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ABSTRACT

The red algae, Pyropia has been one of the major edible marine algae in East Asian countries especially in
China, Japan, and South Korea for several hundred years and it has recently become a global food ingredient.
Cultivating methods have been developed along Pyropia’s unique life cycle and to improve harvest yield and
product quality. Various red algal diseases are caused by oomycetes, bacteria, viruses, or diatoms. Outbreaks
of red-rot disease, Olpidiopsis disease, green-spot disease, and diatom-related diseases such as diatom felt and
diatom blooms have been reported as major concerns in Pyropia aquaculture, as they bring serious damage
to sea farms by inhibiting crop growth, destroying thalli of Pyropia, and/or exhausting nutrients. In this study,
we review the causative agents, infection or impacting processes, detection methods, influencing factors,
prevention strategies, and treatments for these four major diseases, namely red-rot disease, Olpidiopsis
disease, green-spot disease, and diatom-related disease, and discuss remaining knowledge gaps and related
or additional issues.
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INTRODUCTION

Dried red algae are mainly popular in the East
Asian food market, and global consumption of
this marine plant food has recently increased.
Edible red algae is a healthy food ingredient

has increased gradually every year, growing from
about 1.6 million tons to 2.8 million tons from
2011 to 2021. Moreover, as of 2021, there were
three East Asian countries responsible for the
global production of red algae, namely China,

providing large amounts of protein, ash, vitamins,
and carbohydrates (Noda, 1993). It also has
a unique flavor and texture when dried for
serving. In the red algae cultivation industry,
the global yield of production from aquaculture
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South Korea, and Japan, producing 71%, 20%,
and 9%, respectively (Figure 1.) (FAO, 2024).
In these countries, certain red algae are a major
type of edible seaweed. It comprises a large
portion of the total amount of cultivated seaweed
in each country, representing 8% in China in 2015
and 72% and 32% in Japan and South Korea,
respectively, in 2022 (FAO, 2024; MAFF, 2024;
MOF, 2024). For cultivating, the red algae genus
Pyropia is mainly selected.
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Figure 1. Edible red algae production by main countries including China, Japan,

and South Korea in million tonnes (FAO 2024).

Pyropia yezoensis is the primary species
cultivated commercially in Japan and South Korea,
accounting for almost 70% of total production
in South Korea (Cho et al., 2020; Nagano et al.,
2021). Moreover, Pyropia haitanensis provides for
approximately 70% of the total annual production
of Pyropia species in China (He et al., 2018). These
species have a haploid—diploid heteromorphic life
cycle composed of haploid macroscopic leafy
gametophytes (thallus) and diploid microscopic
filamentous sporophytes (conchocelis; Brodie
and Irvine, 2003; Blouin et al., 2011). Diploid
carpospores formed by fertilization of haploid male
and female gametes on the thallus germinate to
filamentous conchocelis, which, in turn, generates
conchosporangia, releasing conchospores; these
conchospores form the gametophytic thallus
(Blouin et al., 2011; Mikami et al., 2012; Takahashi
and Mikami, 2017). Over a long period of time,
cultivating methods suitable for unique life cycle of
Pyropia have been developed.

Pyropia has been cultivated for several
hundred years in East Asia and modern culturing
methods have enhanced production. Old Korean
books assert that is unknown how gim (dried
red algae in Korean) first came to be cultivated;
however, the ‘Seopkkoj-i" method, which involves

placing cut branches of trees in mudflats,
began in the late 15th century in Korea (Bae,
1991). The modern farming method, the most
commonly used farming method in East Asia
currently, involves two major steps. The first step
is rearing the conchocelis in an indoor facility,
and the second involves setting the conchospores
seeded nets into seawater when the seasonal
sea temperature is lower, typically in autumn.
The methods have developed from fixed to floating
nets as the culturing area expands from inshore
to the open sea; they are typically categorized
as floating, semi-floating, or fixed net methods
depending on sea farm locations. Sometimes,
seeded nets are frozen for multiple cropping
and controlling Pyropia diseases. By developing
modern farming methods, challenges have been
addressed; for example, it is possible to select
and culture high-quality varieties of gim, control
seedling time, extend the cultivating area (Hwang
and Park, 2020), and increase production.
The culturing method is still being developed with
the aim of overcoming the remaining challenges
that disturb Pyropia’s health.

