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Abstract

In this paper, we review the current knowledge regarding factors affecting the
outbreaks of saprolegniosis. Saprolegniosis is a serious disease which can
cause significant economic losses in aquaculture. Oomycetes are considered
to be responsible for the disease. Outbreaks of saprolegniosis occur when
equilibrium between pathogenic oomycetes and host resistance is disturbed.
This may be the result of an increase in numbers or virulence of the zoospores
of oomycetes in the water, or an increase in the susceptibility of the host. The
presence of oomycetes zoospores in the environment is regarded as one of
the most important causes of saprolegniosis. However, important differences
have been found between plant and animal pathogenic oomycetes and appear
to be related not only to tactic responses to environment, but also to infection
strategies to a host. In addition, fish are more susceptible to infection by
pathogenic oomycetes when physically injured, stressed or infected.
Furthermore, water environmental factors, such as temperature, salinity, and
microorganisms, should be carefully considered since they play a key role in
the outbreaks of saprolegniosis.
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Introduction

Saprolegniasis is a disease characterized by cotton-wool-like threads on eggs or the
integument and gills of fish (Bruno et al., 1999). This disease can cause significant
economic losses, threatening the aquaculture industry, by killing fish, fish eggs,
amphibians and crustacians (Densmore and Green, 2007; Fernandez-Benéitez et al.,
2010; Hirsch et al., 2008; Kiesecker et al., 2010; Ruthig, 2009). Oomycetes are
responsible for saprolegniasis (Bruno and Wood, 1999). Identification and classification of
oomycetes have historically been a problem. Oomycetes were previously classified as
fungi, because of their filamentous growth, and because they live on decaying matter as
do fungi. However, several other characteristics, including combinations of cellulose cell
wall, biflagellated zoospores, gametangial copulation, and biochemical analyses, suggest
that the oomycetes are more closely related to algae (Phaeophyta and Chrysophyta) and
higher plants, but are not true fungi (Paul and Steciow, 2004). With the advanced
application of molecular techniques, our understanding of the taxonomy of oomycetes is
clearer (Harper et al., 2005; Riisberg et al., 2009). At present, oomycetes are no longer
considered to be true fungi but are classified within the kingdom Stramenopiles
(Heterokonts), which also includes brown algae and diatoms (Baldauf et al., 2000; Tyler
and Boore, 2006).

Taxonomically oomycetes are divided into three subclasses: Saprolegniomycetidae,
Rhipidiomycetidae, and Peronosporomycetidae. Most animal pathogenic oomycetes
including  Saprolegnia, @ Achlya and Aphanomyces belong to the «class
Saprolegniomycetidae (Jiang et al., 2013; West, 2006). During infection, oomycetes
translocate effector proteins and toxins into the tissues of the host which manipulate host
immune responses. However, until recently, relatively little was known about the
mechanisms of the translocation and it seems quite different between plant and animal
pathogenic oomycetes (Ellis and Dodds, 2011; Kale and Tyler, 2011; Wawra et al,,
2012).

For many vyears, malachite green oxalate was used to control outbreaks of
saprolegniosis. However, in 2002, malachite green was banned due to potential
teratogenic and mutagenic properties. As a result, there are only a limited number of
chemical compounds available for fish farmers, and development of alternative control
strategies to combat saprolegniosis is imperative (Liu, 2014). In this review, we provide
a brief overview of some factors affecting outbreaks of saprolegniosis, including
pathogenicity determinants of oomycetes, predisposing factors of hosts, and
environmental factors. This is in order to better understand saprolegniosis which in turn
may enable development of new strategies to control the infection in the future.

Pathogenicity determinants of oomycetes

The presence of oomycetes zoospores in the aquatic environment is regarded as one
of the most important causes of saprolegniosis (Bly et al., 1992; Bly et al., 1993).
Oomycetes zoospores are released during asexual reproduction stages and have several
tactic responses, such as chemotaxis, which helps to find a suitable host. When in close
proximity to a potential host, oomycetes establish disease by translocating effector
proteins and toxins into the tissues of hosts to manipulate their immune responses.

Several special asexual reproduction stages which help to find a suitable host.

