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ABSTRACT
The fungal-like family Saprolegniaceae (Oomycota), also called “water mold,” includes mostly
aquatic saprophytes as well as notorious aquatic animal pathogens. Most studies on
Saprolegniaceae have been biased toward pathogenic species that are important to aquacul-
ture rather than saprotrophic species, despite the latter’s crucial roles in carbon cycling of
freshwater ecosystems. Few attempts have been made to study the diversity and ecology of
Saprolegniaceae; thus, their ecological role is not well-known. During a survey of oomycetes
between 2016 and 2021, we investigated the diversity and distribution of culturable
Saprolegniaceae species in freshwater ecosystems of Korea. In the present study, members of
Saprolegniaceae were isolated and identified at species level based on their cultural, mor-
phological, and molecular phylogenetic analyses. Furthermore, substrate preference and sea-
sonal dynamics for each were examined. Most of the species were previously reported as
animal pathogens; however, in the present study, they were often isolated from other fresh-
water substrates, such as plant debris, algae, water, and soil sediment. The relative abun-
dance of Saprolegniaceae was higher in the cold to cool season than that in the warm to
hot season of Korea. This study enhances our understanding of the diversity and ecological
attributes of Saprolegniaceae in freshwater ecosystems.
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1. Introduction

Members of Oomycota (kingdom Straminipila) were
previously classified under the kingdom Fungi, with
which they share several similar traits, such as
osmotrophic nutrition, conidia formation, host-
infection strategy, and mycelial growth. However, it
was revealed recently that these traits are indeed a
result of convergent evolution; hence, oomycetes are
often called “fungus-like organism” or “pseudo-
fungi” [1,2]. Saprolegniales is a monophyletic order
of oomycetes and entirely depends on water, thus
often called “water mold.” This order has evolved
both pathogenic and saprophytic lifestyles and con-
sists of three families: Achlyaceae, Saprolegniaceae,
and Verrucalvaceae [3–6].

Saprolegniaceae is characterized by fusiform, fili-
form, or irregular sporangia; centric or subcentric
oospores; and androgynous, monoclinous, diclinous,
hypogynous, or epigynous antheridia [3,6]. This
family has been reported to inhabit aquatic environ-
ments, where many members act as important
decomposers that behave as saprophytes on animal
and plant debris [7–10]; however, some are

notorious pathogens that are responsible for high-
profile declines in animal wildlife and aquaculture
populations [11,12].

Saprolegnia, the largest genus of the
Saprolegniaceae family, comprising approximately 25
species [13–15], is widely distributed throughout the
world and possesses pathogenic species that attack
the embryonic and adult stages of fishes [16–18]
and amphibians [19–21]. In Korea, there have been
few reports of infections associated with Saprolegnia
parasitica in live fishes and their eggs [22,23] and S.
ferax in the Asiatic toad (Bufo gargarizans) eggs
[24]. However, the latter species has only been iden-
tified by BLASTn searches for the internal tran-
scribed spacer (ITS) rDNA sequence in GenBank,
without a detailed morphological description.
Therefore, the present study officially records this
taxon based on morphological analysis combined
with molecular phylogenetic analysis.

Leptolegnia is a well-known parasite in inverte-
brates and has been researched for its potential as a
biological control agent for mosquitoes [25]. Other
members of the genus Leptolegnia have been
reported to be associated with fishes, amphibians,
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and cladocerans [26,27]. Filamentous sporangia,
elongated spores, and oogonium filled with spherical
oospores are characteristics that differentiate
Leptolegnia from other genera of Saprolegniaceae
[28,29]. This genus was first established by de Bary
[28] based on Leptolegnia caudata. It has been
reported in Europe [28,30,31], America [26,29,32],
Oceania [33], and Asia [28] but was previously
unrecorded in Korea.

Geolegnia, introduced by Harvey [34] is charac-
terized by the absence of flagella [35], a unique trait
within oomycetes. Compared with other members
of Saprolegniaceae, this genus seems to have a high
preference for edaphic environments; all Geolegnia
species have been found in soils [13,34,36], except
for Geolegnia helicoides that was isolated from mos-
quito larvae in freshwater environments [35], but
has not been reported as an aquatic pathogen. To
our knowledge, this genus has been previously
reported mainly in Europe [36] and America
[34,35], but was not recorded in Asia.

Recent diversity and ecological studies of oomy-
cetes have largely been biased toward economically
important plant pathogens, such as Peronosporales
[37–39], whereas aquatic oomycetes have failed to
gain appropriate attention [40,41]. Between 2016
and 2021, numerous oomycete isolates were col-
lected from diverse freshwater sub-locations, such as
water, soil sediment, algae, plants, and animal debris
in rivers, ponds, or mountain streams, in Korea.

Consequently, members of Achlyaceae [7],
Peronosporaceae [42], and Pythiaceae [43] were
recently revealed. In the present study, we analyzed
the diversity and ecology of Saprolegniaceae, which
accounted for 13% of the collection. First, we aimed
to clarify the identity of Saprolegniaceae species
based on cultural, morphological, and molecular
phylogenetic analyses. Next, we examined their sub-
strate preferences and seasonal distributions. This
study contributes to our knowledge on the diversity
and ecology of Saprolegniaceae in freshwater
environments.