The major challenge for red algae farms
relates to disease occurrence and consequent
issues in harvesting. When Pyropia is infected,
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the disease directly or indirectly impacts both the
quality and quantity of harvested crop. Diseases
can inhibit the growth of thalli of red algae,
destroy thalli, and drop them from nets, resulting
in serious economic damage to sea farms.
The most studied disease—red-rot disease,
caused by the oomycete Pythium porphyrae—
is known to cause a 15-20% loss in production
and 20-30% reduction in selling prices in South
Korea (Park et al., 2000). In Japan and China,
red-rot disease led to 64% and 25-30% crop
loss in 1993 and 2003, respectively (Park et al.,
2001; Gachon et al., 2010). In January 2018,
Pyropia yezoensis production in Haizhou Bay
was estimated to decrease by 50% (Yan et al.
2019). At the same time, there are several major
diseases beyond red-rot disease. Olpidiopsis
disease occurs via the oomycete Olpidiopsis
porphyrae, and led to the loss of 24.5% in terms
of the total sales of sea farms (Arasaki, 1960;
Ding and Ma, 2005; Kim et al., 2014). Green-spot
disease is caused by gram-negative bacteria or
chloroplast virus and brings damage as serious
as that associated with oomycete disease (Fujita
et al., 1972; Fujita, 1990; Kim et al., 2016; Nakao
et al., 1972). The study indicated that 10.7%
of total sales were lost because of green-spot
disease; however, the pathogen has rarely been
studied at this point (Kim et al. 2014). Diatom felt
brought by epiphytic diatoms does not result in
production loss, but negatively impacts quality
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due to Pyropia growth, pigments, and total
protein levels (Fujita, 1990; Lee and Kim, 1989;
Ohgai, 1986; Patil et al., 2024). As a result, there
is a lower price per weight, at about one-third
of the normal price (Kim et al., 2014). Massive
diatom blooms can cause production loss and
inferior quality of Pyropia; it has been putatively
estimated that such blooms reduce the price by
approximately two-thirds compared with healthy
specimens (Yamaguchi et al., 2014).

Despite the economic importance of Pyropia,
relatively little research has focused on the
diseases that can cause significant damage to
their production. In this review, we categorize and
provide details about causative agents, infection
or impacting processes, detection methods,
influencing factors, and controlling methods for
each disease by reviewing and analyzing previous
studies on the four main red algal diseases
including red-rot disease, Olpidiopsis disease,
green-spot disease, and diatom-related disease
(Figure 2). Since characteristics and factors
related to the habitat environment and life cycle
of Pyropia severely impact the occurrence and
intensity of microbes, this review includes details
on the environmental parameters and biology of
Pyropia available from previous studies. At the end
of the review, knowledge gaps and contents that
are related to the topic but that did not fit perfectly
into the sections on the specific diseases are
further discussed.

Figure 2. Causative agents, detection methods, influencing factors, prevention, and treatment strategies

for damage to Pyropia in culture
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RED-ROT DISEASE

CAUSATIVE AGENT AND INFECTION

Red-rot disease, the most studied red algal
disease, was first reported in 1947 (Arasaki,
1947), and its pathogen, parasitic oomycete,
Pythium porphyrae, was isolated in 1977
(Takahashi, 1977). Munoz et al. (2024) study
provided evidence of Pythium porphyrae infection
in red algae species of Porphyra in Chile and the
Southeastern Pacific. Another Pythium species,
Pythium chondricola, was first isolated from
decaying Chondrus crispus, a species of red
algae in the Netherlands, and it was also found in
infected Pyropia yezoensis thalli in South Korea
(De Cock, 1986; Lee et al.,, 2015). In China,
Pythium chondricola was isolated and identified
from infected Pyropia yezoensis in which red-rot
disease symptoms appeared (Qiu et al., 2019).
Pythium porphyrae and Pythium chondricola are
morphologically very similar. Moreover, in the
phylogenetic analysis, they were found to be highly
similar and could not be distinguished by genetic
species delimitation analysis using the sequences
of cytochrome oxidase subunit 1 and internal
transcribed spacer of the rDNA (Diehl et al.,
2017; Nguyen et al., 2022). Due to the difficulty
in distinguishing between the two pathogens,
two names have been employed interchangeably
for the pathogen found in Pyropia cultures in East
Asia (Wen et al., 2023). However, the two species
should be regarded as distinct, and moreover,
a method to distinguish the two species using
polymerase chain reaction restriction fragment
length polymorphism (PCR-RELP) analysis was
developed (Lee et al., 2015, 2017; Lee & Lee,
2020; Qiu et al., 2019). Additionally, a fluorescent
quantitative polymerase chain reaction (qPCR)
method was developed to accurately quantify
the abundance of both species (Liu et al.,
2024). A deuteromycete fungus, an Alternaria
sp. known as a major pathogen affecting land
plants, was isolated from Pyropia yezoensis with
red-rot disease symptoms, showing the same
characteristic histopathology (Mo et al., 2016).

