of
tanks or ponds are a few examples of abnormal behaviour (Van West 2006).
Oomycete infections spread via a host colonization process that involves destroying
the epidermis with hyphae and the development of effectors that target the host
(Wawra et al. 2012), respiratory failures, impaired osmoregulations (Van West
2006) and degrading enzymes (Jiang et al. 2013).

16.4 A Typical Life Cycle of Saprolegnia sp.

Saprolegnia, an oomycete pathogen, has a complicated and well-characterized life
cycle that includes both sexual and asexual stages (Robertson et al. 2009). While
sexual reproduction enables survival in unfavourable settings until they are more
favourable for germination and further colonization, asexual reproduction is mostly
used to acquire new hosts (Van Den Berg et al. 2013). In contrast to true fungi,
Saprolegniaceae has life stages like mycelium, primary cyst, secondary cyst and
germination cyst (Srivastava et al. 2018). They produce aseptate mycelium for
growth and development and are filamentous and coenocyte. Zoospores are formed
in sporangia and are unicellular, terminal, biflagellate and separated from hyphal
filaments by basal septa (Bruno et al. 2011). The Saprolegnia zoospore is dimorphic
and diplanetic, consisting of a pyriform primary form with flagellum insertion at the
tip and a reniform secondary spore with flagellum insertion at the lateral edge
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(Beakes and Ford 1983). The term ‘encysted zoospore’ or ‘cystospores’ refers to a
thin-walled cyst formed when a zoospore encysts (Bruno et al. 2011).

16.4.1 Asexual Reproduction

Gemmae (or chlamydospores) are produced during asexual reproduction, and the
mycelium’s hyphal cells process sporangia at their tips to release motile primary
zoospores (Bruno et al. 2011). Saprolegnia mycelium is distinguished by having
comparatively broad and thick hyphae (Diéguez-Uribeondo et al. 2007). The hyphae
are coenocytic and aseptate. Rarely, septa are created in sporangia or infrequently in
germlings, which are sexual structures (Liu et al. 2014). The zoosporangium then
produces motile primary zoospores, which encyst to form primary cysts in less than a
minute (de la Bastide et al. 2015). Prior to encysting, germinating, and releasing a
secondary zoospore, primary zoospores are active for a short period of time
(Robertson et al. 2009). The two flagella, tinsel and whiplash, are shed during
encystment, and a cell wall is also formed (Minor et al. 2014). A secondary
zoospore, or new primary cyst, can emerge from the ensuing primary cyst (Bruno
et al. 2011). Primary cysts have tufts or solitary, unbranched tubular hairs between
0.5 and 1.5 pm in length, extending over them (Ali et al. 2013).

Compared to primary zoospores, secondary zoospores are motile for a longer
time. The most infectious stages after encyst, secondary zoospores, cause secondary
cysts to develop, which are distinguished by the appearance of long, hooked hairs
(Soderhdll et al. 1991). Finding a suitable host (a fish or an egg), secondary
zoospores develop into hyphal cells and mycelium in the host tissue, which starts
the infection process (Van Den Berg et al. 2013). To locate a suitable host, these
zoospores display chemotaxis, pH-taxis, geotaxis and electrotaxis (Masigol et al.
2020). Wide, coenocytic germ tubes loaded with cytoplasm are characteristics of
direct germination. Following the period of rest, germination occurs; once germina-
tion has taken place, the life cycle may be shortened (Willoughby and Hasenjdger
1987). Production of effector host-targeting proteins, impaired osmoregulations,
respiratory failures (Wawra et al. 2012; Van West et al. 2010), impaired osmoregu-
lation, epidermis destruction by hyphae, destruction of the epidermis by hyphae
(Belmonte et al. 2014), respiratory failures (Van West 2006) and degrading
enzymes, such as glycosyl hydrolases, are all part of the oomycetes (Jiang et al.
2013). According to Rezinciuc et al. (2018), S. parasitica cysts feature long, hooked
hair bundles that are involved in pathogen attachment and are approximately three
times stronger than other Saprolegnia spp. that have shorter or no hooked hairs.

16.4.2 Sexual Reproduction
Gametangia, the male antheridium and female oogonium, are produced during

sexual reproduction and merge to produce oospores (Van West 2006). Large
oospores or eggs are produced by the oogonium, which varies in size, shape and
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number depending on the species. To conserve food reserves, saprolegniales’
oospores feature a core ooplasm, a granular appearance and significant amounts of
lipid (Diéguez-Uribeondo et al. 2009). Half as many chromosomes as those seen in
the nuclei of hyphae are present in a male haploid (n) nucleus (Bruno et al. 2011).
The only morphological identification source for species categorization and charac-
terization is the characteristics of oospores, antheridium and oogonia. However, it
can be difficult to maintain sexual reproductive stages in a lab environment, and
many S. parasitica isolates do not engage in sexual reproduction (Fugelstad et al.
2009). After 4-6 weeks of suboptimal temperature, several isolates of S. parasitica
frequently reproduce sexually (Bulone et al. 2019).

16.5 Morphological Identification

The basic steps for diagnosing Saprolegnia infections include morphological
characteristics (Table 16.2) such as oogonium ornamentation, antheridium origin
and oospore forms; nevertheless, confirmation research using multiple molecular
methods is necessary (Tandel et al. 2021). Saprolegnia has been traditionally
identified and distinguished using patterns of asexual and sexual characteristics
(Bangyeekhun et al. 2001). While the sexual characteristics, oospore and lipid
droplet position in the oospore, have been used to differentiate species, the asexual
characteristics, such as mycelium and germinating cyst, have been most frequently
used in identifications (Maurya et al. 2009). The length of this bundle of long,
hooked hairs produced by Saprolegnia spp. on secondary zoospore cysts varies
depending on the strain of oomycetes (Hatai 1994). On its secondary zoospore cyst,
S. hypogyna may generate a single, long, straight hair. It also has an esterase
isoenzyme similar to that of S. parasitica (Hatai and Hoshiai 1993). S. parasitica
does, however, have a single short hair slightly wider than S. diclina (Hussein and
Hatai 2002). By examining the production of hypogynous antheridia in the latter
phase, isolates of S. ferax and S. hypogyna were distinguished from one another
(Hatai and Hoshiai 1992). However, maintaining the sexual stages in lab settings is
difficult.

16.5.1 Saprolegnia parasitica

Coker (1923) described S. parasitica from the fish hatchery. Kanouse (1932)
explained the reproductive structures of S. parasitica Neish (1977) and reported
that S. parasitica isolates producing reproductive structures may be assigned to
S. diclina (Humphrey 1893). As a result, the S. diclina-S. parasitica complex
developed, which included the five species S. parasitica, S. diclina, S. australis,
S. shikotsuensis and S. Kauffmania. Willoughby et al. (1983) divided the complex
into three subgroups based on the following: S. diclina Type I contained fungi that
parasitized salmonid fishes, Type 2 was a parasite of coarse fish and Type 3 was
saprophytic (Hatai 1994). The presence of long hairs on the secondary cysts, the
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degree of indirect germination and isolation were used to identify the asexual
S. parasitica species (Willoughby 1985; Beakes and Ford 1983). Long, hooked
hairs arranged in bundles on the secondary cysts and indirect germination in a liquid
media with little nutrition are hallmarks of S. parasitica (Bruno et al. 2011; Lone and
Manohar 2018). According to Diéguez-Uribeondo et al. (1994a, b), S. parasitica
was characterized based on the ornamentation of the cysts and the pattern of
germination from brown trout; physiological traits such as sporulation, zoospore
mobility and repeated zoospore emergence are not used to identify the species but
may be used to determine pathogenicity and host specificity.

The majority of Saprolegnia, isolated from salmonids, exhibit S. parasitica-like
traits. Nevertheless, even if they have these distinct physical traits, the toxicity of
Saprolegnia strains reported from challenge trials may vary considerably (Yuasa and
Hatai 1996; Fregeneda Grandes et al. 2001). Then, many authors disagree with these
descriptions, and molecular markers have been used to corroborate the identification
further. This can be done by employing phase-contrast microscopy to examine the
intricate structure of the secondary zoospore cyst of S. parasitica (Inaba and
Tokumasu 2002; Bangyeekhun et al. 2003). Diéguez-Uribeondo et al. (2007)
showed that isolates representing varied geographical and morphological are a
component of the same genetically homogenous lineage. Vega-Ramirez et al.
(2013) described S. parasitica with characters such as abundant gemmae with
irregular shape and size, often in the chain and terminating and intercalary hyphae.
Irregular, bent sporangia contain 9—11.5 pum zoospore and the bundle of long,
hooked hair and germination pattern. Ali et al. (2013) reported that S. parasitica
isolates could co-develop biofilm communities where they could grow and breed.
They also investigated S. parasitica’s ability to create biofilms for survival, repro-
duction and resistance against various drugs, used to control it. According to
physical characteristics such as aseptic hyphae, clavate zoosporangiums,
saprolegnoid zoospore discharge and the absence of sexual features, Kim et al.
(2013) identified S. parasitica from wild brook lamprey with morphological
characters showed aseptic hyphae, clavate zoosporangium, saprolegnoid zoospore
discharge, whereas sexual characters were absent. A secreted serine protease from
S. parasitica called SpSsp1 has been identified by Minor et al. (2014) as a possible
vaccine target. SpSspl appears to be recognized by antibodies in trout serum. The
function of S. parasitica’s bundles of long, hooked hairs as attachment structures is
supported by microscopic, physiological and bioinformatics pieces of evidence. The
structures are either made of N-glycosylated proteins, or they may help spread the
cyst extracellular matrix on the host surface (Rezinciuc et al. 2014, 2018).