2. Materials and methods

2.1. Oomycete isolates

Between 2016 and 2021, oomycete samples were col-
lected from diverse freshwater sub-locations in
Korea, including water, soil sediment, plant debris,
moss, algae, fish, and snails in rivers, ponds, and
mountain streams. The sampling site locations are
shown in Figure 1, and the obtained sampling infor-
mation is listed in Table 1. To isolate the oomycete
strains from fish, shrimp, and snails, they were
washed with distilled water three times and placed
on potato dextrose agar (PDA; Difco, Detroit, MI,
USA) and V8 agar (V8A; 200mL clarified V8 juice,
10 g CaCO3, 15 g agar, 800mL deionized water). A
simple plating technique was used for freshwater

Figure 1. Location of the 34 sampling sites (red dot) in South Korea. The map was created using QGIS v.3.24.
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and soil sediments. The samples were distributed
throughout thin layers of PDA and V8A agar plates.
For plant debris, like leaves, stems, and twigs, the
samples were washed three times with distilled water
[43,44] and cut into 3–5mm2 sections before plac-
ing them on the two types of solid growth media.
Bacterial and fungal growth were suppressed by
adding 15 ppm rifampicin and 20 ppm nystatin to
the medium. After 48 h, hyphal tips were isolated
and transferred onto a new agar plate.
Representative isolates were deposited in the Culture
Collection of the Nakdonggang National Institute of
Biological Resources (NNIBR, Sangju, South Korea).

2.2. Morphological analysis

Cultural characteristics were investigated three days
after inoculating the isolates onto PDA, V8A, and
corn meal agar (CMA; Difco) at 25 �C in the dark.
After a week, a morphological investigation was per-
formed under a Zeiss Axio Imager A2 microscope
(Carl Zeiss, Oberkochen, Germany). All the taxo-
nomically meaningful structures were identified and
subsequently photographed using an Axiocam 512
color camera (Carl Zeiss).

2.3. Molecular phylogenetic analysis

Genomic DNA was extracted from the mycelia using
the MagListo 5M plant Genomic DNA Extraction
Kit (Bioneer, Daejeon, South Korea), according to
the manufacturer’s instructions. The ITS rDNA,
cytochrome c oxidase subunit I (cox1), and cyto-
chrome c oxidase subunit II (cox2) mtDNA regions
were amplified by PCR (polymerase chain reaction)
with the following primer pairs ITS1/ITS4 [45],
OomCox1-levup/OomCox1-levlo [46], and cox2-F
[47]/cox2-RC4 [48], respectively. PCR amplicons
were sequenced by Macrogen Inc. (Seoul, South
Korea). They were subjected to the NCBI BLAST
search to identify related sequences in GenBank;
sequences similar to those of the PCR amplicons
were downloaded. In addition, previously published
sequences of authentic isolates of Geolegnia,
Leptolegnia, and Saprolegnia species were retrieved
from GenBank. All sequences were aligned using the
Q-INS-i algorithm [49] of MAFFT 7 [50].
Phylogenetic analysis was performed using MEGA X
[51] for minimum evolution (ME) and maximum-
likelihood (ML) inferences using the Tamura–Nei
model with 1000 bootstrap (BS) replicates. For mul-
tilocus phylogenetic analysis based on a combined
dataset of cox1 and cox2, SequenceMatrix v1.7.8 [52]
was used to concatenate the sequences of individual
markers. Subsequently, a multilocus phylogenetic
tree was constructed as described above.

2.4. Statistical analysis of seasonal variation in
abundance and composition

The monthly mean air and water temperatures in
the sampling area were provided by the Korean
Meteorological Administration (Weather Data
Portal; https://data.kma.go.kr) and the National
Institute of Environmental Research (Water
Environment Information System; http://water.nier.
go.kr). Seasonal richness and diversity of
Saprolegniaceae were evaluated using PAST 4.03
[53]. Analyses of similarity (ANOSIM) on Bray-
Curtis and Jaccard distances were conducted using
PRIMER-E 7.0.17 [54] and PAST 4.03 to compare
Saprolegniaceae structures among different seasons.

3. Results

3.1. Morphological analysis

The colonies of the Geolegnia, Leptolegnia, and
Saprolegnia isolates were colorless and formed a
radiating pattern with short and dense aerial myce-
lia on PDA at 25 �C (Figure 2). On the other hand,
they exhibited submerged growth, with sparse
mycelia on both the V8A and CMA. The sporangia
of G. helicoides were cylindrical or fusiform,
straight, or bent, while those of L. caudata were
filamentous (Figure 3). In Saprolegnia species, the
sporangia were cylindrical, clavate, or fusiform.
Oogonia were found to be spherical to subspherical
and contained one or more oospores that were
mostly centric or subcentric. However, sporangia,
oogonia, and oospores varied in size with species.
The taxonomic description below provides detailed
morphological features that define the individ-
ual species.