Oomycetes have several asexual reproduction stages not found in fungal pathogens,
that help them to successfully infect hosts (Fig.1) (Phillips et al., 2008; West, 2006).
When nutrient levels decrease, sporangia which are located at the top of hypha are
formed. This is similar to many lower fungi, such as Chytridiomycota and Zygomycetes
(Xing and Li, 1999). When the zoospores are formed in the sporangium, the entire
sporangial release process takes place in less than a minute. It is considered one of the
fastest developmental processes in any biological system (Walker and West, 2007). After
their release, their unicellular biflagellate zoospores, named primary zoospores, swim
only for a short time and produce primary cysts after shedding their two flagella and
forming a cell wall within minutes (Berg et al., 2013; Bruno et al., 1999). This process
can occur under laboratory conditions such as agitating the cultural solution or in the
presence of nutrients such as peptone, dissolved fish mucus, or nutrient solutions such
as bovine serum albumin, hemoglobin and hempseeds (Berg et al., 2013). Primary cysts
can release new zoospores, called secondary zoospores that swim for many hours before
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encysting to secondary cysts, and exhibiting chemotactic responses, electrotaxis,
autotaxis, or autoaggregation and infecting new hosts (Bruno et al., 1999). Unlike true
fungi, both the primary zoospores and secondary zoospores of oomycetes have two kinds
of flagellae, one is posterior, and the other, anterior. The latter has a fibrous and ciliated
structure. Although some true fungi, Chytridiomycota for example, also have motile
zoospores, their flagellae are only a posterior whiplash type (Rossman, 2006). Once the
secondary zoospores adhere to a host, and penetrate the root tissues, infection is
initiated and secondary cysts form. Secondary cysts of some oomycetes, such as
Saprolegnia parasitica, have long hooked hairs that are believed to increase attachment
efficiency (Grandes et al., 2000; Ismail et al., 1979). Finally, the secondary cyst adheres
and germinates to produce a hypha that may develop into a mycelium and invade the
host. When secondary cysts do not adhere to a host, they will release new zoospores.
This cycle of repeated zoospore emergence is defined as ‘polyplanetism’ and provides
another opportunity to locate a suitable host.
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Fig.1 Schematic diagram of the asexual life cycle of Saprolegnia parasitica. This figure modified
from van West (2006).

Tactic responses of zoospores increase the chances of successfully finding a host

Oomycetes, though closer to algae and higher plants in phylogeny, show a totally
different tactic to survive. Unlike plants, the light source is less important for oomycetes.
A previous study has shown that predominantly unilateral illumination did not have a
perceptible effect on the distribution of zoospores of Phytophthora cactorum,
Phytophthora nicotianae, and Phytophthora palmivora, in a Petri dish (Cameron and
Carlile, 1977). In addition, the potential aerotaxis of zoospore of P. cactorum and P.
nicotianae has been evaluated when placed horizontally in capillary tubes filled with air,
oxygen, nitrogen, or carbon dioxide (Cameron and Carlile, 1977). It seems that plant
pathogenic oomycetes have no aerotaxis. Other tactic responses of oomycetes
zoospores, such as chemotaxis, negative geotaxis, and electrotaxis, may also increase
the success of finding a host (Cameron and Carlile, 1978, 1977; Cerenius and Sdéderhall,
1984; El-Feki et al., 2003; Morris et al., 1992; Rand and Munden, 1993). Among them,
chemotaxis is most widely studied and the most important response for oomycetes. It is
noted that P. palmivora zoospores were repelled by many low molecular weight cations,
such as H*, K*, Cs*, Mg?* and La3*(Cameron and Carlile, 1977). It is suggested that
negative chemotaxis of Phytophthora zoospores to cations is dependent on a general
mechanism of cation interaction with a negatively charged membrane, and the
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effectiveness of cations as repellents should parallel their ionic conductivities (Cameron
and Carlile, 1977). This negative chemotaxis might help to protect oomycetes from being
repelled by these low molecular weight cations. Inversely, zoospores can also be
attracted to various organic compounds (positive chemotaxis), which greatly increase the
chances of finding a suitable host. An early study reported that chemotaxis of
Aphanomyces astaci Si zoospores toward the washed legs of all three species of crayfish
was observed after a few minutes, and the exudate from crayfish legs attracted
zoospores from three different strains of A. astaci (Cerenius and Sdderhall, 1984). In
addition, the zoospores of Saprolegnia diclina showed a strong chemotactic response to
the chorionic membrane prepared from live eggs of brook trout Salvelinus fontinalis
(Rand and Munden, 1993). In addition, zoospores of Saprolegnia parasitica were
attracted to fish tissue extracts (El-Feki et al., 2003). These results suggest that positive
chemotaxis may have an important role in attracting zoospores of oomycetes towards
aquatic animals. The ability of zoospores to swim towards a nutrient source greatly
increases the chances of finding a suitable host.

There have been some reports about negative geotaxis and electrotaxis of zoospores
of oomycetes. It has been reported that zoospores of Phytophthora tend to accumulate at
the upper surface of a suspension. These indicate that the effect is due to negative
geotaxis-active swimming as zoospores have a higher density than water (Cameron and
Carlile, 1977). Furthermore, in a laboratory experiment by applying weak electrical fields
and quantifying electrotaxis, it has been shown that P. palmivora zoospores exhibit
anodal electrotaxis in electrical field =0.5V/m comparable in size to the physiological
fields around roots (Morris et al., 1992). In conclusion, studies about tactic responses of
zoospores will provide a reference to the further research of the infection strategy of
oomycetes.