Major diseases in edible red algae Pyropia under aquaculture

Random swimming biflagellate zoospores
of Pythium sp. reach and adhere to the surface
of host thallus. Then, their flagella are detached
following cyst induction within 15-20 minutes of
exposure. Soon after, the cysts germinate and form
appressoria to penetrate the surface of the thallus;
the internal mycelia proliferate and infect most
of the host cells within 24-48 hours (Uppalapati
et al., 2001). The eucarpic mycelial thallus extends
from one organism to the other through the host
cell wall (Fujita, 1990). Some parts of the thallus
turn into zoosporangia, forming zoospores in
the asexual cycle, or fertilizing oogonium and
antheridium located near diatom blooms, forming
oospores in the sexual cycle, which might depend
on the surrounding nutritional condition of Pythium
porphyrae (Kim, 2015).

For the attachment of zoospores,
encystment and formation of appressorium,
porphyran—a sulfated polysaccharide—
is required (Uppalapati and Fujita, 2000).
For zoosporangia formation and zoospore
release, external calcium is required although
zoospores show less motility when there is a
higher concentration of calcium ions. Moreover,
increased chelating calcium ions inhibit
germination of zoospores and the formation
of appressoria (Addepalli and Fujita, 2002).
While the role of calcium and porphyran is well
understood in Pythium porphyrae, the molecular
mechanisms  underlying its  pathogenicity
remain less explored. In terms of associations
with pathogenicity-related genes in Pythium
porphyrae, like in other phytopathogenic Pythium
species, the RxLR effector—one of the major
oomycete effectors—has not been detected,
but crinklers, glycoside hydrolases, cellulose-
binding elicitor lectin-like proteins, and elicitins
have been detected (Badis et al., 2020).

Despite these findings, the full host range of
Pythium porphyrae or Pythium chondricola has not
been investigated yet. According to several related
studies, gametophytes belonging to species of the
genera Pyropia, Neoporphyra, Calidia (redefined
from Porphyra [Yang et al., 2020b]), and Pyropia
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could be infected within 48 hours, but conchocelis
are not infected. In addition, there is no infection
in other red algae species, including Bangia
sp. 1, Bangia sp. 2, and species from the genera
Clymene, Champia, and Bostrychia, as well as in
green algal species from the genus Ulva (Diehl
et al,, 2017). In another study, the zoospores
were found to be capable of infecting only
Pyropia yezoensis and Bangia atropurpurea thalli,
and despite attaching and encysting other red
algae species, their mycelia do not proliferate.
Attachment and encystment have been rarely
detected on red algae Kappaphycus striatum,
brown algae species, and green algae species
(Uppalapati and Fujita, 2000). The outbreak of
red-rot disease usually starts at a river mouth
(Kawamura et al., 2005; Klochkova et al., 2017)
and how Pythium porphyrae survives during
summer when cultivating nets are removed is
unclear. Oospores of Pythium porphyrae have
been detected for two months in sterile seawater at
14-29 °C (Yokoo et al., 1999). Among 10 sampling
sites in the Ariake Sea in Japan, at one site,
Pythium porphyrae was detected in the seafloor
sediment by polymerase chain reaction (PCR)
on two different dates, and Pythium porphyrae
might oversummer during cultivation off-seasons
as oospores and survive in seafloor sediments
(Kawamura et al., 2005). Also, hyphae of Pythium
porphyrae could infect 8 of 11 land plant seedlings
and grow better in lower salinity than in seawater.
Based on this, terrestrial runoff might be an
additional source of red-rot disease in sea farms
(Klochkova et al., 2017).

DETECTION

At the infected site, red spots appear, and the
spots become bigger over time. The periphery of
the spot is always red, but the color of the center
of the spot changes to green. As the disease
progresses, pathogens penetrate the thallus at the
infected site; within 2—3 weeks, Pythium porphyrae
destroys the entire crop.