3.2. Molecular phylogenetic analysis

ITS rDNA, cox1, and cox2 mtDNA sequences were
used to verify the morphology-based identification
and infer the phylogenetic relationships between the
Korean and authentic isolates of Geolegnia,
Leptolegnia, and Saprolegnia species. In the ITS-
based tree (Figure 4), the Korean strains formed a
well-supported group with G. helicoides, L. caudata,
S. aenigmatica, S. asterophora, S. australis, S. diclina,
S. ferax, S. parasitica, and S. torulosa, with the max-
imum supporting value in the ME and ML analyses.
However, nine Saprolegnia strains, namely W54,
W453, W455, W689, W690, W696, W698, W699,
and W1957, clustered within a complex group con-
taining two different species, S. delica and S. salmo-
nis; to disentangle this at the species level,
phylogenetic analysis using two mitochondrial
markers, cox1 and cox2, was performed. In the
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multilocus tree based on cox1 and cox2 genes
(Figure 4), the strains W453, W455, W689, W690,
W696, W698, and W699 were revealed to be closest
to S. delica, with a high BS value of 99% in the ME
and ML analyses. W54 was separated from the S.
delica group, including strain CBS34462. The cox1
and cox2 sequences of S. salmonis are not available
in the public databases. The cox2 sequence for S.
delica, too, was unavailable in GenBank, and hence
just the cox1 sequence (strain CBS34462) was used
to analyze its phylogenetic position. A BLASTn
search revealed that the ITS sequence of the strain
W732 shared a high sequence similarity (99.9%
(672/673 bp)) with the ex-type strain of G. helicoides
(LPS48465). The strains of Leptolegnia (W307,
W328, W1295, W1297, W1301, W1302, and
W2018) exhibited 100% (641/641 bp) sequence simi-
larity with L. caudata (CBS68069). The Korean
strains 20F-1229, W1765, and W1055 were tagged
as “new species” of Saprolegniaceae. While the 20F-
1229 and W1765 strains were found to be closest to
the Saprolegnia sp. JM59 (MT473826), the W1055

strain was found to be related to two unknown iso-
lates of the Saprolegniaceae (GenBank numbers,
AM947031 and KF748559).

3.3. Substrate preference

A total of 89 isolates assigned to the family
Saprolegniaceae were obtained from diverse fresh-
water substrates, including water, soil sediment,
algae, fish, and snails, with plant substrates, such as
decaying leaves, stems, and twigs, being the domin-
ant isolation sources (56%; Figure 5). All
Saprolegniaceae species were isolated from plant
sources, except S. australis which held its roots in
fishes (Oryzias sp.) and snails (Semisulcospira spp.).
Saprolegnia diclina and S. ferax have also been iso-
lated from animal sources, while G. helicoides, L.
caudata, S. asterophora, S. salmonis, and S. torulosa
were found only in decaying plants. In contrast, S.
parasitica and S. ferax were isolated from diverse
substrates, except for soil sediment. S. aenigmatica
and S. delica were isolated from the soil sediment.

Figure 2. Cultural characteristics of Saprolegniaceae isolates obtained from this study. Geolegnia helicoides W732 (A);
Leptolegnia caudata W1297 (B); Saprolegnia aenigmatica W1247 (C); Saprolegnia diclina W724 (D); Saprolegnia ferax W956 (E)
on PDA (1, 2), V8A (3, 4), CMA (5, 6), after 72 h at 25 �C (1, 3, 5: observed view and 2, 4, 6: reverse view).
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Figure 3. Morphological characteristics of Saprolegniaceae isolates obtained from the present study. Microscopic structures
observed under a microscope: filiform sporangium (A) and oospore contenting finely granular (K) of Geolegnia helicoides
W732, filamentous sporangium (B) of Leptolegnia caudata W1297, clavate sporangium of Saprolegnia aenigmatica W1247 (C),
and S. ferax W956 (E) cylindrical sporangium (D), oogonia (G, H) and oogonia with centric oospores (L) of S. diclina W724, pyri-
form gemmae (F) and oogonia (J) of S. ferax W956, pyriform oogonia of S. aenigmatica W1247 (I) (scale bars: A–D, F, G, I, J,
L¼ 20lm, E, H, K¼ 10lm).
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Figure 4. Phylogenetic tree of Saprolegniaceae species from the minimum evolution analysis based on the internal transcribed
spacer (ITS) rDNA sequences. The large branches of Saprolegnia ferax and S. diclina were compressed. Multi-gene phylogenetic
tree in a blue box was inferred using the partial cytochrome c oxidase subunit I (cox1), and cytochrome c oxidase subunit II
(cox2) mtDNA sequences of taxa in a green box of the ITS tree. Bootstrapping values (minimum evolution BS/maximum-likeli-
hood BS) higher than 70% were given above or below the branches (1000 replicates). Aphanomyces laevis was used as out-
group. The strains isolated in Korea are shown in bold. The scale bar equals the number of nucleotide substitutions per site.
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Further, S. aenigmatica, S. delica, S. diclina, S. para-
sitica, and S. ferax were found in the water as well.