Candidate effector proteins and virulence proteins promote infection

Oomycetes often establish disease by translocation of effector proteins and virulence
proteins into the tissues of the host to manipulate host immune responses (Jiang et al.,
2013; Schornack et al., 2009; Whisson et al., 2007). However, until recently, relatively
little was known about the mechanisms of translocation of effectors, and these seem to
differ between plant and animal pathogenic oomycetes (Ellis and Dodds, 2011; Kale and
Tyler, 2011; Wawra et al., 2012). Some effectors, such as inhibitor proteins of plant
hydrolases, are thought to function in the plant apoplast, where they interfere with plant
extracellular proteins involved in the pathogen defense (Damasceno et al., 2008). Other
oomycete effectors from plant pathogenic oomycetes, namely members of the RXLR and
Crinkler (CRN) families, are translocated inside host cells through binding to PI-3-P,
relying on an intact RXLR-motif and involving a lipid raft-mediated endocytosis (Kale and
Tyler, 2011; Kale et al., 2010; Plett et al., 2011; Schornack et al., 2009.) (Fig.2).
However, these large families of Crinkler and RXLR effectors appear to be absent in the
oomycete fish pathogen Saprolegnia parasitica (Jiang et al., 2013). Despite the absence
of large RXLR effector families, a putative effector from S. parasitica, SpHtpl, which
contain an N-terminal RXLR sequence, is translocated into fish cells during the interaction
(West et al., 2010). However, the translocation of SpHtpl is mediated by an interaction
with tyrosine-O-sulfate-modified cell-surface molecules, not via PI-3-P, as has been
reported for RXLR effectors from plant pathogenic oomycetes (Wawra et al., 2012)
(Fig.2). Besides effector proteins, oomycetes often secrete a battery of virulence proteins
to promote infection. It has been demonstrated that a serine protease (SPRG_14567)
secreted from S. parasitica could degrade fish IgM, and it is indicated that this serine
protease could be a virulence factor by suppressing initial immune responses of fish
(Jiang et al., 2013). From the above, we can conclude that the immune response of the
host may be avoided or even suppressed by effector proteins or virulence proteins of
oomycetes during the initial stages of interaction thereby facilitating saprolegniosis.
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Fig.2 Oomycete pathogen effector proteins target different sites in host tissue. Schematic view of
effectors secretion by a plant oomycete (a) and a fish oomycete (b). This figure modified from Kale
and Tyler (2011) and Schornack et al. (2009).

(a) Apoplastic effectors are secreted into the extracellular space, where they interfere with
apoplastic plant proteins involved in pathogen defenses. Cytoplasmic effectors translocate
inside plant cells by binding to cell surface phosphatidyinositol-3-phosphate (PI-3-P) via the
RXLR domain precedes entry via lipid-raft-mediated endocytosis.

(b) SpHtp1, a putative effector from the fish pathogenic oomycete, S. parasitica, is translocated
into fish cells during the interaction. Cell surface binding and uptake of this effector protein is
mediated by an interaction with tyrosine-O-sulfate-modified protein.

Predisposing factors of hosts
Many species of oomycetes are saprophytic opportunists, i.e. secondary infection

agents, multiplying in injured, stressed or infected fish, and dead or unfertilized eggs

(Pickering and Willoughby, 1982).

Injured, stressed or infected fish have higher risk of infection from saprolegniosis.
The consensus is that healthy fish are at low risk of pathogenic oomycetes infections

(Berg et al., 2013). However, fish are more susceptible to infection by pathogenic

oomycetes when physically injured, stressed, or infected (Pickering and Willoughby,

1982). Physical injury comes largely from mechanical damage due to high stocking

densities of farmed fish and tegument damage sustained during spawning (Bruno et al.,

1999). Skin lesions of physically injured fish could be the initial predisposable condition

for colonies. Reports found that injured fish have a higher susceptibility to oomycetes

under experimental conditions (Srivastava and Srivastava, 1977). The skin of fish plays a

fundamental role against oomycetes infections as it is the first point of contact for the

infective organism and has at least three lines of defenses against oomycetes infection
following infection of fish with zoospores (Bruno et al., 1999). Firstly, the mucosal layer
covering the fish epithelia acts primarily as a physical barrier to colonization by
oomycetes or other infectious agents and serves to reduce the number of propagules on
the fish surface by increased secretion of mucus when in contact with oomycetes (Bruno
et al., 1999). Secondly, the epidermal layer also acts as an important protective barrier.
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Minor injuries to the epidermal layer of fish are often ‘hotspots’ for Saprolegnia infection
and it suggests that this layer has a central role in protecting fish from infection when it
is intact (Phillips et al., 2008). Thirdly, club cells that lie on the surface layers of the
epidermis release chemical alarm cues when encountering attack (Phillips et al., 2008)
and have antipathogenic role during oomycetes infection (Chivers et al., 2007). Research
has found that fathead minnows infected with cysts of Saprolegnia had a greater number
of club cells within the epidermis than uninfected minnows (Chivers et al., 2007). This
indicates that club cells of fish may provide a defense during oomycetes infection. In
general, the skin of fish acts as an important protective barrier when coming into contact
with oomycetes. When the epidermal integrity of fish is destroyed, this may assist
oomycetes to clone and cause outbreaks of saprolegniosis.

Environmental stressors, including poor water quality, temperature shocks, over-
handling, overcrowding, and other stressors, can result in immunosuppression of fish and
increased occurrences of oomycete infections (Bailey, 1984; Huang et al., 2010; Tao et
al., 2016). In fact, many studies have demonstrated that sudden decrease in water
temperature was associated with immunosuppression of fish and a higher risk of
saprolegniosis (Bly and Clem, 1991; Bly et al, 1993). Immunosuppressed minnows that
had suffered cadmium (Cd) exposure were not able to produce club cells in response to
Saprolegnia infection, and this led to a higher incidence of saprolegniosis (Chivers et al.
2007). It is confirmed that environmental stressors can result in the immunosuppression
of fish making them more susceptible to infection by oomycetes.