Major diseases in edible red algae Pyropia under aquaculture

Several methods have been established to
detect Pythium porphyrae from infected thalli or
seawater. In the 1990s, methods using monoclonal
antibodies were developed; however, they could
not identify free zoospores but only germinated
zoospores and germ-tubes (Amano et al., 1995,
1996). A method using polyclonal antibodies
against the surface components of zoospores and
encysted zoospores was then developed, but less
pathogens could be identified with time (Addepalli
and Fujita, 2001).

With PCR, which is widely used for detecting
pathogens due to its high sensitivity and
rapid detection capability, Pythium porphyrae
could be detected from infected or dried thalli.
Table 1 summarizes primer sequences used in
each study. First, the nuclear internal transcribed
spacer (ITS) region was used to verify the
taxonomy because the ITS region differs among
fungal species (Table 1) (Park et al., 2001).
However, fungal DNA barcoding studies revealed
that the ITS region lacks sufficient taxonomic
resolution to distinguish closely related Pythium
species (Robideau et al., 2011). Later, Pythium
chondricola was identified as another red-rot
disease pathogen, prompting the development
of PCR-based methods to differentiate Pythium
porphyrae and Pythium chondricola. A method
combining ITS and mitochondrial cox? gene
analysis was introduced (Lee et al.,, 2015),
followed by a cox2-based PCR method with high
specificity for Pythium species (Lee et al., 2017).
For precise and rapid identification, a PCR-RFLP
method was developed, utilizing the cox2 region
with Ags!/ and Kpnl restriction enzymes and
the ribosomal RNA large subunit (LSU) region
with Nialll (Lee and Lee, 2022). Furthermore,
to monitor the abundance of Pythium porphyrae
and Pythium chondricola, gPCR method was
established, demonstrating high sensitivity by
detecting as few as 100 Pythium porphyrae and
10 Pythium chondricola zoospores per mL in a
200 mL solution (Liu et al., 2024).
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Table 1. List of primer sequences for detecting causative agents

Causative Method Primer Primer sequence
Symptoms (Restriction  Region \ q , Size Reference
agent Name (5> 3)
Enzyme)
PP-1 TCCTCCGCTTATTATATGC Park et al.
PCR  ITS45 PP-2 GGAAGTAAAAGTCGTAACAAGG  'O7PP 2001
PCR-RFLP LSU LSU-PP-22F ATTACCCGCTGAACTTAAGCA 684b Lee and
(Nlalll) LSU-PP-705R GGCCAAACGAGAGACCCACA P Lee 2022
Pythium PCR-RFLP cox2 cox2-PACP-F1 GATGTTATTTAAAACAATAGTTC 415b Lee and
porphyrae (Kpnl) cox2-PACP-R1 TAAAGAAGGAATAGCCCAA P Lee2022
PCR-RFLP cox2 cox2-PACP-F1 GATGTTATTTAAAACAATAGTTC 57bp, Lee and
(Agsl) cox2-PACP-R1 TAAAGAAGGAATAGCCCAA 358bp  Lee 2022
PCR P-for CCTACAGCAATCCACGAGACTC 893 b Liu et al.
q P-rev TGCCGTAGAGAAGAACACAGAGA P 2024
cox1-pyth- F1 ATTAGAATGGAATTAGCACAAC Lee et al.
Red-rot PCR X1 oxi-pyth-Ri  CTTAAACCWGGAGCTCTCAT 289  onq5
PCR cox2 cox2-PACP-F1 GATGTTATTTAAAACAATAGTTC 631b Lee et al.
cox2-PACP-R1 TAAAGAAGGAATAGCCCAA P 2017
PCR-RFLP LSU LSU-PP-22F ATTACCCGCTGAACTTAAGCA 101bp, Lee and
(Nlalll) LSU-PP-705R GGCCAAACGAGAGACCCACA 583bp  Lee 2022
Pythium
cho};dricola PCR-RFLP cox2 cox2-PACP-F1 GATGTTATTTAAAACAATAGTTC 109bp, Lee and
(Kpnl) cox2-PACP-R1 TAAAGAAGGAATAGCCCAA 306bp  Lee 2022
PCR-RFLP cox2 cox2-PACP-F1  GATGTTATTTAAAACAATAGTTC-3') 415b Lee and
(Agsl) cox2-PACP-R1 TAAAGAAGGAATAGCCCAA-3’) P Lee 2022
Cefor CGGACACGAAGACGACGCTAT Liu et al
qPCR CGACTACGACTACGACTACGAC- 339 bp ’
C-rev 2024
TAT
Nested PCR tsubo 0176F AAAAACCCAACTGCTTGTCG-3') 420b
Olpidiopsis  Olpidiopsis ~ (1st PCR) 18S  tsubo 0615R-2 GGCGTCAGCAGTTGGAACTA-3) P Yokoo et al.
disease sp. PCR rRNA tsubo NF4 AACTGTGCGGATCGTATTTC-3) 256b 2005
(2nd PCR) tsubo NR3 CCTCCAATTGATCCTCGTT-3’) P
Green-spot  Pseudoal- PCR dnaA pws-dnaA-for ~ ACCGCATTAACGAACTACTCGTG  386bp  Yang et al.
disease teromonas pws-dnaA-rev2 TGCCATTACCTACAGCATGG 2020a
marina dnaN 721bp
pws-dnaN-for ACTTACAACGTTATCAGCGGC
pws- dnaN - ACTGCTGTTTGAGTCTGCTAAC 253bp
rev3d CTTACAACGTTATCAGCGGC