Saprolegnia species and their close oomycete relatives invade epidermal tissues
of a wide range of freshwater unusually cold-water fishes and infest moribund eggs
(Wilson 1976; Neish and Hughes 1980; Willoughby et al. 1983). More saprophytic
species, like S. diclina, are typically isolated from water and sporadically from fish or
eggs that have already contracted the disease. However, these isolates lack the long
hairs on secondary cysts and typically cannot kill fish that have been intentionally
challenged (Hatai 1994). The morphological characteristics of S. diclina include
sub-centric oospores, and lack of centric oospores differs it from S. parasitica. The
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water moulds are mycelium-forming microfungi spread by spores, conidia or hyphal
fragments. It has been found that it is challenging to specify species only based on
morphology (Chukanhom and Hatai 2004). Fregeneda Grandes et al. (2001) opined
that many bundles per cyst could be pathogenic isolates despite features like bundles
of long and variable hair termination under transmission electron microscopes. In
support of this, Stueland et al. (2005a) also suggested pathogenicity indicators, an
initial growth rate of germinating cyst in pure water and long, hooked hairs on the
secondary cyst of S. parasitica in Atlantic salmon. Particular morphological
characters of S. parasitica are long, hooked hairs in the bundle of the secondary
cyst and indirect germination in a low nutrient liquid medium. However, S. diclina
lacks such type of characters and cannot produce any mortality in challenge trials.
The complicacy in overlapping morphological characters and the development of
sexual characters in lab condition for particular species are the critical issues in
morphology-based species identification method (Tandel et al. 2021).

16.5.2 Saprolegnia australis

S. australis is closely related to S. parasitica and S. diclina and is often overlooked
due to its high morphologically and phylogenetically closet to other species of
Saprolegnia (Johnson et al. 2002). Sexual reproduction characters in culture within
a short period of incubation, such as pitted oogonia with variable shapes, predomi-
nantly obpyriform with immature and mature oospores, are morphologically closet
with the characters of S. diclina and S. australis (Tandel et al. 2021). S. australis has
been isolated from infected eggs of salmonids, crucian carp in Southern China and
Nile tilapia in Egypt (Liu et al. 2015; Zahran et al. 2017), and the species is reported
to be pathogenic in opportunistic condition (Sandoval-Sierra et al. 2014). Vega-
Ramirez et al. (2013) opined that long-stalked pitted obpyriform, elongated or
spherical oogonia with partially or nearly filling sub-centric oospores and predomi-
nantly diclinous antheridial branches are the distinguished features of S. australis
and S. diclina. Similar results were reported in sequence analysis of Saprolegnia
from crucian carp eggs in Southern China and Nile tilapia (El-Ashram et al. 2007,
Zahran et al. 2017).

Morphological characters of S. australis described briefly by Vega-Ramirez et al.
(2013) include dense to diffuse mycelium; slender hyphae and cylindrical sporangia
dimorphic spores; abundant gemmae; and clavate, single terminal or intercalary,
pitted and smooth wall with terminal oogonia. Oogonial stalks in length: straight,
curved, twisted or irregular and unbranched. Sexual characters include oospores that
may or may not mature or may abort; when mature, sub-centric; spherical to
sub-spherical; 4-12 per oogonium, but usually not filling it; 22—-27 pm in diameter;
germination not observed—antheridial branches, predominantly diclinous,
monoclinous or androgynous. Antheridial cells branched or straightforward,
persisting; tubular or attached in a digitated fashion; fertilization tubes present or
absent, not persisting.
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16.5.3 Saprolegnia diclina

S. diclina belongs to the order Saprolegniales (water moulds), causing
saprolegniasis. S. diclina and S. parasitica are considered the extremely serious
fungal diseases affecting freshwater fishes, leading to high mortality of fish and
significant fin ancial losses to aqua hatcheries (Thoen et al. 2011; Van Den Berg
et al. 2013; Songe et al. 2016).

The presence of abundant diclinous antheridial branches of this heteroecious
species, which completely or partially envelop the oogonia, makes it easily identifi-
able. Both centric and sub-centric oospores are produced by S. diclina, and the two
can coexist in the same oogonia. Milanez (cited by Johnson et al. 2002) observed
sub-centric oospores in the oogonia in several of his specimens of Humphrey’s
species. Three variants of Saprolegnia diclina (parasitic forms from salmonids and
perch and exclusively saprophytic ones) have been discovered by Willoughby et al.
(1984) based on the length-to-diameter ratio of the oogonium. The occurrence of
species has been reported from various regions such as in Canada, Czechoslovakia,
Denmark, France, Finland, Germany, Iceland, India, Iraq, Japan Mexico, Belgium,
the British Isles, Latvia, Middle Europe, Switzerland, the USA, the West Indies
Nepal, Poland, Portugal, the Republic of China, Romania and South America
(Johnson et al. 2002).

S. diclina is generally saprophytic, feeding on dead plant and animal tissues.
However, it is also competent in a parasitic extant, making them facultative
necrotrophs. S. diclina are primarily thought of as opportunistic secondary
pathogens usually common in freshwater environments attacking the host in distress
conditions (for instance, when they are infected by other pathogens, they suffer
injuries or are exposed to environmental circumstances that are unfavourable)
(Songe et al. 2016). The primary disseminative and means of infection in the life
cycle of fungus are thought to be the countless sporangia that are produced by each
expanding colony and released in enormous quantities as motile zoospores. The rate
of spore release from infected fish might exceed 190,000 per minute (Willoughby
and Hasenjéiger 1987).

Effects of hyphal infection, which spreads swiftly among neighbouring eggs, lead
to the destruction of aquaculture hatcheries (Smith et al. 1984). According to several
studies (Cao et al. 2014; Rand and Munden 1993), S. diclina primarily infects fish
eggs, and it has been hypothesized that this species has altered to specialize in egg
invasion (Diéguez-Uribeondo et al. 2007).

S. diclina infection caused substantial alterations in the eggs of females, including
an almost entirely destroyed and somewhat invisible chorion (Songe et al. 2016).
According to Rand and Munden, incursion of live fish eggs by Saprolegnia strains
may be favoured/eased by both mechanical pressure and their mycelia’s enzymatic
activity. They discovered enzymes on S. diclina-infected brook char eggs and
hypothesized that these enzymes may have changed the chorionic membrane’s
integrity by dissolving structural polymers and allowing hyphae penetration.
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16.5.4 Saprolegnia ferax

S. ferax, a member of Saprolegniaceae, is also considered an important pathogen
causing saprolegniosis in embryonic stages of fish and amphibians (Cao et al. 2014;
Fernandez-Benéitez et al. 201 1; Sarowar et al. 2014). These species are ubiquitous in
freshwater ecosystems, more often seen as parasites than as saprophytes, and under
some circumstance opportunistic pathogens as well, multiplying on fish that have
physical wounds, are under stress or have infections (Pickering and Willoughby
1982). S. ferax species is known to cause ulcerative cutaneous necrosis (Kaminskyj
and Heath 1996). Wani et al. (2017) reported the discovery of S. ferax for the first
time in India in the waterbodies of Pachmarhi, Hoshangabad, India.

Oospores which can be central or sub-centric and spherical or elliptical and which
are 1018 in number nearly fill the oogonium, measuring 22-28 m in diameter, with
gemmae having varying size and orientation, making the monoecious S. ferax
distinguishable. Ordinarily, it can be distinguished by a combination of prevalent
characteristics, such as broad, sparsely or conspicuously pitted oogonia, oospores
which may be centric and sub-centric (at times within the same oogonium),
discharged sporangia exhibiting oogonial sporadic development as well as the
prevalence of monoclinous antheridial branches or androgynous.

The S. ferax mitochondrion’s 47 kb compact circular genome, which codes for
rRNA genes, 18 respiratory chain proteins, 37 protein, 16 ribosomal proteins,
25 tRNA genes, the import protein secY as well as large and small ribosomal
subunits, has been discovered through the process of sequencing, and the division
of genome into two single-copy sections is attributed to 8618 kb inverted repeat
(Grayburn et al. 2004).

Asia, Australia, Belgium, British Isles, Canada, Czechoslovakia, Denmark,
France, Germany, India, Iraq, Japan, Lapland, Latvia, Middle Europe, Nepal, the
Netherlands, Poland and the United States all have reported S. ferax in their regions
(Johnson et al. 2002).

16.5.5 Saprolegnia delica

It is one of the members of water moulds, characterized by the presence of white
growth that resembles cottony wool and is common to all oomycetes. The species
isolate is found to own fibrous, elongated, tapering hyphae containing zoospores
within circular ends as well as a robust, non-septate mycelium growing in coenocytic
hyphae at tips.