Hosts infected with a primary pathogen are more susceptible to infection by
oomycetes. Primary bacterial infection associated with S. parasitica has been recorded in
the Japanese eels, Anguilla japonica (Equsa, 1965; Egusa and Nishikawa, 1965) but this
was inhibited by adding antibiotic dihydrostreptomycin to the water (Egusa, 1965).
Furthermore, concurrent infestations with Saprolegnia sp. were also observed in wild
Atlantic salmon infected with Gyrodactylus salaris and Gyrodactylus sp. which damaged
the skin of the host (Heggberget and Johnsen, 1982; Johnsen, 1978). In general, these
findings demonstrated that hosts with a primary pathogen were more susceptible to
oomycetes.

Small, dead or unfertilized eggs have higher risk of infection

Size differences between fish eggs are thought to be one of the factors of
Saprolegnia infection. In general, small eggs from species such a common carp (Cyprinus
carpio) and catfish (Pelteobagrus fulvidraco) were infected within days, whereas
Saprolegnia infections occurred much later in salmonid eggs (Cao et al., 2012;
Chukanhom and Hatai, 2004).

Dead or unfertilized eggs are at higher risk of infection with saprolegniosis. In an
experiment with live and dead Atlantic salmon eyed eggs which were infected with eight
different Saprolegnia isolates, all isolates were only able to grow on dead eggs (Thoen et
al., 2011). However, this differs from the results of Songe et al. (2016) who claimed that
S. parasitica was wildly attracted to eyed eggs of Salmo salar L., believing that there
might be a possible facultative biotrophic mechanism by S. parasitica.

Water environmental factors affecting outbreaks of saprolegniosis

The possible contribution of water quality to the outbreaks of saprolegniosis has been
discussed in several earlier studies (Bly et al., 1992; Bly et al., 1993; Olah and Farkas,
1978). Along these lines, abundant laboratory and field evidence demonstrates that
differing levels of pH, oxygen, total ammonia nitrogen, and un-ionized ammonia
appeared to have no effect on the development of saprolegniosis (Bly et al., 1992; Bly et
al., 1993; Bly and Clem, 1991). However, other water environmental factors, such as
water temperature, salinity, and microorganisms, have a great effect on outbreaks of
saprolegniosis (Bly et al., 1992; Bly et al., 1993; Taylor and Bailey, 1979; Mifsud and
Rowland, 2008; Bly et al., 1997; Hussein and Hatai, 2001; Lategan et al., 2004a;
Lategan et al., 2004b).

Water temperature

Outbreaks of saprolegniosis often occur in early spring and in late autumn when the
water is colder (Olah and Farkas, 1978). Channel catfish cultured in earthen ponds in the
southern U.S. frequently suffered from saprolegniosis, hamed 'winter kill', from October
to March as observed by farmers during severe cold weather where the pond water
temperature decreased from 20°C to 10°C within 24h and remained low for at least one
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week (Bly et al., 1993). It appears that temperature might be a key factor to these
‘winter kills’. To understand the interrelationships between environmental temperature
and saprolegniosis, several experiments were conducted. Bly et al. (1993) monitored two
commercial catfish ponds for over one year to determine if a rapid drop in pond water
temperature could be correlated with outbreaks of winter saprolegniosis and noted that it
was associated with an immunosuppression of the catfish in these ponds and the
Saprolegnia sp. zoospore levels were highest, reaching = 5 spores/ml during the winter
months in contrast to less than 1 spore/ml during most of the summer months.
Moreover, channel catfish were immunosuppressed by a rapid decrease in water
temperature under controlled laboratory conditions, and this caused 92% infection and
67% mortality within 21 d post oomycetes challenge (Bly et al., 1992). It therefore
seems that the onset of saprolegniosis might occur due to a combination of a rapid drop
in water temperatures and the length of time these low water temperatures persisted. It
also seemed that if one of these factors was missing, the fish in the ponds remained
healthy (Bly et al., 1993). These results confirmed that water temperature played a
fundamental role in the outbreaks of saprolegniosis, and winter saprolegniosis was an
immunodeficiency disease caused by oomycetes.