3.4. Seasonal abundance and composition

The abundance of Saprolegniaceae differed with sea-
son. In the cold to cool (CC) season
(January–April) of Korea, the monthly mean air and
water temperatures at the sampling sites were below
15 �C (average water temperature: 9 �C, air tempera-
ture: 7 �C), whereas in the warm to hot (WH) sea-
son (May–September), it crossed above 15 �C
(average water temperature: 23 �C, air temperature:
22 �C). Consequently, the relative abundance of
Saprolegniaceae was higher in the CC season than
that the WH season (Figure 6): 58 isolates (65%) in
CC vs. 31 isolates (35%) in WH season. A total of
nine Saprolegniaceae species, including two
unknown species, were found in the CC season, of
which S. ferax was predominant one (48%) followed
by S. diclina (31%). In the WH season, six species

were isolated, of which L. caudata and S. ferax were
the most prevalent species (23%). Fisher’s alpha
diversity (3 vs. 2.2) and Chao1 (11 vs. 6) richness
were higher in the CC than in the WH season.
However, the Shannon (1.4 vs. 1.7) and Simpson
(0.7 vs. 0.8) indexes were lower in the CC than in
the WH season. In the CC season, the dominance
rates of S. ferax and S. diclina are very high.
Geolegnia helicoides, S. parasitica, S. salmonis, S. tor-
ulosa, and two unknown species of Saprolegniaceae
were isolated exclusively in the CC season, whereas
L. caudata, S. aenigmatica, S. asterophora, and S.
australis were exclusive to the WH season. Three
species of Saprolegnia – S. delica, S. diclina, and S.
ferax – were ubiquitous in both the seasons.
However, there was a difference in the overall abun-
dance and distribution of Saprolegniaceae between
the two seasons. A statistically significant difference
in the structure of Saprolegniaceae between the two
seasons was found by ANOSIM based on both the
abundance data computed with Bray–Curtis

Figure 5. Abundance of Saprolegniaceae isolates from different freshwater substrates. The number of Saprolegniaceae isolates
recovered from algae, animals, plants, soil, and water is shown.
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distances and the presence/absence data computed
with Jaccard distances (R¼ 0.1, p< 0.01).

4. Taxonomy

Geolegnia helicoides Steciow, E. Lara, Belbahri,
Pillonel & Pelizza, IMA Fungus 4(2): 170
(2013) [MB#805937]

Description: Colonies growing colorlessly, with a
radiate pattern with short and dense aerial mycelia
on PDA, but with sparse mycelia on V8A and
CMA. Main hyphae straight or sinuous and up to
25 mm wide. Sporangia cylindrical to broadly fili-
form or fusiform, straight or curved, and
10–20� 150–800 mm. Zoospores non-motile, ellips-
oid, fusiform or cylindrical, forming in a single row
and 25–30� 10–18 mm. Oospore hyaline, spherical
or ellipsoidal, with finely granular contents, and
20–40 mm in diameter. Oogonia terminal or lateral,
spherical or pyriform, and 25–45 mm in diameter.

Antheridial branches slender, abundantly branched,
mainly diclinous, and forming helicoidal spirals.

Isolate examined: Korea, Jeollanam-do; Yeongam-
gun; Gunseo-myeon (34�4404800N, 126�3904500E), ex
a decaying moss in freshwater, March 14 2019, B.
Nam and Y.-J. Choi (W732¼NNIBRFG21808).

Note: Isolate W732 was found to be morphologic-
ally and phylogenetically identical to the ex-holotype
of G. helicoides (LPS48465) [35]. Considering the
fact that this species was initially isolated from mos-
quito larvae living in water-holding tanks at a river
and that the Korean isolate W732 was isolated from
decaying moss in a mountain stream, it seems likely
for them to have a strong substrate preference for
freshwater. Geolegnia was introduced by Harvey
[34], and it is distinguished from the other genera
of Saprolegniaceae by unique characteristics of spor-
angia and spores (cylindrical to filiform sporangia
and non-motile zoospores). Compared with other
Saprolegniaceae members, Geolegnia species (G.
inflata, G. intermedia, G. septisporangia) have been

Figure 6. Distribution of Saprolegniaceae in different seasons. The relative abundance of Saprolegniaceae was estimated for
the isolates recovered from the cold to cool (CC) and warm to hot (WH) season.
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isolated from edaphic environments [13,34,36]; only
G. helicoides has been found in freshwater environ-
ments [35]. The antheridial coiled around the main
hyphae is a key morphological characteristic of G.
helicoides [35]. To date, this genus has been
reported in Europe [36] and America [34,35]. To
the best of our knowledge, the present study is the
first report of the genus Geolegnia in Asia.

Leptolegnia caudata de Bary, Botanische Zeitung
46: 609 (1888)

[MB#212440]
Description: Mycelium moderately dense. Hyphae

slender, sparingly to moderately branched. Sporangia
filamentous, usually unbranched, sometimes branched,
and 200–950� 15–19 mm. Zoospores dimorphic,
behavior leptolegnoid and 12–14 mm in diameter.
Oogonia usually lateral, sometimes terminal, spherical
or subspherical, and 25–45 mm in diameter. Oogonial
wall unpitted, smooth, often extended into short beak
at the connected part to antheridial cells. Oospores
spherical in an oogonium and 22–40 mm in diameter.
Antheridial branches slender, unbranched or some-
times branched. Antheridial cells clavate, bent, and
apically attached.

Isolate examined: Korea, Jeollabuk-do; Iksan-si;
Yongdong-myeon (36�06026.500N, 126�59031.700E), ex
a decaying plant leaf in freshwater, June 19 2020, B.
Nam and Y.-J. Choi (W1297¼NNIBRFG31700).
See Table 1 for other material examined.