S. delica possess various life cycle stages, including cylindrical tapering zoospo-
rangium and a mono-hyphae with multinucleated cytoplasm. Zoospores and
oospores, found in the sexual and asexual structures such as the zoosporangium
and oogonium, could be clearly seen when viewed under the microscope. In
addition, many smooth-walled (pitted or unpitted) oogonia, each containing 5 to
22 sub-centric oospores, are believed to be present, measuring 12 to 35 pum in
diameter (Magray et al. 2021). Variable antheridial cells (monoclinous or
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androgynous) either branched or unbranched have been found apically connected to
the oogonia.

S. delica is a pervasive opportunist pathogen that may infect both rainbow trout
and carp fingerlings. Several earlier investigations support the development of
necrotrophic and facultative nature (deriving food from both living and dead tissues)
of the S. delica species, thereby infecting both rainbow trout eggs and fingerlings of
carps (Fregeneda-Grandes et al. 2007; Songe et al. 2016). From the investigation
conducted by Rezinciuc et al. (2018), it was concluded that prolonged mortality of
farmed Salmo trutta eggs was caused by S. australis, which is known to show
relatedness to S. delica, and designated oomycetes as fundamental diseases of fish
and their embryos.

Moreover, S. delica and other Saprolegnia species are considered dangerous to
certain other fish species of freshwater, their embryos/young ones and even other
aquatic organisms due to their intrusive infection in Atlantic salmon and salmon
eggs (Phillips et al. 2008; Chukanhom and Hatai 2004). Saprolegnia species actively
inhibits the host immunity, while the main infestation is ongoing, paving the way for
it to enhance infections; therefore, it is probable that S. delica together with S. ferax
and S. parasitica will arise as the main disease of fish and other aquatic life.

The histopathological evidence of saprolegniasis, caused by S. delica to fish
fingerlings, whereby necrosis, skin infection, lesions, degeneration of scales and
rotting of fins occurred, is corroborated by earlier studies making it a potential risk to
the viability/profitability of aquaculture sector (Margay et al. 2021).

16.6 Symptoms of Saprolegnia Infections

Fish infected by Saprolegnia sp. exhibits white patches of mycelium on their skin,
gills and fins. According to Pickering and Willoughby (1982), oomycete patches
may contain one or more Saprolegnia species and turn grey due to the presence of
bacteria and detritus (Bruno and Wood 1999). According to Noga and Dykstra
(1986), oomycetes differ from fungal infections in fish, and it typically causes
superficial infections that spread from the skin to internal organs and produce a
mass of mycelium resembling a cotton ball. Oomycetes also elicits a very mild
mononuclear inflammatory response. The mycelium is in charge of creating
and dispersing motile zoospores, which can germinate when attached to a new
host and form new mycelial mats. On the fish skin, particularly around the head,
dorsal and caudal fins, gills, muscular layer and internal organs, the disease’s gross
symptom often appears as a relatively superficial, cotton wool-like, white prolifera-
tion of mycelia (Hussein et al. 2001). In Anguilla anguilla, Saprolegnia diclina
infections led to clinical signs and histological abnormalities such as epithelium loss,
ulcerations, oedema and myofibrillar degeneration, according to Pickering and
Willoughby (1982). Saprolegnia can function as primary or secondary ectoparasite.
The fish may become more susceptible to saprolegniosis as a result of stressors such
as handling, other infections, mechanical injury, sexual maturity, temperature
changes, inadequate hygiene or social interactions, according to Diéguez-Uribeondo
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et al. (2007). Low water temperature, handling, spawning times and injury were
reported as predisposing factors for Saprolegnia parasitica in Nile tilapia. Zahran
et al. (2017) also described clinical signs, including cotton wool-like white to dark
grey growth due to S. parasitica. Osmoregulatory dysfunction and electrolyte
homeostasis disruption are the main causes of death (Thoen et al. 2011). The loss
of protective mucus from the epidermis caused by a sudden drop in water tempera-
ture makes it easier for zoospores to connect to the skin and cause infection
(Fregeneda-Grandes et al. 2007).

Histology provides in-depth insight into the health of a fish’s whole environment
and aids in the pathogen identification process (Aranguren and Figueras 2016).
Several publications have documented the histological changes, caused by
Saprolegnia species infections in fish eggs and other organs (Hussein et al. 2001;
Songe et al. 2016; Shin et al. 2017). S. parasitica causes osmoregulatory issues by
destroying the fish’s epidermis and dermis layers (Pickering and Willoughby 1982).
However, hyphae destroy the chorionic membrane, which controls the osmosis of
embryo, in fish eggs (Liu et al. 2014). According to microscopic histopathology
study, Saprolegnia hyphae enter epidermal tissues, causing cellular necrosis and
penetrating the muscle and blood vessels of the infected fish (Shin et al. 2017).
S. parasitica infections result in epidermal and dermal alterations, such as spongiosis
in the epidermis, haemorrhagic foci or mononuclear inflammation between the thick
layer of connective tissues (Gieseker et al. 2006). However, S. parasitica harms the
eggs by piercing the intact chorion with hyphae, but S. diclina is finished with the
chorion (Songe et al. 2016). Bly et al. (1992) described histological alterations
brought on by saprolegniasis and looked at the destruction of mucus-secreting
cells, the absence of leucocytes and the presence of fungal hyphae at the lesion’s
degraded dermal surface. In S. parasitica-infected Ctenopharyngodon idella, gill
histology revealed severe necrosis, disappearance of branchial epithelium and loss of
epithelial interlayer with secondary lamellae (de Freitas Souza et al. 2019).

16.7 Molecular Description of Saprolegnia spp.

DNA fingerprinting, genetic diversity by random amplification of polymorphic
DNA (RAPD-PCR), internal transcribed spacer (ITS) regions of ribosomal DNA
genes and nuclear ribosomal DNA (nrDNA) are used in the molecular identification
and characterization of Saprolegnia spp. (Sandoval-Sierra and Diéguez-Uribeondo
2015). Saprolegnia spp. are responsible for the disease in the wild as well as cultured
aquatic animals. Therefore, there is an increasing interest in the identification and
characterization of pathogenic Saprolegnia isolates. It has not been possible to
distinguish the species based on sexual reproductive characters due to ambiguity,
which often fails to produce sexual and asexual characters of the genus Saprolegnia
(Johnson et al. 2002). To resolve the taxonomic identification ambiguities in
Saprolegnia, different molecular tools have facilitated species identification through
sequencing of internal transcribed spacer (ITS) regions of ribosomal DNA genes, the
nrDNAs (White et al. 1990; Diéguez-Uribeondo et al. 2007).
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Additionally, Saprolegnia typing techniques like random amplified microsatellite
polymorphism (RAMP) and random amplification of polymorphic DNA
(RAPD-PCR) allow differentiation between genotypes of Saprolegnia isolates
(Bangyeekhun et al. 2003; Naumann 2014). The fish pathogenic Saprolegnia
genome has been analysed, using restriction fragment length polymorphisms
(RFLPs) and Random amplification of polymorphic DNA (RAPD). DNA polymer-
ase chain reaction (RAPD-PCR) methods offer a sensitive and quick assay for
determining the genetic distance between various Saprolegnia isolates. Random
amplified polymorphic DNA (RAPD)-PCR has been used within the oomycetes to
distinguish different strains and species.

To distinguish between numerous Saprolegnia strains and species more effec-
tively, it would be highly desired to develop fingerprinting techniques like
multilocus sequence typing (MLST), microsatellites or one of several polymorphism
techniques (Molina et al. 1995). Molecular characterization of fish pathogenic
Saprolegnia is helpful for advancing epidemiological investigations into the point
of infection, how the disease spreads and how to control it. Saraiva et al. (2014)
characterized the tyrosine gene encoding the mono-oxygenase enzyme that catalyses
the O-diphenols to quinines from S. parasitica for melanin formation and suggested
that the application of gene silencing can be used to characterize gene functionally.

16.8 Control of Saprolegnia sp. in Aquaculture

Due to mutagenicity, teratogenicity and carcinogenicity, the use of malachite green,
n-methylated diaminodiphenylmethane as fungicides or ecto-parasiticide has been
prohibited since 2002 (Srivastava et al. 2004). Moreover, permitted chemical
formulations and treatments, such as formalin and hydrogen peroxide, pose a
significant risk to people and wildlife. Therefore, they will probably be outlawed
soon. Therefore, attempts have been made to find out alternative antimycotic
medicines that are suitable for fish of all the life stages and are safe and efficacious
(Shah et al., 2021). Formalin, copper sulphate, hydrogen peroxide, boric acid, ozone,
iodophor, sodium chloride and peracetic acid are among the alternatives to malachite
green. Biocontrol agents like bacteria and some of the bioactive ingredients like
curcumin, cinnamaldehyde and eugenol are still under investigation for fish.