Salt

Saprolegniosis is widely reported in fresh water fish, but rarely in seawater. It seems
that seawater or salt may play an important role in the control of outbreaks of this
disease. It was clearly demonstrated as early as 1979 that Daily 2-3 h treatments with
seawater could control S. diclina in eggs of pink salmon safely and effectively (Taylor and
Bailey, 1979). They argued that seawater was an effective substitute for malachite green
in the control of saprolegniosis (Taylor and Bailey, 1979). Seawater, salt (NaCl) is a safe,
relatively inexpensive parasiticide and osmoregulatory aid that is widely recommended
for the prevention of saprolegniosis (Mifsud and Rowland, 2008). The effectiveness of salt
in controlling saprolegniosis may vary with fish species, salt concentration, and the strain
of oomycetes (Marking et al., 1994; Mifsud and Rowland, 2008; Chukanhom and Hatai,
2004). The control of Saprolegnia infection of trout eggs and improved hatching rate was
observed at a salt concentration of 3% (Marking et al., 1994). It has been reported that
the survival rate of silver perch harvested from a pond and treated with 2 or 3 g/L salt
was 100% compared to untreated fish (0g/L salt) whose survival rate was only 66.7%
after infection with S. parasitica (Mifsud and Rowland, 2008). However, isolate of S.
diclina was able to tolerate up to 3.0% of NaCl in the environment, whereas the isolates
of A. klebsiana and Al. arbuscula grew poorly in 1.0% NaCl (Chukanhom and Hatai,
2004). The effectiveness of salt control of saprolegniosis may be different depending on
the species of oomycetes. In conclusion, seawater or salt (NaCl) can be used to control
saprolegniosis, however the effectiveness of salt in controlling saprolegniosis may vary
with fish species, salt concentration, and strain of oomycetes.

Microorganisms

Numerous aquatic bacteria are antagonistic to pathogenic oomycetes. Three out of
seven Pseudomonas fluorescens from commercial channel catfish pond water inhibited
saprolegnia's hyphal growth (Bly et al., 1997). In addition, cyst germination was
inhibited by each of seven P. fluorescens subcultures at ratios as highas 1:0.5to 1: 10,
whereas Escherichia coli (as a control) occurred only at a ratio of 1 : 500 (Bly et al.,
1997). Results indicated that some strains of P. fluorescens in the pond could inhibit
hyphal growth and cyst germination of Saprolegnia strains. Another report from Hussein
and Hatai claimed that some bacteria isolated from the lesions of salmonid fish with
saprolegniosis, which belonged to the genera Alteromonas, Pseudomonas, and
Aeromonas, could produce antifungal substances (Hussein and Hatai, 2001). These
results demonstrated that these bacteria may be used for biocontrol of saprolegniosis in
aquaculture. The potential therapeutic application of Aeromonas media strain UTS A199
as a candidate for the biocontrol of saprolegniosis in the eel, Anguilla austalis, has been
evaluated (Lategan et al., 2004a; Lategan et al., 2004b). It was found that the presence
of A199 delayed the progress of the disease by inhibition of hyphal growth within lesions
and cyst germination but could not protect the fish from the disease under these
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conditions (Lategan et al., 2004a). In general, these bacteria appear to be the natural
competitors of oomycetes and thus may be used for biocontrol of oomycetes in the
future. However, a potential problem in using live bacteria for biological control is that
the bacteria themselves may be a disease causative agent in fish. A. hydrophila, A.
sobria, and P. fluorescens are now recognized as causal agents of bacterial hemorrhagic
septicemia in almost all types of fish species (Sahoo et al., 2016). In view of this, further
studies in biocontrol of saprolegniosis should concentrate on both safety and
effectiveness of bacteria.

_ Perspectives

Outbreaks of saprolegniosis occur when the equilibrium between pathogenic
oomycetes infection and the host’s resistance is disturbed. This may be a result of an
increase in numbers or virulence of the oomycetes zoospores in the water or an increase
in the susceptibility of the host (Pickering and Willoughby, 1982).

The presence of oomycetes zoospores in the environment is regarded as one of the
most important causes of saprolegniosis of channel catfish (Bly et al., 1992; Bly et al.,
1993). Oomycetes zoospores are released during asexual reproduction stages and have
several tactic responses, such as chemotaxis, that helps find a suitable host. Once close
to a potential host, oomycetes establish disease by translocation of effector proteins and
toxins into the tissues of the host to manipulate host immune responses. The most
famous oomycete in aquaculture is S. parasitica. SpHtpl is a putative effector of S.
parasitica and interacts with tyrosine-O-sulfate-modified cell-surface molecules to
translocate into host cells (Wawra et al., 2012; West et al., 2010).

Emerging evidence suggests that fish are more susceptible to infection by pathogenic
oomycetes when physically injured, stressed, or infected (Pickering and Willoughby,
1982). The skin of fish plays a fundamental role and has at least three lines of defense
against oomycetes infection by zoospores (Bruno et al., 1999). When the fish’s epidermal
integrate is destroyed, it helps oomycetes to form clones and results in higher risk of
saprolegniosis (Srivastava and Srivastava, 1977). Several reports suggest that
environmental stressors, such as poor water quality, temperatures shock, handling, and
overcrowding, «can all result in immunosuppression in fish, and those
immunocompromised fish are more susceptible to oomycetes (Bailey, 1984; Bly et al.,
1993; Chivers et al., 2007). In addition, many studies have demonstrated that the hosts
with a primary pathogen are more susceptible to be infected by oomycetes (Egusa,
1965; Egusa and Nishikawa, 1965; Heggberget and Johnsen, 1982; Johnsen, 1978).
Furthermore, many studies have shown that water environmental factors, such as water
temperature, salinity, and microorganisms, have a great effect on outbreaks of
saprolegniosis (Bly et al., 1992; Bly et al., 1993; Bly and Clem, 1991).