Note: Morphological and sequence characteristics
of seven Korean isolates (W307, W328, W1295,
W1297, W1301, W1302, and W2018) matched those
of L. caudata (CBS68069), the type species of the
genus Leptolegnia. Since its first description in moun-
tain lakes in Germany by de Bary [28], this species
has been reported in diverse freshwater environments
in association with algae [29], amphibians [26,55],
crustaceans [56], fish eggs [31], and mosquito larvae
[57,58]. Thus, the recovery of the Korean isolates
from decaying leaves in a reservoir is not surprising.
de Bary [28] established the genus Leptolegnia based
on L. caudata. Their sporangia are similar to those of
Aphanomyces (filamentous), but the zoospores are
motile and elongated like those of Saprolegnia with
the spherical oospores completely filling the oogo-
nium. These characteristics differentiate Leptolegnia
from other Saprolegniaceae. Leptolegnia is widely dis-
tributed in Europe [28,30,31], America [26,29,32], and
Asia [33], but was not previously recorded in Korea.

Saprolegnia aenigmatica Sandoval-Sierra and
Di�eguez-Uribeondo, PloS ONE 10(7): e0132999: 9
(2015) [MB#812742]

Description: Mycelium delicate. Hyphae slender,
smooth and moderately branched. Gemmae catenulate,

spherical, or pyriform, often terminal and generally
branched. Sporangia clavate, sometimes filiform and
105–220� 18–24mm. Mostly terminal and renewal by
proliferation with an apical papilla before zoospore dis-
charge. Zoospore primary pyriform, discharge saproleg-
noid, secondary reniform, and lateral biflagellate. Cysts
spherical and 12–13mm in diameter. Oogonia globose,
pyriform and rarely forming short moniliform chains,
and 60–118� 47–79mm. Oogonial wall unpitted,
except points of attachment of antheridial cells.
Oogonia axillary, terminal or intercalary. Oospores cen-
tric, globose to subglobose, filling the oogonium, some-
times do not filling the oogonium and 23–27mm in
diameter. Antheridial branches well developed and
diclinous. Antheridia numerous, tubular to ampulla-
ceous, and often encircling the oogonia, some-
times branched.

Isolate examined: Korea, Chungcheongnam-do;
Yesan-gun; Daeheung-myeon (36�36003.500N, 126�460

54.300E), ex soil sediment in freshwater, May 19 2017,
B. Nam and Y.-J. Choi (W509¼CNFG_3196). See
Table 1 for other material examined.

Note: Sandoval-Sierra and Di�eguez-Uribeondo [15]
recovered S. aenigmatica from the eggs of fishes, adult
fishes themselves, and amphibians in freshwater,
which hints toward their pathogenicity in aquatic ani-
mals. The Korean isolates (W405, W509, W670, and
W1247) are consistent with the morphological and
phylogenetic descriptions of S. aenigmatica, but differ
in their sources of isolation; the Korean isolates were
recovered from diverse substrates in reservoirs, rivers,
and mountain streams, such as soil sediments, decay-
ing mosses, and leaves. This species has been recorded
in North and South America and Europe [15]. To the
best of our knowledge, this is the first record of S.
aenigmatica in Asia.

Saprolegnia asterophora de Bary, Jahrb€ucher f€ur
Wissenschaftliche Botanik 2: 189 (1860)

[MB#242512]
Description: Mycelium diffuse. Hyphae thin flaccid

or flexuous. Sporangia clavate or fusiform, renewed
internally and 120–820� 12–40 mm. Spores
dimorphic, discharge and behavior saprolegnoid.
Primary spore cysts 12–14 mm in diameter. Gemmae
sparse, clavate or irregular, terminal or intercalary.
Oogonia lateral, sometimes terminal, rarely intercal-
ary, spherical, subspherical, oval or obpyriform and
30–65 mm in diameter, inclusive of wall ornamenta-
tions. Oogonial wall unpitted, densely papillate, or
provided with papillae tuberculate projections.
Oogonial stalks straight, branched, unbranched or
irregular. Oospores subcentric, spherical to subspheri-
cal. 1–2(–6) oospores per oogonium, usually not fill-
ing it and (17–)25–33(–45) mm in diameter, and
germination not observed. Antheridial branches
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androgynous, rarely monoclinous. Antheridial cells
simple, short-clavate or tuberous, apically or laterally
appressed, persisting and fertilization tubes present or
absent, not persisting.

Isolate examined: Korea, Jeollanam-do; Damyang-
gun; Yong-myeon (35�27011.200N, 127�01008.700E), ex
a decaying tree twig in freshwater, August 3 2016,
B. Nam and Y.-J. Choi (W301¼CNFG_3197). See
Table 1 for other material examined.

Note: Isolate W301 was morphologically and phylo-
genetically identical to isolate CBS53167 of S. astero-
phora. Since de Bary [59] initially found this species
in water, it has been isolated from diverse substrates
in freshwater, such as water, soil [14,60,61], fishes
[56], and their eggs [62]. The Korean isolate was iso-
lated from decaying twigs in a reservoir.

Saprolegnia australis R.F. Elliott, New Zealand
Journal of Botany 6: 103 (1968)

[MB#338787]
Description: Mycelium dense and diffuse. Hyphae

slender or stout. Sporangia cylindrical, renewed
internally, primary ones 250� 32 mm, secondary
ones usually shorter, up to 600mm long. Gemmae
abundant, clavate, terminal or intercalary, and usu-
ally single. Oogonia terminal, lateral or intercalary,
when intercalary 59–80 mm in diameter. Oogonial
stalks in length, unbranched, straight, curved,
twisted, or irregular. Oospores subcentric, spherical
to subspherical. Four to 12 oospores per oogonium,
usually not filling, and 22–27 mm in diameter.
Antheridial branches, diclinous, monoclinous or
androgynous. Antheridial cells simple or branched,
persisting, tubular or attached in a digitated fashion.