To prevent fungus infections in aquaculture, formalin (an aqueous solution of
37% formaldehyde) is frequently used (Gieseker et al. 2006). A practical and safe
dose of 150-300 mg/L formalin gives protection against Saprolegnia in rainbow and
brown trout (Seymour 1970). However, Bailey and Jeffrey recorded effective control
of fungal outbreaks in rainbow trout, following a 60-min exposure at 250 ppm. Bly
et al. (1996) reported 12.5 mg/L formalin for zoospore inhibition and being suppres-
sive at 7.5 mg/L for channel catfish. Gieseker et al. (2006) said 100 mg/L was very
useful and reduced 29% mortality in rainbow trout. Willoughby (1985) reported that
acriflavine at a dose of 750 mg/L improves tilapia eggs’ hatchability. US Food and
Drug Administration, USFDA, in 2018, has approved formalin for egg treatment in
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aquaculture. Still, formalin has been banned or discouraged in several countries
because of its harmful effects (Romansic et al. 2006).

Furthermore, the use of formalin in fish is uneconomical and undesirable as fish
are destined to human consumption. Boric acid or boracic or borax is a weak acid
with antifungal properties which have been demonstrated against Candida glabrata
(Ray et al. 2007), C. vaginitis (De Seta et al. 2009) and against Saprolegnia sp. (Ali
et al. 2014). The mechanism of action as an antifungal is the disruption of fungal cell
wall (Lilley and Roberts 1997), mitochondrial degeneration or disruption and
inhibition of oxidative metabolism or enzymes that are toxic to Saprolegnia sporu-
lation and germinations (Ali et al. 2014, 2019). Boric acid is a hydrate of boric oxide:
the weak conjugate acid of a dihydrogen borate, which is reported as antiseptic, anti-
oomycetes, antifungal and anti-viral. It is used to control Saprolegnia infection in
eggs and yolk-sac fry. Ali et al. (2014) studied the in vitro efficacy of boric acid,
which decreased Saprolegnia spore activity, and mycelial growth at a concentration
of above 0.2 g/L.." The complete inhibition of germination growth was observed at a
concentration of 0.8 g/L. Peracetic acid is a mixture of acetic acid and hydrogen
peroxide, which disintegrates to hydrogen peroxide and acetic acid when dissolved
in water (Straus et al. 2012). Peracetic acid degradation products are non-toxic and
can easily dissolve in water.

Copper sulphate acts as an anti-oomycete by disturbing energy biogenesis,
protein synthesis and developing internal oxidative stress (Hu et al. 2016). Copper
sulphate is approved as algicide, herbicide and molluscicide by US Environmental
Protection Agency, and also it is listed in Allowed Synthetic Substances by USDA
National Organic Program (NOP) for use in organic livestock production. It is
demonstrated as an anti-parasiticide, i.e. ichthyophthiriasis (Noga 2010), and acts
against saprolegniasis in channel catfish (Straus et al. 2012). The recommended dose
is 10 mg/L for channel catfish, for Ictalurus punctatus eggs and also for North
African catfish, Clarias gariepinus fry and yolk-sac stages (Ataguba et al. 2013),
0.5 mg/L for the inhibition of S. parasitica mycelium and 1 mg/L for reduction of
primary zoospore in grass carp, Ctenopharyngodon idella (Sun et al. 2014).

The efficacy of sodium chloride (NaCl) as an antifungal and environment-
friendly agent has been reported by many authors in freshwater finfish aquaculture
(Khodabandeh and Abtahi 2006). NaCl acts by changing osmotic gradient, thereby
increasing osmoregulation (Stockwell et al. 2012). Rasowo et al. (2007) reported
1000 ppm NaCl concentration with 30-min exposure to effectively control
saprolegniasis during egg incubation in C. gariepinus. However, Pérez et al.
(2003) suggested 2500-5000 ppm for crayfish, and Ali et al. (2011) advised
8000 ppm and 12,000 ppm for Saprolegnia diclina and Aphanomyces, respectively.
Iodine has been applied in the hatchery production of rainbow trout for routine
disinfection of eggs once they reach the eyed stage. The recommended dose is
50 mg/L for 5 min (Stueland et al. 2005b) and 60 mg/L as bath up to 30 min
(Eissa et al. 2013).
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16.8.1 Environment-Friendly Control Measures of Oomycetes
Infections in Fishes

As alternatives to teratogenic agents, Frenken et al. (2019) proposed seven biological
concepts for protecting aquatic organisms, amphibians and plankton against zoo-
sporic diseases, which may be useful, less harmful and more sustainable than the
available chemical methods. Which includes prevent or reduce transmission (control
of distribution pathways) and vectors, increase the diversity of host species, vacci-
nation and immunization, stimulate defence and production of antifungal peptides by
the host, use probiotics hyperparasitism, and use parasite eaters.

There has been a significant achievement in controlling saprolegniasis in aqua-
culture, which includes the use of immunostimulants in feed such as pyridoxine
(Saha et al. 2016), fluconazole (Saha et al. 2017) and miconazole nitrate (Singh et al.
2018), for Labeo rohita. The aloe vera (Aloe barbadensis) (Mehrabi et al. 2019),
dietary nettle (Urtica dioica) (Mehrabi et al. 2020), muli bamboo (Melocanna
baccifera) (Khan et al. 2018) leaves ethanolic extract, and 1,3; 1-6- f-D- glucans
has also been tried to control saprolegniasis (Hamad and Mustafa 2018). The
inhibitory activity of antibacterial metals such as silver zeolite (Nemati et al. 2019)
and copper nanoparticles was used to control saprolegniasis in white fish, Rutilus
frisii kutum eggs (Kalatehjari et al. 2015). Recently, commercial formulations like
Vikron-S (Rahman and Choi 2018); addition of bacterium (Aeromonas media strain
A199), Burkholderia sp. HDOS5 (Zhang et al. 2019), quellenin from Aspergillus
sp. (Takahashi et al. 2018) and cladomarine from Penicillium coralligerum
YK-247 (Takahashi et al. 2017); as well as the use of antimicrobial peptides
(antifungal peptide from Pseudomonas protegens XL.03) (Wang et al. 2011) have
been used for the control of saprolegniasis in aquaculture.

16.9 Conclusion

Oomycetes, which resemble fungi, are many of the pathogens that cause devastating
diseases in cold-water aquaculture. Around the world, saprolegniasis significantly
reduces the production and profitability of trout farms and hatcheries. Despite these
hurdles, the use of hazardous chemicals and the lack of suitable therapies make
existing fungal management strategies in cold-water aquaculture ineffective and
unsustainable. In order to address the issue, new techniques to control/treat infec-
tious diseases may be examined, including the use of plant extract, novel drug
delivery vehicles and natural-origin substrates/compounds or essential oils.

References

Ali EH, Hashem M, Al-Salahy MB (2011) Pathogenicity and oxidative stress in Nile tilapia caused
by Aphanomyces laevis and Phoma herbarum isolated from farmed fish. Dis Aquat Organ 94:
17-28



16 Oomycetes: Fungal-Like Menace in Cold-Water Aquaculture 303

Ali SE, Thoen E, Vrélstad T, Kristensen R, Evensen @, SKAAR, L. (2013) Development and
reproduction of Saprolegnia species in biofilms. Vet Microbiol 163:133-141

Ali SE, Thoen E, Evensen @, Skaar I (2014) Boric acid inhibits germination and colonization of
Saprolegnia spores in vitro and in vivo. PLoS One 9:91878

Ali SE, Gamil AA, Skaar I, Evensen @, Charo-Karisa H (2019) Efficacy and safety of boric acid as a
preventive treatment against Saprolegnia infection in Nile tilapia (Oreochromis niloticus). Sci
Rep 9:1-9

Aranguren R, Figueras A (2016) Moving from histopathology to molecular tools in the diagnosis of
molluscs diseases of concern under EU legislation. Front Physiol 7:538

Ataguba G, Okomoda V, Unde E (2013) Efficacy of copper sulphate as a prophylactic agent for
fungal infection on egg, and its effect on hatching and early growth of Clarias gariepinus
(Burchell 1822). Asian Fish Sci 26:156-166

Bangyeekhun E, Quiniou SM, Bly JE, Cerenius L (2001) Characterisation of Saprolegnia
sp. isolates from channel catfish. Dis Aquat Organ 45:53-59

Bangyeekhun E, Pylkko P, Vennerstrom P, Kuronen H, Cerenius L (2003) Prevalence of a single
fish-pathogenic Saprolegnia sp. clone in Finland and Sweden. Dis Aquat Organ 53:47-53

Barat A, Sahoo PK, Kumar R, Mir JI, Ali S, Patiyal RS, Singh AK (2015) Molecular characteriza-
tion of rainbow trout, Oncorhynchus mykiss (Walbaum, 1792) stocks in India. J Genet 94:13-18

Beakes G, Ford H (1983) Esterase isoenzyme variation in the genus Saprolegnia, with particular
reference to the fish-pathogenic S. diclina-parasitica complex. Microbiology 129:2605-2619

Beakes GW, Glockling SL, Sekimoto S (2012) The evolutionary phylogeny of the oomycete
“fungi”. Protoplasma 249:3-19

Belmonte R, Wang T, Duncan GJ, Skaar I, Mélida H, Bulone V, van West P, Secombes CJ (2014)
Role of pathogen-derived cell wall carbohydrates and prostaglandin E2 in immune response and
suppression of fish immunity by the oomycete Saprolegnia parasitica. Infect Immun 82:4518—
4529