In summary, outbreaks of saprolegniosis are closely connected with the lack of
equilibrium between pathogens and hosts. This is relevant to the increasing number
and/or virulence of the oomycetes zoospores in the water and higher susceptibility of fish
to this pathogen. The possible contribution to ability of oomycete zoospores to infect,
predisposing factors of hosts, and water environment to outbreaks of saprolegniosis has
been discussed in several earlier studies referred to above. However, until recently,
relatively little was known about the mechanisms which explained how effector proteins
of oomycetes could enter the host cells. As well as the possible virulence proteins that
combat the activity of fish immunoglobulins against pathogenic oomycetes need to be
investigated. Today, with the ban on malachite green, only a limited number of chemical
compounds are effective in the control of saprolegniosis. Generally, a combination of
farm management, husbandry practices, and chemical bath treatments may be an
effective strategy in preventing or limiting outbreaks of saprolegniosis (Bruno et al.,
1999).

Acknowledgements
This work was supported in part by an open fund project of Key Laboratory of Fishery
Drug Development (201502).



Factors Affecting the Outbreaks of Saprolegniosis 9

References
Bailey T. A, 1984. Effects of twenty-five compounds on four species of aquatic fungi
(Saprolegniales) pathogenic to fish. Aquaculture, 38: 97-104.
Baldauf S. L., Roger A. J., Wenk-Siefert I. and Doolittle W. F., 2000. A Kingdom-
Level Phylogeny of Eukaryotes Based on Combined Protein Data. Science,
290(5493):972.
Berg A. H. V. D., Mclaggan D., Diéguez-Uribeondo J. and West P. V., 2013. The
impact of the water moulds Saprolegnia diclina and Saprolegnia parasitica on natural
ecosystems and the aquaculture industry. Fungal Biology Reviews, 27(2):33-42.
Bly J. E., Lawson L. A, Dale D. J, Szalai A. J, Durburow R. M and Clem L. W, 1992,
Winter saprolegniosis in channel catfish. Dis. Aquat. Org., 13(3):155-164.
Bly J. E., Lawson L. A., Szalai A. J. and Clem L. W., 1993. Environmental factors
affecting outbreaks of winter saprolegniosis in channel catfish, Ictalurus punctatus
(Rafinesque). J. Fish Dis., 16(6):541-549.
Bly J. E., Quiniou M. A, Lawson L. A. and Clem L. W., 1997. Inhibition of
Saprolegnia pathogenic for fish by Pseudomonas fluorescens. J. Fish Dis., 20(1):35-40.
Bly J. E. and Clem L. W., 1991. Temperature-mediated processes in teleost immunity:
In vitro immunosuppression induced by in vivo low temperature in channel catfish. Vet.
Immunol. and Immunopathol., 28:365-377.
Bruno D. W., and Wood B. P., 1999. Saprolegnia and other oomycetes. In: Woo PTK;
Bruno DW, ed. Fish Diseases and Disorders: Volume 3: Viral, Bacterial and Fungal
Infections, 2nd Edition. Wallingford, UK: CABI International, 669-720 pp.
Cameron J. N. and Carlile M. J., 1978. Fatty acids, aldehydes and alcohols as
attractants for zoospores of Phytophthora palmivora. Nature, 271(5644):448-449,
Cameron J. N. and Carlile M. 1., 1977. Negative Geotaxis of Zoospores of the Fungus
Phytophthora. J. Gen. Microbiol., 98(2):599-602.
Cao H., Zheng W., Xu J., Ou R,, He S. and Yang X., 2012. Identification of an isolate
of Saprolegnia ferax as the causal agent of saprolegniosis of Yellow catfish (Pelteobagrus
fulvidraco) eggs. Vet. Res. Commun., 36(4):239-244.
Cerenius L. and Soéderhdll K., 1984. Chemotaxis in Aphanomyces astaci , an
Arthropod-Parasitic Fungus. J. Invertebr. Pathol., 43(2):278-281.
Chivers D. P., Wisenden B. D., Hindman C. J., Michalak T. A., Kusch R. C,,
Kaminskyj S. G. W., et al., 2007. Epidermal 'alarm substance' cells of fishes maintained
by non-alarm functions: possible defence against pathogens, parasites and UVB
radiation. Proceedings Biological Sciences, 274(1625):2611-26109.
Chukanhom K. and Hatai K., 2004. Freshwater fungi isolated from eggs of the
common carp (Cyprinus carpio) in Thailand. Mycoscience, 45(1):42-48.
Damasceno C. M. B., Bishop J. G., Ripoll D. R., Win J., Kamoun S. and Rose J. K.
C., 2008. Structure of the glucanase inhibitor protein (GIP) family from phytophthora
species suggests coevolution with plant endo-beta-1,3-glucanases. Molecular plant-
microbe interactions, 21(6):820-830.
Densmore C. L. and Green D. E., 2007. Diseases of amphibians. ILAR J., 48(3):235-
254,
Egusa S., 1965. The existence of a primary infectious disease in the so-called ‘fungus
disease’ in pond-reared eels. Nihon-suisan-gakkai-shi, 31(7):517-526.
Egusa S. and Nishikawa T., 1965. Studies of a primary infectious disease in the so-
called fungus disease of eels. Nihon-suisan-gakkai-shi, 31(10):804-813.
El-Feki M, Hatai K and Hussein MMA, 2003. Chemotactic and chemokinetic activities
of Saprolegnia parasitica toward different metabolites and fish tissue extracts.
Mycoscience, 44(2):159-162.
Ellis J. G. and Dodds P. N., 2011. Showdown at the RXLR motif: Serious differences of
opinion in how effector proteins from filamentous eukaryotic pathogens enter plant cells.
Proc. Natl. Acad. Sci. U. S. A., 108(35):14381-14382.
Fernandez-Benéitez M. J., Ortiz-Santaliestra M. E., Lizana M. and Diéguez-
Uribeondo J., 2008. Saprolegnia diclina: another species responsible for the emergent
disease 'Saprolegnia infections’ in amphibians. FEMS Microbiol. Lett., 279(1):23-29.