pcs-dnaN-for
pcs-dnaN-rev2

GTTGAGTATTAAGTGATTGAGTAAGC

INFLUENCING FACTORS

Water temperature, pH, and salinity are known

factors that affect red-rot disease outbreaks.
A Pythium sp. isolated from South Korea and three
Pythium spp. from Japan were found to grow at
5-30°C, pH 5-8.5, in seawater concentrations from
0% to 100%. The optimal conditions were 20 °C at
pH 7.5 for the Pythium spp. isolates from Japan
and pH 8 for the Pythium sp. isolate from South
Korea. Regarding optimal seawater concentration,
it was 50% for two different isolates from Japan and
80% for two different isolates from South Korea
and Japan (Park et al., 2000). Pythium chondricola

isolated from Jiangsu Province in China could
grow at 8-31 °C, pH 5-9, salinity 0-45%., and the
optimal conditions were 22—-25 °C, pH 7-8, salinity
20%. (Qiu et al., 2019). Another red-rot disease
pathogen, Alternaria sp., could grow at 8-36 °C,
salinity 5-50%., and the optimal condition was at
24 °C, salinity 24%. (Mo et al., 2016).

Usually, outbreaks occur at the beginning and
end of the cultivation season in open water due to
the high temperature of seawater at these times.
In field investigations conducted in China, several
Pyropia diseases occurred simultaneously,
including red-rot disease, and they were usually
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evident in October and November (Ding and Ma,
2005). In Japan, red-rot disease occurs during late
October, early December, February, and March
(Fujita, 1990). In the Ariake Sea, the main
cultivating area in Japan, red-rot disease was
found every year from 1986 to 2006 in both
autumn nets and frozen nets, and the damage
became severe with high sea temperatures over
18 °C or a lot of rainfall (Fujitake et al., 2009).
In the three cultivating seasons of 2012 to 2015 in
South Korea, the average infection rate was below
5% from December to March, increasing by an
average of 15% in April (Moon, 2015).

Compositions of bacterial communities with
uninfected and infected Pyropia yezoensis thalli
and adjacent seawater of thalli have been found
to differ. Operational taxonomic units (OTUs)
assigned to genera Flavirhabdus and Sulfitobacter
were increased in diseased thalli; in contrast,
members of the family Rhodobacteraceae were
enriched in healthy thalli (Yan et al., 2019).
Moreover, 2 OTUs from Pyropia yezoensis and
12 OTUs from adjacent seawater were found to
be potential indicators for the health status of
thalli (Yan et al., 2019). In another study on the
microbiome of Pyropia yezoensis, the SAR86
and OM43 clades, which belong to the health-
related cluster in a co-occurrence analysis,
exhibited similar trends to Yan et al. (2019) study
(Bae et al., 2024).

PREVENTION AND TREATMENT

The main methods for controlling red-rot
disease are exposing nets to air and acid
treatment. Exposing nets to air is a traditional
method that is known to be effective for treating
red-rot disease given Pyropia species’ tolerance
to desiccation. However, according to a recent
study, net exposure to air is not an effective way
to treat red-rot disease since Pythium spp. are
protected from desiccation by host cells (Kim
et al., 2014). Acid treatment is a regular method
known as another effective measure to control
red-rot disease; its cost accounts for 12% of total
production cost (Kim et al., 2014). Hydrochloric
acid is an inorganic acid, which is cheaper than
organic acid; however, its allowed concentration
was limited in the cultivation of red algae in