Isolate examined: Korea, Jeollabuk-do, Gimje-si,
Geumsan-myeon (35�43007.500N, 127�01047.900E), ex
a snail in freshwater, September 22 2016, B. Nam
and Y.-J. Choi (W415¼CNFG_3198). See Table 1
for other material examined.

Note: Isolates W353, W415, W420, W2043,
W2044, and W2045 were identified as S. australis,
which was first described in freshwater by Elliott
[63]. Considering the high pathogenicity of crayfish
[64,65], Prussian carp eggs (Carassius gibelio) [66],
and trout [16,17,67,68] and the present finding that
S. australis has been attributed to saprolegniosis-
infected rice fish (Oryzias sinensis) and a freshwater
snail in Korea, this species could adversely affect the
Korean aquaculture industry.

Saprolegnia delica Coker, The Saprolegniaceae,
with notes on other water molds: 30 (1923)

[MB#262922]
Description: Mycelium delicate, lax, and hyphae

much branched. Sporangia cylindrical, abundant in
most young cultures, later irregularly inflated or

bent. Gemmae plentiful or few, spherical, clavate,
pyriform to fusiform, in moniliform chains.
Oogonia terminating the main branches, typically
spherical and 40–60 mm in diameter. Oogonial wall
smooth and pitted, with few pits, centric, dark when
young, and lighter at full maturity. Antheridial
branches abundant, long and rambling. Antheridia
present on nearly all the oogonia, diclinous.
Antheridial tubes present and not inconspicuous.

Isolates examined: Korea, Jeollabuk-do, Gimje-si,
Mangyeong-eup (35�51008.300N, 126�49021.800E), ex a
decaying plant stem in freshwater, January 4 2017,
B. Nam and Y.-J. Choi (W453¼CNFG_3199). See
Table 1 for other material examined.

Note: Isolates W453, W455, W689, W690, W696,
W698, W699, and W1957 are morphologically and
phylogenetically identical to S. delica (CBS34462). In
the phylogenetic analysis, their ITS sequences were
insufficient to distinguish them from S. salmonis,
but cox1 and cox2 sequences can be identified at the
species level. After S. delica was first described in
the marsh by Coker [69], it has often been reported
to attack freshwater fishes [16,70]. The Korean iso-
lates were isolated from water, soil sediments, algae,
decaying plant leaves, and stems in reservoirs,
mountain streams, and rivers.

Saprolegnia diclina Humphrey, Transactions of
the American Philosophical Society 17: 109
(1892) [MB#146386]

Description: Mycelium sparingly to moderately
branched. Sporangia cylindrical, clavate or fusiform,
straight or slightly curved, and 80–1050� 20–80 mm.
Gemmae clavate, pyriform, obpyriform or cylin-
drical, terminal or intercalary and single or catenu-
late. Oogonia spherical, subspherical, obpyriform or
irregular, terminal, lateral or intercalary, and spher-
ical ones 30–130mm in diameter and subspherical
ones 55–145� 18–70 mm. Oogonial wall pitted or
unpitted, and pits occasionally inconspicuous.
Oospores spherical, centric or subcentric, 12–45 mm
in diameter. Antheridial branches diclinous, some-
times monoclinous, slender, and sparingly branched
or unbranched. Antheridial cells simple, tubular, cla-
vate, often irregular, and persisting or deliquescing.

Isolates examined: Korea, Jeollanam-do, Yeongam-
gun, Gunseo-myeon (34�4405400N, 126�3904100E), ex a
decaying plant leaf and shrimp in freshwater,
March 14 2019, B. Nam and Y.-J. Choi
(W724¼NNIBRFG21807). See Table 1 for other
material examined.

Note: Eighteen isolates (W724, W728, W730,
W746, 20F-1228, 20F-1234, 20F-1235, 20F-1239,
W1502, W1504, W1510, W1525, W1526, W1712,
W1813, W1819, W1820, and W1854) were morpho-
logically and phylogenetically identical to S. diclina
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(CBS53667), as described by Humphrey [71]. This
species has been implicated in significant oomycete
infections in fish eggs [16,68] and amphibians
[19,55]. The Korean isolates were found in water,
decaying leaves, algae, mosses, and shrimps in
mountain streams and rivers. To our knowledge,
this is the first report of crustaceans inhabiting
S. diclina.

Saprolegnia ferax (Gruith) K€utz., Phycologia
generalis 35: 157 (1843)

[MB#146619]
Description: Hyphae stout and sparingly branched.

Sporangia cylindrical, clavate, fusiform or irregular,
straight or bent, and 30–620� 18–65 mm. Gemmae fili-
form, pyriform or irregular, terminal or intercalary, sin-
gle or catenulate. Zoosporangia filiform and renewed
by internal proliferation. Zoospore discharge saproleg-
noid. Oogonia spherical, pyriform or clavate, terminal
or lateral, occasionally intercalary or catenulate, and
40–140 mm in diameter. Oogonial wall pitted, and often
with basal in growth. Oospores spherical or ellipsoidal,
centric or subcentric, and 20–30 mm in diameter.
Antheridial cells tubular or clavate, sometimes irregular,
usually persisting, and laterally appressed.