10 Duan & Feng et al.

Grandes J M F., Diez M F. and Gancedo J M A., 2000. Ultrastructural 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(2):147-160.

Harper J. T., Waanders E. and Keeling P. J., 2005. On the monophyly of
chromalveolates using a six-protein phylogeny of eukaryotes. Int. J. Syst. Evol.
Microbiol., 55:487-496.

Heggberget T. G. and Johnsen B. 0., 1982. Infestations by Gyrodactylus sp. of
Atlantic salmon, Salmo salar L., in Norwegian rivers. J. Fish Biol., 21(1):15-26.

Hirsch P. E., Nechwatal Jan and Fischer P., 2008. A previously undescribed set of
Saprolegnia spp. in the invasive spiny-cheek crayfish (Orconectes limosus, Rafinesque).
Fundam. Appl. Limnol., 172(2):161-165.

Huang X. L., Wang K. Y., Du Z. J., Geng Y. and Deng Y. Q., 2010. Identification,
isolation and in vitro antimicrobial susceptibility testing of Aeromonas veronii associated
with an acute death of Channel Catfish (Ictalurus lunetas) in China. Afr. J. Biotechnol.,
9(14):2161-2164.

Hussein M. M. A and Hatai K., 2001. In vitro inhibition of Saprolegnia by bacteria
isolated from lesions of salmonids with saprolegniasis. Fish Pathol., 36(2):73-78.

Ismail A. L. S., Rattan S. S. and Muhsin T. M., 1979. Aquatic fungi of Iraq: Species of
Saprolegnia. Hydrobiologia, 65(1):83-93.

Jiang R. H. Y., Bruijn I. D., Haas B. J., Belmonte R., Lébach L., Christie J.,
Ackerveken G. V. D., Bottin A., et al., 2013. Distinctive Expansion of Potential
Virulence Genes in the Genome of the Oomycete Fish Pathogen Saprolegnia parasitica.
PLoS Genet., 9(6): €1003272.

Johnsen B. O, 1978. The effect of an attack by the parasite Gyrodactylus salaris on the
population of salmon parr in the river Lakselva, Misvaer in northern Norway. J Arctic Biol.
Kale S. D., Gu B., Capelluto D. G. S., Dou D. L., Feldman E., Rumore A,
Arredondo F. D., Hanlon R., et al., 2010. External lipid PI3P mediates entry of
eukaryotic pathogen effectors into plant and animal host cells. Cell, 142(2):981-983.
Kale S. D. and Tyler B. M., 2011. Entry of oomycete and fungal effectors into plant and
animal host cells. Cell. Microbiol., 13(12):1839-1848.

Kiesecker J. M., Blaustein A. R. and Miller C. L., 2010. Transfer of a Pathogen from
Fish to Amphibians. Conservation Biology, 15(4):1064-1070.

Lategan M. J., Torpy F. R. and Gibson L. F., 2004a. Biocontrol of saprolegniosis in
silver perch Bidyanus bidyanus (Mitchell) by Aeromonas media strain A199. Aquaculture,
235(1-4):77-88.

Lategan M. 1., Torpy F. R. and Gibson L. F., 2004b. Control of saprolegniosis in the
eel Anguilla australis Richardson, by Aeromonas media strain A199. Aquaculture, 240(1-
4):19-27.

Liu R. J., 2014. In vitro antifuan!l activity of thirty Chinese herbal extraction to
Saprolegnia ferax and the preliminary study of Magnolia Officinalis antifungal
components. Sichuan Agricultural University, Ya'an.

Liu T., Wang K. Y., Wang J., Chen D. F., Huang X. L., Ouyang P., Geng Y., He Y.,
Zhou Y. and Min J., 2016. Genome Sequence of the Fish Pathogen Yersinia ruckeri
SCO09 Provides Insights into Niche Adaptation and Pathogenic Mechanism. Int. J. Mol.
Sci., 17(4):557.

Marking L. L., Rach J. J. and Schreier T. M., 1994. Evaluation of antifungal agents for
fish culture. Prog. Fish-Cult., 56(4):225-231.

Mifsud C. and Rowland S. J., 2008. Use of salt to control ichthyophthiriosis and
prevent saprolegniosis in silver perch, Bidyanus bidyanus. Aquacult. Res., 39(11):1175-
1180.