Bly J, Lawson L, Dale D, Szalai A, Durburow R, Clem L (1992) Winter saprolegniosis in channel
catfish. Dis Aquat Organ 13:155-164

Bly J, Quiniou S, Lawson L, Clem L (1996) Therapeutic and prophylactic measures for winter
saprolegniosis in channel catfish. Dis Aquat Organ 24:25-33

Bruno D, Wood B (1999) Saprolegnia and other oomycetes. In: Woo PTK, Bruno DW (eds) Fish
diseases and disorders. Viral, bacterial and fungal infections, vol 3. CABI, Wallingford

Bruno D, West PV, Beakes G (2011) Saprolegnia and other oomycetes. In: Fish diseases and
disorders. Viral, bacterial and fungal infections, vol 3, pp 669-720

Bulone V, Rzeszutek E, Diaz-Moreno SM (2019) Identification and characterization of the chitin
synthase genes from the fish pathogen Saprolegnia parasitica. Front Microbiol 10:2873

Cao H, Ou R, Li G, Yang X, Zheng W, Lu L (2014) S aprolegnia australis RF Elliott 1968 infection
in Prussian carp C arassius gibelio (Bloch, 1782) eggs and its control with herb extracts. J Appl
Ichthyol 30(1):145-150

Cawthorn RJ (2011) Diseases of American lobsters (Homarus americanus): a review. J Invertebr
Pathol 106:71-78

Chauhan R, Kaur P, Sharma S (2012) Pathogenicity of some species of Achlya and Saprolegnia on
Indian Major carps viz Catla catla, Cirrihinus mrigala and Labeorohita. J Environ Sci Comp Sci
Eng Technol 1(3):422-428

Chukanhom K, Hatai K (2004) Freshwater fungi isolated from eggs of the common carp (Cyprinus
carpio) in Thailand. Mycoscience 45(1):42-48

Coker WC (1923) The Saprolegniaceae: with notes on other water molds. University of North
Carolina Press, Chapel Hill, NC

de Freitas Souza C, Baldissera MD, Abbad LB, da Rocha MIU, da Veiga ML, da Silva AS,
Baldisserotto B (2019) Purinergic signaling creates an anti-inflammatory profile in spleens of
grass carp Ctenopharyngodon idella naturally infected by Saprolegnia parasitica: an attempt to
prevent ATP pro-inflammatory effects. Microb Pathog 135:103649



304 R. S. Tandel et al.

de la Bastide PY, Leung WL, Hintz WE (2015) Species composition of the genus Saprolegnia in fin
fish aquaculture environments, as determined by nucleotide sequence analysis of the nuclear
rDNA ITS regions. Fungal Biol 119:27-43

de Seta F, Schmidt M, Vu B, Essmann M, Larsen B (2009) Antifungal mechanisms supporting
boric acid therapy of Candida vaginitis. J Antimicrob Chemother 63:325-336

Derevnina L, Petre B, Kellner R, Dagdas YF, Sarowar MN, Giannakopoulou A, de la Concepcion
JC, Chaparro-Garcia A, Pennington HG, van West P (2016) Emerging oomycete threats to
plants and animals. Philos Trans R Soc B Biol Sci 371:20150459

Diéguez-Uribeondo J, Cerenius L, Soderhill K (1994a) Repeated zoospore emergence in
Saprolegnia parasitica. Mycol Res 98(7):810-815

Diéguez-Uribeondo J, Cerenius L, Soderhéll K (1994b) Saprolegnia parasitica and its virulence on
three different species of freshwater crayfish. Aquaculture 120:219-228

Diéguez-Uribeondo J, Cerenius L, Soderhdll K (1996) Physiological characterization of
Saprolegnia parasitica isolates from brown trout. Aquaculture 140:247-257

Diéguez-Uribeondo J, Fregeneda-Grandes JM, Cerenius L, Pérez-Iniesta E, Aller-Gancedo JM,
Telleria MT, Soderhéll K, Martin MP (2007) Re-evaluation of the enigmatic species complex
Saprolegnia diclina—Saprolegnia parasitica based on morphological, physiological and molecu-
lar data. Fungal Genet Biol 44:585-601

Diéguez-Uribeondo J, Garcia MA, Cerenius L, Kozubikova E, Ballesteros I, Windels C, Weiland J,
Kator H, Soderhill K, Martin MP (2009) Phylogenetic relationships among plant and animal
parasites, and saprotrophs in Aphanomyces (oomycetes). Fungal Genet Biol 46:365-376

Dingtiirk E, Tanrikul TT, Birincioglu SS (2019) First report of Saprolegnia parasitica from a marine
species: Gilthead Seabream (Sparus aurata) in brackish water conditions. J Hellenic Vet Med
Soc 70(2):1503-1510

Edgerton BF, Henttonen P, Jussila J, Mannonen A, Paasonen P, Taugbgl T, Edsman L, Souty-
Grosset C (2004) Understanding the causes of disease in European freshwater crayfish. Conserv
Biol 18:1466-1474

Edsman L, Nystrom P, Sandstrom A, Stenberg M, Kokko H, Tiitinen V et al (2015) Eroded
swimmeret syndrome in female crayfish Pacifastacus leniusculus associated with Aphanomyces
astaci and Fusarium spp. infections. Dis Aquat Org 112(3):219-228

Eissa AE, Abdelsalam M, Tharwat N, Zaki M (2013) Detection of Saprolegnia parasitica in eggs of
angelfish Pterophyllum scalare (Cuvier—Valenciennes) with a history of decreased hatchability.
Int J Vet Sci Med 1(1):7-14

El-Ashram M, Abd El Rhman A, Sakr S (2007) Contribution to saprolegniosis in cultured Nile
tilapia (O. niloticus) with special reference to its control. Egypt J Aquat Biol Fish 11:943-955

Elameen A, Stueland S, Kristensen R, Fristad RF, Vralstad T, Skaar I (2021) Genetic analyses of
saprolegnia strains isolated from salmonid fish of different geographic origin document the
connection between pathogenicity and molecular diversity. J Fungi 7(9):713

FAO (2020) The state of world fisheries and aquaculture 2020: sustainability in action. Food and
Agriculture Organization of the United Nations, Rome

Fregeneda Grandes J, Fernandez Diez M, Aller Gancedo J (2001) Experimental pathogenicity in
rainbow trout, Oncorhynchus mykiss (Walbaum), of two distinct morphotypes of long-spined
Saprolegnia isolates obtained from wild brown trout, Salmo trutta L., and river water. J Fish Dis
24:351-359

Fregeneda-Grandes JM, Rodriguez-Cadenas F, Carbajal-Gonzalez MT, Aller-Gancedo JM (2007)
Antibody response of brown trout Salmo trutta injected with pathogenic Saprolegnia parasitica
antigenic extracts. Dis Aquat Organ 74:107-111

Fregeneda-Grandes JM, Rodriguez-Cadenas F, Aller-Gancedo JM (2007) Fungi isolated from
cultured eggs, alevins and broodfish of brown trout in a hatchery affected by saprolegniosis. J
Fish Biol 71(2):510-518

Fernandez-Benéitez MJ, Ortiz-Santaliestra ME, Lizana M et al (2011) Differences in susceptibility
to Saprolegnia infections among embryonic stages of two anuran species. Oecologia 165:819—
826. https://doi.org/10.1007/s00442-010-1889-5


https://doi.org/10.1007/s00442-010-1889-5

16 Oomycetes: Fungal-Like Menace in Cold-Water Aquaculture 305

Frenken T, Agha R, Schmeller DS, Van West P, Wolinska J (2019) Biological concepts for the
control of aquatic zoosporic diseases. Trends Parasitol 35:571-582

Fugelstad J, Bouzenzana J, Djerbi S, Guerriero G, Ezcurra I, Teeri TT, Arvestad L, Bulone V (2009)
Identification of the cellulose synthase genes from the oomycete Saprolegnia monoica and effect
of cellulose synthesis inhibitors on gene expression and enzyme activity. Fungal Genet Biol 46:
759-767

Gieseker C, Serfling S, Reimschuessel R (2006) Formalin treatment to reduce mortality associated
with Saprolegnia parasitica in rainbow trout, Oncorhynchus mykiss. Aquaculture 253:120-129

Grayburn WS, Hudspeth DS, Gane MK, Hudspeth ME (2004) The mitochondrial genome of
Saprolegnia ferax: organization, gene content and nucleotide sequence. Mycologia 96(5):981—
989. PMID: 21148919

Hamad SM, Mustafa S (2018) Effect of. Ozonated water treatment on clinical signs, survival rate
and histopathological alterations in common carp, Cyprinus carpio L. infected with Saprolegnia
spp. Pak J Biotechnol 15:273-281

Hatai K (1992) Haliphthoros milfordensis isolated from gills of juvenile kuruma prawn (Penaeus
japonicus) with black gill disease. Trans Mycol Soc Jpn 33:185-192

Hatai K (1994) Pathogenicity of Saprolegnia parasitica Coker. In: Salmon saprolegniasis. Univer-
sity of Washington, Seattle, WA, pp 87-98