Isolates examined: Korea, Gwangju, Gwangsan-
gu, Singa-dong (35�10036.9400N, 126�50015.0400E), ex
freshwater, February 15 2016, H.B. Lee (EML-
RIWB19¼CNFG_2017). See Table 1 for other
material examined.

Note: Saprolegnia ferax is ubiquitous in freshwater
environments worldwide. Since its first description by
K€utzing [72], it has been reported in various places
including America, Asia, Australia, and Europe [13].
This species is pathogenic to fishes [16,73] and
amphibians [21,26,55]. In Korea, this species was previ-
ously recorded as a pathogenic agent for Asiatic toad
(Bufo gargarizans) eggs [24], but identified using only
ITS sequences without mycological description.
Therefore, in the present study, we have provided
detailed morphological characteristics combined with
molecular phylogenetic analysis. The Korean isolates
were morphologically identical to S. ferax according to
the description by Thuret [74] and phylogenetically
identical to the authentic isolates CBS30537 [46] and
P1.5.14 [48]. The isolates were found in water, algae,
soil sediments, fishes, snails, mosses, decaying plant
stems, and leaves in reservoirs, mountain streams,
and rivers.

Saprolegnia salmonis Hussein & Hatai,
Mycoscience 40 (5): 388 (1999)

[MB#459819]
Description: Hyphae delicate, slender and moder-

ately branched. Sporangia clavate or straight, rarely
curved, and 175–186� 24–35 mm. Zoospore’s

discharge saprolegnoid. Oogonia abundant, ovate,
pyriform, mostly spherical ranging 50–95 mm in diam-
eter, but often elongated as 85–150� 50–70 mm, with
or without antheridial attachment. Oogonial wall
smooth and conspicuously pitted not only under the
point of attachment of antheridial cell but also in
absence of antheridial attachment. Oospores spherical,
and centric or subcentric. Antheridial branches dicli-
nous. Antheridial cells simple, tubular, delicate, not
branched. Gemmae not observed.

Isolates examined: Korea, Gyeongsangbuk-do,
Goryeong-gun, Gaejin-myeon (35�42026.5900N,
128�21023.4000E), ex a decaying plant stem in fresh-
water, March 26 2016, B. Nam and Y.-J. Choi
(W54¼CNFG_2021). See Table 1 for other mater-
ial examined.

Note: Isolate W54 was morphologically and phylo-
genetically identical to S. salmonis (NJM 9851)
described by Hussein et al. [18]. It has been reported
as a freshwater fish pathogen and was isolated from
the sockeye salmon (Oncorhynchus nerka) [18] and
Atlantic salmon (Salmo salar) [75]. The Korean iso-
late was obtained from a decaying plant stem in a
river. In the phylogenetic analysis, the ITS sequences
of the W54 strain and those of S. delica were indis-
tinguishable; however, the cox1 and cox2 sequences
discriminated it from S. delica. Morphologically, it
was possible to distinguish them from their larger
oogonia. Gemmae was not observed in S. salmonis
but was abundantly produced in S. delica.

Saprolegnia torulosa de Bary, Botanische Zeitung
41: 56 (1883)

[MB#150224]
Description: Mycelium dense or sparse. Hyphae

sparingly to moderately branched. Sporangia sparse or
abundant, cylindrical, clavate, fusiform, and straight,
curved, or bent, terminal or intercalary and moniliform,
renewed internally, and 80–455� 40–45 mm. Gemmae
sparse or abundant, spherical, pyriform, obpyriform,
cylindrical or clavate, and terminal or intercalary.
Oogonia lateral, terminal or intercalary, spherical, sub-
spherical, ovoid, obpyriform, or cylindrical, and
(40–)50–65(–105) mm in diameter. Oogonial wall unpit-
ted or with a few inconspicuous pits, and smooth.
Oospores centric, spherical or ellipsoidal, and
12–35 mm in diameter. Antheridial branches diclinous,
slender, sparingly branched or unbranched.

Isolates examined: Korea, Jeollabuk-do, Jangsu-
gun, Cheoncheon-myeon (35�40040.200N,
127�28039.100E), ex a decaying plant stem in fresh-
water, March 16 2017, B. Nam and Y.-J. Choi
(W485¼CNFG_3200). See Table 1 for other mater-
ial examined.

Note: Isolate W485 is morphologically and phylo-
genetically identical to S. torulosa (CBS110064) [76].
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It poses the greatest threat to the Atlantic salmon,
rainbow, and brook trout farms [77], but has also
been reported to be involved in amphibian diseases
[78]. The Korean isolate was obtained from a decay-
ing plant stem in a mountain stream.