Morris B. M., Reid B. and Gow N. A. R., 1992. Electrotaxis of zoospores of
Phytophthora palmivora at physiologically relevant field strengths. Plant Cell &
Environment, 15(6):645-653.

Olah J and Farkas J, 1978. Effect of temperature, pH, antibiotics, formalin and
malachite green on the growth and survival of Saprolegnia and Achlya parasitic on fish.
Aquaculture, 13(3):273-288.

Paul B. and Steciow M. M., 2004. Saprolegnia multispora, a new oomycete isolated
from water samples taken in a river in the Burgundian region of France. FEMS Microbiol.
Lett., 237(2):393-398.



Factors Affecting the Outbreaks of Saprolegniosis 11

Phillips A. J., Anderson V. L., Robertson E. J., Secombes C. J. and Van W. P,,
2008. New insights into animal pathogenic oomycetes. Trends Microbiol., 16(1):13-19.
Pickering A. D. and Willoughby L. G., 1979. Saprolegnia Infections of Salmonid Fish.
Annual Report Freshwater Biological Association Ambleside:38-48.

Plett J. M., Kemppainen M., Kale S. D., Kohler A., Legué V, Brun A, Tyler B. M.,
Pardo A. G. and Martin F., 2011. A secreted effector protein of Laccaria bicolor is
required for symbiosis development. Curr Biol, 21(14):1197-1203.

Rand T. G. and 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(4):240-
245.

Riisberg I., Orr R. 1. S., Kluge R., Shalchian-tabrizi K., Bowers H. A., Patil V.,
Edvardsen B. and Jakobsen K. S., 2009. Seven gene phylogeny of heterokonts.
Protist, 160(2):191-204.

Rossman A. Y., 2006. Why are Phytophthora and Other Oomycota not True Fungi?
Outlooks Pest Manage., 17(5):217-219.

Ruthig G. R., 2009. Water molds of the genera Saprolegnia and Leptolegnia are
pathogenic to the North American frogs Rana catesbeiana and Pseudacris crucifer,
respectively. Dis. Aquat. Org., 84(3):173-178.

Sahoo T. K., Jena P. K., Patel A. K. and Seshadri S., 2016. Bacteriocins and their
applications for the treatment of bacterial diseases in aquaculture: a review. Aquacult.
Res., 47(4):1013-1027.

Schornack S., Huitema E., Cano L. M., Bozkurt T. O., Oliva R.,, Van D. M,,
Schwizer S., Raffaele S., et al., 2009. Ten things to know about oomycete effectors.
Mol. Plant Pathol., 10(6):795-803.

Songe M. M., Willems A, Wiik-Nielsen J, Thoen E, Evensen @, West P. V. and

Skaar I., 2016. Saprolegnia diclina IIIA and S. parasitica employ different infection
strategies when colonizing eggs of Atlantic salmon, Salmo salar L. J. Fish Dis.,
39(3):343-352.

Srivastava G. C. and Srivastava R. C., 1977. Host range of Achlya prolifera (Nees) de
Bary on certain fresh water teleosts. Mycopathologia, 61(1):61-62.

Taylor S. G. and Bailey J. E., 1979. Saprolegnia: Control of Fungus on Incubating Eggs
of Pink Salmon by Treatment with Seawater. The Progressive Fish-Culturist, 41(4):181-
183.

Thoen E, Evensen @ and Skaar I, 2011. Pathogenicity of Saprolegnia spp. to Atlantic
salmon, Salmo salar L., eggs. J. Fish Dis., 34(8):601-608.

Tyler B. M., Tripathy S, Zhang X, Dehal P., Jiang R. H. Y., et al.,, 2006.
Phytophthora genome sequences uncover evolutionary origins and mechanisms of
pathogenesis. Science, 313(5791):1261-1266.

Walker C. A. and West P. V., 2007. Zoospore development in the oomycetes. Fungal
Biology Reviews, 21(1):10-18.

Wawra S., Bain J., Durward E., Bruijn I. D., Minor K. L., Matena A., Lobach L.,
Whisson S. C., Bayer P., et al., 2012. Host-targeting protein 1 (SpHtpl) from the
oomycete Saprolegnia parasitica translocates specifically into fish cells in a tyrosine-O-
sulphate-dependent manner. Proc. Natl. Acad. Sci. U. S. A., 109(6):2096-2101.

P. V., 2006. Saprolegnia parasitica, an oomycete pathogen with a fishy appetite: new
challenges for an old problem. Mycologist, 20(3):99-104.

West P. V., Bruijn I. D., Minor K. L., Phillips A. J., Robertson E. J., Wawra S., Bain
J., Anderson V. L. and Secombes C. J., 2010. The putative RxLR effector protein
SpHtp1l from the fish pathogenic oomycete Saprolegnia parasitica is translocated into fish
cells. FEMS Microbiol. Lett., 310(2):127-137.

Whisson S. C., Boevink P. C., Moleleki L., Avrova A. O., Morales J. G., Gilroy E. M.,
Armstrong M. R., Grouffaud S., West P. V., et al., 2007. A translocation signal for
delivery of oomycete effector proteins into host plant cells. Nature, 450(7166):115-118.
Xing L. J. and Li M. C., 1999. General Mycology. Higher Education Press, Beijing.