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

Hatai K, Hoshiai G-I (1993) Characteristics of two Saprolegnia species isolated from coho salmon
with saprolegniosis. J] Aquat Anim Health 5:115-118

Hatai K, Willoughby LG, Beakes GW (1990) Some characteristics of Saprolegnia obtained from
fish hatcheries in Japan. Mycol Res 94(2):182-190

Hoskonen P, Heikkinen J, Eskelinen P, Pirhonen J (2015) Efficacy of clove oil and ethanol against
Saprolegnia sp. and usability as antifungal agents during incubation of rainbow trout
Oncorhynchus mykiss (Walbaum) eggs. Aquac Res 46(3):581-589

Howe GE, Stehly GR (1998) Experimental infection of rainbow trout with Saprolegnia parasitica. J
Aquat Anim Health 10:397—404

Hu K, Ma R-R, Cheng J-M, Ye X, Sun Q, Yuan H-L, Liang N, Fang W-H, Li H-R, Yang X-L
(2016) Analysis of Saprolegnia parasitica transcriptome following treatment with copper sul-
fate. PLoS One 11:0147445

Humphrey JE (1893) The Saprolegniaceae of the United States, with notes on other species. Trans
Am Philos Soc 17:63-148

Hussein MM, Hatai K (2002) Pathogenicity of Saprolegnia species associated with outbreaks of
salmonid saprolegniosis in Japan. Fish Sci 68(5):1067-1072

Hussein MM, Hatai K, Nomura T (2001) Saprolegniosis in salmonids and their eggs in Japan. J
Wildl Dis 37:204-207

Inaba S, Tokumasu S (2002) Saprolegnia semihypogyna sp. nov., a saprolegniaceous oomycete
isolated from soil in Japan. Mycoscience 43:73-76

Jiang RH, de Bruijn I, Haas BJ, Belmonte R, Lobach L, Christie J, Van Den Ackerveken G,
Bottin A, Bulone V, Diaz-Moreno SM (2013) Distinctive expansion of potential virulence genes
in the genome of the oomycete fish pathogen Saprolegnia parasitica. PLoS Genet 9:¢1003272

Johari SA, Kalbassi MR, Yu 1J (2014) Inhibitory effects of silver zeolite on in vitro growth of fish
egg pathogen, Saprolegnia sp. J Coast Life Med 2(5):357-361

Johnson TW, Seymour RL, Padgett DE (2002) Biology and systematics of the Saprolegniaceae.
University of North Carolina, Wilmington

Judelson HS, Blanco FA (2005) The spores of Phytophthora: weapons of the plant destroyer. Nat
Rev Microbiol 3:47-58

Kalatehjari P, Yousefian M, Khalilzadeh MA (2015) Assessment of antifungal effects of copper
nanoparticles on the growth of the fungus Saprolegnia sp. on white fish (Rutilus frisii kutum)
eggs. Egypt J Aquat Res 41(4):303-306



306 R. S. Tandel et al.

Kaminskyj SG, Heath IB (1996) Studies on Saprolegnia ferax suggest the general importance of the
cytoplasm in determining hyphal morphology. Mycologia 88(1):20-37

Kamoun S (2003) Molecular genetics of pathogenic oomycetes. Eukaryot Cell 2:191-199

Kanouse BB (1932) A physiological and morphological study of Saprolegnia parasitica. Mycologia
24:431-452

Khan MIR, Saha RK, Saha H (2018) Muli bamboo (Melocanna baccifera) leaves ethanolic extract a
non-toxic phyto-prophylactic against low pH stress and saprolegniasis in Labeo rohita
fingerlings. Fish Shellfish Immunol 74:609-619

Khodabandeh S, Abtahi B (2006) Effects of sodium chloride, formalin and iodine on the hatching
success of common carp, Cyprinus carpio, eggs. J Appl Ichthyol 22:54-56

Khosravi AR, Shokri H, Sharifrohani M, Mousavi HE, Moosavi Z (2012) Evaluation of the
antifungal activity of Zataria multiflora, Geranium herbarium, and Eucalyptus camaldolensis
essential oils on Saprolegnia parasitica—infected rainbow trout (Oncorhynchus mykiss) eggs.
Foodborne Pathog Dis 9(7):674—679

Kim SJ, Ryu B, Kim H-Y, Yang Y-I, Ham J, Choi J-H, Jang DS (2013) Sesquiterpenes from the
rhizomes of Cyperus rotundus and their potential to inhibit LPS-induced nitric oxide production.
Bull Korean Chem Soc 34:2207-2210

Kitancharoen N, Yuasa K, Hatai K (1995) from pejerrey, Odonthetes bonariensis. Mycoscience
36:365-368

Kumar R, Ahmad N, Verma DK, Kantharajan G, Kumar CB, Paria A et al (2022) Mortalities in
cultured Pangasianodon hypophthalmus due to oomycete Saprolegnia parasitica infection in
Uttar Pradesh, India. Aquac Rep 23:101047

Lilley J, Roberts R (1997) Pathogenicity and culture studies comparing the Aphanomyces involved
in epizootic ulcerative syndrome (EUS) with other similar fungi. J Fish Dis 20:135-144

Liu Y, de Bruijn I, Jack AL, Drynan K, Van Den Berg AH, Thoen E, Sandoval-Sierra V, Skaar I,
van West P, Diéguez-Uribeondo J (2014) Deciphering microbial landscapes of fish eggs to
mitigate emerging diseases. ISME J 8:2002-2014

Liu Y, Rzeszutek E, van der Voort M, Wu C-H, Thoen E, Skaar I, Bulone V, Dorrestein PC,
Raaijmakers JM, de Bruijn I (2015) Diversity of aquatic pseudomonas species and their activity
against the fish pathogenic oomycete Saprolegnia. PLoS One 10:e0136241

Lone S, Manohar S (2018) Saprolegnia parasitica, a lethal oomycete pathogen: demands to be
controlled. J Infect Mol Biol 6:36—44

Magray AR, Hafeez S, Ganai BA, Lone SA, Dar GJ, Ahmad F, Siriyappagouder P (2021) Study on
pathogenicity and characterization of disease causing fungal community associated with
cultured fish of Kashmir valley, India. Microb Pathog 151:104715

Mahboub HH, Shaheen AA (2021) Mycological and histopathological identification of potential
fish pathogens in Nile tilapia. Aquaculture 530:735849

Masigol H, Khodaparast SA, Woodhouse JN, Rojas-Jimenez K, Fonvielle J, Rezakhani F,
Mostowfizadeh-Ghalamfarsa R, Neubauer D, Goldhammer T, Grossart HP (2019) The
contrasting roles of aquatic fungi and oomycetes in the degradation and transformation of
polymeric organic matter. Limnol Oceanogr 64:2662-2678

Masigol H, Khodaparast SA, Mostowfizadeh-Ghalamfarsa R, Rojas-Jimenez K, Woodhouse JN,
Neubauer D, Grossart H-P (2020) Taxonomical and functional diversity of Saprolegniales in
Anzali lagoon, Iran. Aquat Ecol 54:323-336

Mastan SA (2015) Fungal infection in freshwater fishes of Andhra Pradesh, India. Afr J Biotechnol
14(6):530-534

Maurya R, Yadav DK, Singh G, Bhargavan B, Murthy PN, Sahai M, Singh MM (2009) Osteogenic
activity of constituents from Butea monosperma. Bioorg Med Chem Lett 19:610-613

Mehrabi Z, Firouzbakhsh F, Rahimi-Mianji G, Paknejad H (2019) Immunostimulatory effect of
Aloe vera (Aloe barbadensis) on non-specific immune response, immune gene expression, and
experimental challenge with Saprolegnia parasitica in rainbow trout (Oncorhynchus mykiss).
Aquaculture 503:330-338



16 Oomycetes: Fungal-Like Menace in Cold-Water Aquaculture 307

Mehrabi Z, Firouzbakhsh F, Rahimi-Mianji G, Paknejad H (2020) Immunity and growth improve-
ment of rainbow trout (Oncorhynchus mykiss) fed dietary nettle (Urtica dioica) against experi-
mental challenge with Saprolegnia parasitica. Fish Shellfish Immunol 104:74-82

Melaku H, Lakew M, Alemayehu E, Wubie A, Chane M (2017) Isolation and identification of
pathogenic fungus from African catfish (Clarias gariepinus) eggs and adults in National Fishery
and Aquatic Life Research Center Hatchery, Ethiopia. Fish Aquac J 8(3):1-6

Minor KL, Anderson VL, Davis KS, van den Berg AH, Christie JS, Lobach L, Faruk AR, Wawra S,
Secombes CJ, Van West P (2014) A putative serine protease, SpSspl, from Saprolegnia
parasitica is recognised by sera of rainbow trout, Oncorhynchus mykiss. Fungal Biol 118:
630-639. https://doi.org/10.1016/j.funbio.2014.04.008

Mirmazloomi S, Ghiasi M, Khosravi AR (2022) Chemical composition and in vitro antifungal
activity of Sambucus ebulus and Actinidia deliciosa on the fish pathogenic fungus, Saprolegnia
parasitica. Aquac Int 30(2):1037-1046