5. Discussion

The ecological role of members of the
Saprolegniaceae family in aquatic environments
remains poorly understood compared with the true
fungi that have been well established to dominate
microbial decomposer communities in freshwater
ecosystems [79,80]. This lack of knowledge is owing
to the biased studies on pathogenic species causing
economic damage to aquaculture. However,
Saprolegniaceae species are widely distributed in
freshwater ecosystems because of their diverse bio-
logical functions. In the present study, some
Saprolegnia strains belonging to S. australis, S.
diclina, and S. ferax were isolated from fishes and
snails, but the main isolation sources were plant
substrates, including decaying twigs, leaves, and
stems. All Saprolegniaceae species were isolated
from plant sources, except S. australis. In addition,
algae, soil, and water were important isolation sour-
ces for S. aenigmatica, S. delica, S. diclina, S. ferax,
and S. parasitica. These findings suggest that the
freshwater ecosystem provides various habitats for
Saprolegniaceae species. They may play a role in
decomposing organic detritus related to biogeo-
chemical cycles and food web dynamics in aquatic
ecosystems. Further studies are necessary to under-
stand their function in freshwater ecosystems.

Generally, Saprolegniaceae appears to be abun-
dant at low temperatures. Previous case studies on
their diversity and seasonality demonstrated that
they are more abundant in cool temperatures, such
as those observed during autumn, winter, and
spring, than in hot temperatures in summer
[44,81,82]. The well-known “winter kill” syndrome
in freshwater fish, caused by Saprolegnia [83] also
occurs in winter and early spring. Our results are in
agreement with these studies. In the present study,
the relative species abundance of Saprolegniaceae
was higher in the CC season when the temperature
was below 15 �C. S. ferax was isolated four times
more in the CC season than in the WH season.
Additionally, S. diclina, S. parasitica, S. salmonis, S.
torulosa, and G. helicoides were found exclusively in
the CC season. Moreover, the Chao1 richness index
suggests that the taxa were undersampled in the CC
season, as it estimated the proportion of missing
species; thus, a higher diversity of Saprolegniaceae
would be expected in the CC season. The abun-
dance of oomycetes at low temperatures may be due

to a dominant competition over True Fungi, another
competent decomposer in the aquatic environment.
In the CC season (below 15 �C) suitable for the
growth of oomycetes, most of the Fungi have a
remarkably slow growth rate, so oomycetes can eas-
ily dominate the aquatic environment. On the other
hand, as the temperature rises above 15 �C, the
dominance of oomycetes seems to decrease as the
fungus dominates.

However, in the present study, L. caudata, S.
aenigmatica, S. asterophora, and S. australis were
observed only during the WH season. According to
Liu et al. [84] and Tandel et al. [85], the optimum
temperature for the growth of S. australis is 30 �C,
and it cannot thrive at or below 7 �C. In the present
study, S. australis was isolated from fishes and snails
during the WH season (�30 �C). A previous study
also revealed that L. caudata grows slowly below
18 �C, and hence the optimum growth temperature
ranges from 25 to 30 �C [86]. L. caudata was found
on decaying leaves only during the WH season.
This species-specific seasonal distribution could be a
crucial factor in determining the ecological patterns
of the microbial community and may impact the
entire aquatic ecosystem. It is particularly note-
worthy that the WH season species obtained from
this study are the pathogenic species of aquatic ani-
mals, such as fish [17,31,65], frogs [26,55], shellfish
[56], and mosquitoes [57,58]. Recovering the WH
season-species isolated in this study revealed the
potential pathogenicity of Saprolegniaceae, which
might impact warm freshwater ecosystems by infect-
ing aquatic animals.

Temperature could be the most crucial factor
determining the ecological dynamics of
Saprolegniaceae; however, other environmental fac-
tors might also affect this community. Czeczuga
et al. [81,87] revealed that the diversity of
Saprolegniaceae is correlated with the physical and
chemical properties of water, such as water hard-
ness. Further studies on environmental influences
are necessary to understand their ecological patterns
in aquatic ecosystems. Environmental factors,
including temperature, pH, and water flow, also
have a significant impact on the pathogenicity of
Saprolegniaceae [11,88]. The germination and colon-
ization of pathogenic species in fish and fish eggs
are mediated by environmental factors [88].
However, even though it is pathogenic,
Saprolegniaceae mostly infects immunocompromised
or injured animals. In addition, the fitness of animal
hosts is largely influenced by alterations in the
environmental conditions. Diverse species of
Saprolegniaceae are distributed in freshwater ecosys-
tems, and they could pose a potential risk for the
occurrence of aquatic animal diseases owing to

MYCOBIOLOGY 341



optimal conditions for their pathogenesis. A rela-
tionship between climate change and
Saprolegniaceae has also been reported. The epi-
demic caused by Saprolegnia is exacerbated by cli-
mate change as host fitness deteriorates [89–91], in
the sense that epidemic diseases caused by
Saprolegniaceae are worsening due to global warm-
ing. Hence, future studies are warranted to further
investigate the diversity, distribution, and pathogen-
icity of Saprolegniaceae and their correlation with
environmental factors.

Overall, this study contributes toward the deter-
mination of the diversity and distribution of cultura-
ble Saprolegniaceae in freshwater ecosystems and
identifies them at the species level based on cultural,
morphological, and molecular phylogenetic analyses.
Furthermore, substrate preferences and seasonal
dynamics were investigated through long-term mon-
itoring. This finding necessitates further studies on
the role of aquatic Saprolegniaceae species. For
example, they may play an essential role in biogeo-
chemical cycles and food web dynamics, threatening
the major biota that composes the healthy fresh-
water ecosystem under consideration.
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