Molina FI, Jong S-C, Ma G (1995) Molecular characterization and identification of Saprolegnia by
restriction analysis of genes coding for ribosomal RNA. Antonie Van Leeuwenhoek 68:65-74

Mostafa AAF, Al-Askar AA, Yassin MT (2020) Anti-saprolegnia potency of some plant
extracts against Saprolegnia diclina, the causative agent of saprolengiasis. Saudi J Biol Sci
27(6):1482-1487

Naumann C (2014) Use of random amplified microsatellites (RAMS) to discern genotypes of
Saprolegnia parasitica isolates on the west coast of British Columbia (Doctoral dissertation)

Neish GA (1977) Observations on saprolegniasis of adult sockeye salmon, Oncorhynchus nerka
(Walbaum). J Fish Biol 10:513-522

Neish G, Hughes G (1980) Diseases of fishes. In: Fungal diseases of fishes, p 6

Nemati T, Johari SA, Sarkheil M (2019) Will the antimicrobial properties of ZnONPs turn it into a
more suitable option than AgNPs for water filtration? Comparative study in the removal of fish
pathogen, Aeromonas hydrophila from the culture of juvenile common carp (Cyprinus carpio).
Environ Sci Pollut Res 26:30907-30920

Noga EJ (2010) Fish disease: diagnosis and treatment. Wiley, Hoboken, NJ

Noga E, Dykstra M (1986) Oomycete fungi associated with ulcerative mycosis in menhaden,
Brevoortia tyrannus (Latrobe). J Fish Dis 9:47-53

Pavi¢ D, Miljanovi¢ A, Grbin D, Sver L, Vladusi¢ T, Galuppi R et al (2021) Identification and
molecular characterization of oomycete isolates from trout farms in Croatia, and their upstream
and downstream water environments. Aquaculture 540:736652

Pérez J, Celada J, Gonzalez J, Carral J, Sdez-Royuela M, Fernandez R (2003) Duration of egg
storage at different temperatures in the astacid crayfish Pacifastacus leniusculus: critical embry-
onic phase. Aquaculture 219:347-354

Phillips AJ, Anderson VL, Robertson EJ, Secombes CJ, Van West P (2008) New insights into
animal pathogenic oomycetes. Trends Microbiol 16:13—19

Pickering A, Willoughby L (1982) Saprolegnia infections of salmonid fish. Freshwater Biological
Association, Ambleside

Pickering AD, Willoughby LG, McGrory CB (1979) Fine structure of secondary zoospore cyst
cases of Saprolegnia isolates from infected fish. Trans Br Mycol Soc 72(3):427-436

Pottinger TA, Day JG (1999) A Saprolegnia parasitica challenge system for rainbow
trout: assessment of Pyceze as an anti-fungal agent for both fish and ova. Dis Aquat Org
36(2):129-141

Rahman HS, Choi T-J (2018) The efficacy of Virkon-S for the control of saprolegniasis in common
carp, Cyprinus carpio L. Peer] 6:e5706

Rand TG, Munden D (1993) Chemotaxis of zoospores of two fish-egg-pathogenic strains of
Saprolegnia diclina (Oomycotina: Saprolegniaceae) toward salmonid egg chorion extracts and
selected amino acids and sugars. J Aquat Anim Health 5:240-245

Rasowo J, Okoth OE, Ngugi CC (2007) Effects of formaldehyde, sodium chloride, potassium
permanganate and hydrogen peroxide on hatch rate of African catfish Clarias gariepinus eggs.
Aquaculture 269:271-277


https://doi.org/10.1016/j.funbio.2014.04.008

308 R. S. Tandel et al.

Ray D, Goswami R, Banerjee U, Dadhwal V, Goswami D, Mandal P, Sreenivas V, Kochupillai N
(2007) Prevalence of Candida glabrata and its response to boric acid vaginal suppositories in
comparison with oral fluconazole in patients with diabetes and vulvovaginal candidiasis.
Diabetes Care 30:312-317

Refai M, Marouf S, Nermeen A, Rasha H (2016) Monograph on fungal diseases of fish. A guide for
postgraduate students 2016. Part I, p 288

Rezinciuc S, Sandoval-Sierra JV, Diéguez-Uribeondo J (2014) Molecular identification of a
bronopol tolerant strain of Saprolegnia australis causing egg and fry mortality in farmed
brown trout, Salmo trutta. Fungal Biol 118(7):591-600

Rezinciuc S, Sandoval-Sierra JV, Ruiz-Leén Y, Van West P, Diéguez-Uribeondo J (2018)
Specialized attachment structure of the fish pathogenic oomycete Saprolegnia parasitica.
PLoS One 13:¢0190361

Robertson EJ, Anderson VL, Phillips AJ, Secombes CJ, Van West P (2009) Saprolegnia—fish
interactions. In: Oomycete genetics and genomics: diversity, interactions, and research tools,
p 407

Romansic JM, Diez KA, Higashi EM, Blaustein AR (2006) Effects of nitrate and the pathogenic
water mold Saprolegnia on survival of amphibian larvae. Dis Aquat Organ 68:235-243

Romansic JM, Diez KA, Higashi EM, Johnson JE, Blaustein AR (2009) Effects of the pathogenic
water mold Saprolegnia ferax on survival of amphibian larvae. Dis Aquat Organ 83:187-193

Saha H, Pal AK, Sahu NP, Saha RK (2016) Feeding pyridoxine prevents Saprolegnia parasitica
infection in fish Labeo rohita. Fish Shellfish Immunol 59:382-388

Saha H, Pal AK, Sahu NP, Saha RK, Goswami P (2017) Effects of fluconazole based medicated
feed on haemato-immunological responses and resistance of Labeo rohita against Saprolegnia
parasitica. Fish Shellfish Immunol 71:346-352

Salehi M, Soltani M, Islami HR (2015) In vitro antifungal activity of some essential oils against
some filamentous fungi of rainbow trout (Oncorhynchus mykiss) eggs. Aquac Aquarium
Conserv Legis 8(3):367-380

Salih ST, Mustafa SA (2017) Efficiency of dietary synbiotic on hematological, histopathological
changes and resistance against Saprolegnia spp. in common carp, Cyprinus carpio L. JEZS 5(6):
2092-2098

Sandoval-Sierra JV, Diéguez-Uribeondo J (2015) A comprehensive protocol for improving the
description of Saprolegniales (Oomycota): two practical examples (Saprolegnia aenigmatica
sp. nov and Saprolegnia racemosa sp nov). PLoS One 10:e0132999

Sandoval-Sierra JV, Latif-Eugenin F, Martin MP, Zaror L, Diéguez-Uribeondo J (2014)
Saprolegnia species affecting the salmonid aquaculture in Chile and their associations with
fish developmental stage. Aquaculture 434:462-469

Saraiva M, de Bruijn I, Grenville-Briggs L, McLaggan D, Willems A, Bulone V, Van West P
(2014) Functional characterization of a tyrosinase gene from the oomycete Saprolegnia
parasitica by RNALi silencing. Fungal Biol 118:621-629

Sarma D, Akhtar M, Singh A (2018) Coldwater fisheries research and development in India. In:
Tripathi SD, Lakra WS, Chadha NK (eds) Aquaculture in India. Narendra Publishing House, pp
93-133

Sarowar MN, Saraiva MRM, Jessop C, Lilje O, Gleason F, Van West P (2014) Infection strategies
of pathogenic oomycetes in fish. Freshwater fungi: and fungal-like organisms. Walter de
Gruyter, Berlin

Sarowar MN, Cusack R, Duston J (2019) Saprolegnia molecular phylogeny among farmed teleosts
in Nova Scotia, Canada. J Fish Dis 42:1745-1760

Seymour RL (1970) The genus Saprolegnia. Nova Hedwigia 19:1-124

Shah TK, Tandel RS, Kumar A, Bhat RAH, Dash P, Sarma D (2021) Chemical composition,
antifungal activity and molecular docking of Himalayan thyme leaf extract (Thymus linearis)
against fish pathogenic oomycete Saprolegnia parasitica. Aquaculture 543:736988



16 Oomycetes: Fungal-Like Menace in Cold-Water Aquaculture 309

Shin S, Kulatunga DCM, Dananjaya SHS, Nikapitiya C, Lee J, De Zoysa M (2017) Saprolegnia
parasitica isolated from rainbow trout in Korea: characterization, anti-Saprolegnia activity and
host pathogen interaction in zebrafish disease model. Mycobiology 45(4):297-311

Singh AK (2020) Emerging scope, technological up-scaling, challenges and governance of rainbow
trout Oncorhynchus mykiss (Walbaum, 1792) production in Himalayan region. Aquaculture
518:734826

Singh M, Saha RK, Saha H, Sahoo AK, Biswal A (2018) Effects of sub-lethal doses of miconazole
nitrate on Labeo rohita and its curing efficacy against Saprolegniasis. Aquaculture 495:205-213

Smith SN, Armstrong RA, Rimmer JJ (1984) Influence of environmental factors on zoospores of
Saprolegnia diclina. Trans Br Mycol Soc 82:413-421

Soderhill K, Dick MW, Clark G, Fiirst M, Constantinescu O (1991) Isolation of Saprolegnia
parasitica from the crayfish Astacus leptodactylus. Aquaculture 92:121-125

Songe MM, Willems A, Wiik-Nielsen J, Thoen E, Evensen @, Van West P, Skaar I (2016)
Saprolegnia diclina IITA and S. parasitica employ different infection strategies when colonizing
eggs of Atlantic salmon, Salmo salar L. J Fish Dis 39(3):343-352

Srivastava S, Sinha R, Roy D (2004) Toxicological effects of malachite green. Aquat Toxicol 66:
319-329

Srivastava V, Rezinciuc S, Bulone V (2018) Quantitative proteomic analysis of four developmental
stages of Saprolegnia parasitica. Front Microbiol 8:2658

Stockwell MP, Clulow J, Mahony MJ (2012) Sodium chloride inhibits the growth and infective
capacity of the amphibian chytrid fungus and increases host survival rates. PLoS One 7:¢36942

Straus DL, Mitchell AJ, Carter RR, Steeby JA (2012) Hatch rate of channel catfish Ictalurus
punctatus (Rafinesque 1818) eggs treated with 100 mg L—1 copper sulphate pentahydrate.
Aquacult Res 43:14-18

Stueland S, Hatai K, Skaar I (2005a) Morphological and physiological characteristics of
Saprolegnia spp. strains pathogenic to Atlantic salmon, Salmo salar L. J Fish Dis 28:445-453

Stueland S, Heier BT, Skaar I (2005b) A simple in vitro screening method to determine the effects
of drugs against growth of Saprolegnia parasitica. Mycol Prog 4:273-279

Sun Q, Hu K, Yang XL (2014) The efficacy of copper sulfate in controlling infection of Saprolegnia
parasitica. J World Aquacult Soc 45:220-225

Takahashi K, Sakai K, Nagano Y, Sakaguchi SO, Lima AO, Pellizari VH, Iwatsuki M, Takishita K,
Nonaka K, Fujikura K (2017) Cladomarine, a new anti-saprolegniasis compound isolated from
the deep-sea fungus, Penicillium coralligerum YK-247. J Antibiot 70:911-914

Takahashi K, Sakai K, Fukasawa W, Nagano Y, Sakaguchi SO, Lima AO, Pellizari VH,
Iwatsuki M, Takishita K, Yoshida T (2018) Quellenin, a new anti-Saprolegnia compound
isolated from the deep-sea fungus, aspergillus sp. YK-76. J Antibiot 71:741-744

Tandel RS, Dash P, Bhat RAH, Sharma P, Kalingapuram K, Dubey M, Sarma D (2021) Morpho-
logical and molecular characterization of Saprolegnia spp. from Himalayan snow trout,
Schizothorax richardsonii: a case study report. Aquaculture 531:735824

Tandel RS, Dash P, Bhat RAH, Thakuria D, Sawant PB, Pandey N et al (2021) Antioomycetes and
immunostimulatory activity of natural plant extract compounds against Saprolegnia spp.:
molecular docking and in-vitro studies. Fish Shellfish Immunol 114:65-81

Tedesco P, Fioravanti ML, Galuppi R (2019) In vitro activity of chemicals and commercial products
against Saprolegnia parasitica and Saprolegnia delica strains. J Fish Dis 42(2):237-248

Thoen E, Evensen @, Skaar I (2011) Pathogenicity of Saprolegnia spp. to Atlantic salmon, Salmo
salar L., eggs. J Fish Dis 34:601-608

Thoen E, Vrilstad T, Rolén E, Kristensen R, Evensen @, Skaar I (2015) Saprolegnia species in
Norwegian salmon hatcheries: field survey identifies S. diclina sub-clade IIIB as the dominating
taxon. Dis Aquat Org 114(3):189-198

Torto-Alalibo T, Tian M, Gajendran K, Waugh ME, Van West P, Kamoun S (2005) Expressed
sequence tags from the oomycete fish pathogen Saprolegnia parasitica reveal putative virulence
factors. BMC Microbiol 5(1):1-13



310 R. S. Tandel et al.

Van Den Berg AH, McLaggan D, Diéguez-Uribeondo J, van West P (2013) The impact of the water
moulds Saprolegnia diclina and Saprolegnia parasitica on natural ecosystems and the aquacul-
ture industry. Fungal Biol Rev 27:33-42

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

van West P, De Bruijn I, Minor KL, Phillips AJ, Robertson EJ, Wawra S, Bain J, Anderson VL,
Secombes CJ (2010) The putative RXLR effector protein SpHtpl from the fish pathogenic
oomycete Saprolegnia parasitica is translocated into fish cells. FEMS Microbiol Lett 310:127—
137

Vega-Ramirez MT, Moreno-Lafont MC, Valenzuela R, Cervantes-Olivares R, Aller-Gancedo JM,
Fregeneda-Grandes JM, Damas-Aguilar JL, Garcia-Flores V, Lopez-Santiago R (2013) New
records of Saprolegniaceae isolated from rainbow trout, from their eggs, and water in a fish farm
from the state of México. Revista Mexicana de Biodiversidad 84:637-649

Verret F, Wheeler G, Taylor AR, Farnham G, Brownlee C (2010) Calcium channels in photosyn-
thetic eukaryotes: implications for evolution of calcium-based signalling. New Phytol 187:23—
43

Walker CA, van West P (2007) Zoospore development in the oomycetes. Fungal Biol Rev 21:10—
18

Wang Y, Li L, Ye T, Zhao S, Liu Z, Feng YQ, Wu Y (2011) Cytokinin antagonizes ABA
suppression to seed germination of Arabidopsis by downregulating ABIS expression. Plant J
68:249-261

Wani AA, Sayir S, Singh R, Trivedi S (2017) Alternaria and Saprolegnia: firstly, reported from lotic
water bodies of Pachmarhi biosphere reserve (M.P. India). World J Pharm Res 6(5):1257-1262

Wawra S, Bain J, Durward E, de Bruijn I, Minor KL, Matena A, Lobach L, Whisson SC, Bayer P,
Porter AJ (2012) Host-targeting protein 1 (SpHtp1) from the oomycete Saprolegnia parasitica
translocates specifically into fish cells in a tyrosine-O-sulphate—dependent manner. Proc Natl
Acad Sci 109:2096-2101

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics. In: PCR protocols: a guide to methods and applications, vol
18, pp 315-322

Willoughby L (1985) Rapid preliminary screening of Saprolegnia on fish. J Fish Dis 8:473-476

Willoughby L, Hasenjdger R (1987) Formation and function of appressoria in Saprolegnia. Trans Br
Mycol Soc 89:373-380

Willoughby LG, McGrory CB, Pickering AD (1983) Zoospore germination of Saprolegnia patho-
genic to fish. Trans Br Mycol Soc 80:421-435

Willoughby LG, Pickering AD, Johnson HG (1984) Polycell-gel assay of water for spores of
Saprolegniaceae (fungi), especially those of the Saprolegnia pathogen of fish. Hydrobiologia
114(3):237-248

Wilson J (1976) Immunological aspects of fungal disease in fish. In: Recent advances in aquatic
mycology, pp 573-602

Yanong RP (2003) Fungal diseases of fish. Vet Clin Exot Anim Pract 6:377-400

Younis GA, Esawy AM, Elkenany RM, Shams El Deen MM (2020) Conventional identification of
pathogenic fungi isolated from fresh water aquar-ium fish (O. niloticus and C. gariepinus)
combined with molecular identification of Saprolegnia parasitica in egypt. Adv Anim Vet Sci 8(1):
77-88

Yuasa K, Hatai K (1996) Some biochemical characteristics of the genera Saprolegnia, Achlya and
Aphanomyces isolated from fishes with fungal infection. Mycoscience 37:477-479

Zahran E, Hafez EE, Mohd Altaf Hossain F, Elhadidy M, Shaheen AA (2017) Saprolegniosis in
Nile Tilapia: identification, molecular characterization, and phylogenetic analysis of two novel
pathogenic Saprolegnia strains. J Aquat Anim Health 29(1):43—49

Zhang L, Xu D, Wang F, Zhang Q (2019) Antifungal activity of Burkholderia sp. HDO5 against
Saprolegnia sp. by 2-pyrrolidone-5-carboxylic acid. Aquaculture 511:634198



	16: Oomycetes: Fungal-Like Menace in Cold-Water Aquaculture
	16.1 Introduction
	16.2 Oomycetes: Fungal-Like Organism
	16.3 Saprolegniasis
	16.4 A Typical Life Cycle of Saprolegnia sp.
	16.4.1 Asexual Reproduction
	16.4.2 Sexual Reproduction

	16.5 Morphological Identification
	16.5.1 Saprolegnia parasitica
	16.5.2 Saprolegnia australis
	16.5.3 Saprolegnia diclina
	16.5.4 Saprolegnia ferax
	16.5.5 Saprolegnia delica

	16.6 Symptoms of Saprolegnia Infections
	16.7 Molecular Description of Saprolegnia spp.
	16.8 Control of Saprolegnia sp. in Aquaculture
	16.8.1 Environment-Friendly Control Measures of Oomycetes Infections in Fishes

	16.9 Conclusion
	References