Major diseases in edible red algae Pyropia under aquaculture

Japan in 1984 and in South Korea in 1994 due
to its harmfulness to the ecosystem. Therefore,
developing an effective treatment agent with high
organic acid content has been studied, and organic
acids—including lactic acid, malic acid, citric acid,
gluconic acid, tartaric acid, and lactic acid—could
kill Pythium porphyrae at pH 3.0-5.0, whereas
other organic acids could do so at pH 2.0 (Akizuki
et al.,, 2007). For eradication and prevention
of Pythium porphyrae, one of the performed
methods is freezing seeded nets since Pythium
porphyrae has been found to be not resistant to
freezing temperature (Fujita and Migita, 1980).
Another developed method is treating histidine,
as thalli infected with red-rot disease recovered
when histidine was treated at a concentration of
10-100 ppm, and histidine-treated thalli were not
reinfected for at least 2 weeks (Noda et al., 1979).
A method using calcium salts was developed to
treat oomycete pathogens and, among them,
treatment with 100 mM calcium propionate (CP)
for 30 seconds was found to significantly lower
the infection rate of Pythium porphyrae (14.3%)
compared to the control group (>95%) after
two days. This confirmed that the infection rate
was lower when treated with CP compared to
acid treatment even in experimental farms (Kim
et al., 2023). A recent study has investigated the
use of probiotics to control Pythium porphyrae
using two strains of Pseudoalteromonas piscicida
(P3 and P6), both of which demonstrated
significant inhibitory effects. Strain P3 exhibited
inhibition rates ranging from 42.81% to 74.35%,
while strain P6 achieved rates ranging from
60.33% to 91.11% (Weng et al., 2024).

OLPIDIOPSIS DISEASE

CAUSATIVE AGENT AND INFECTION

First reported in 1960, Olpidiopsis disease
is caused by the oomycete of Olpidiopsis, which
grows intracellularly (Arasaki, 1960; Migita,
1969). In 2008, a detailed taxonomical study of
an Olpidiopsis sp. was conducted, including its
morphology, host specificity, and phylogenetic
analysis, and the species was named Olpidiopsis
porphyrae (Sekimoto et al., 2008). Olpidiopsis
pyropiae, isolated from a sea farm in South Korea,
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showed a sequence of the small subunit (SSU)
ribosomal RNA gene that was 90.4% identical
to that of Olpidiopsis porphyrae (Klochkova
et al., 2016).

In Olpidiopsis disease, an encysted zoospore
attaches to the surface of the host thallus,
penetrates the cell wall with its formed germ-
tube and enters the host cell. It forms a thallus
within the host cell, grows from uninucleate to
multinucleate and contains several mitochondrial,
dense-inclusion bodies. Occasionally, vegetative
thalli fuse with a bigger thallus when the host cell
decays. Then, the thalli transfer to zoosporangia,
finally releasing sub-apically biflagellate zoospores
through a discharge tube (Klochkova et al., 2016;
Sekimoto et al., 2008). Monosaccharide inhibition
experiments suggested that lectin—carbohydrate
interaction might be involved during recognition
and attachment of Olpidiopsis sp. to the host cell
(Klochkova et al., 2012).

Olpidiopsis  species infect young thalli
more seriously than adult thalli (Fujita, 1990).
The parasitic ratio is three times higher for young
thalli with a length of 0.5—1 cm than for grown thalli
with a length of 8-10 cm, and it is twice as high at
the upper part of the thallus than at the basal part
(Migita, 1969). Laboratory infection of Olpidiopsis
porphyrae was not observed in 3 brown, 2 green,
and 21 red algae, but it was found in 7 red algae
belonging to the genera Pyropia and Bangia
including Pyropia yezoensis, Pyropia tenera, Bangia
fuscopurpurea, and Bangia gloiopeltidicola.
Unlike Pythium porphyrae, Olpidiopsis could
severely infect both conchosporangia and
gametophytes, with a weaker infection strength
on conchocelis (Sekimoto et al., 2008).

DETECTION

At the early stage of infection, it is hard to
distinguish thalli with Olpidiopsis disease from
healthy thalli. The infected site turns pale green or
green, numerous holes form on the thalli, and the
thalli are ultimately destroyed.

Before developing PCR detection, the only
method for detecting and identifying the severity of
Olpidiopsis disease from Pyropia or Neoporphyra
thalliwas using a microscope. Then, a PCR method
targeting the 18S rRNA gene was developed

Major diseases in edible red algae Pyropia under aquaculture

for early detection of zoospores from seawater,
and PCR zoospores could be detected a month
earlier than they could be via microscope (Table 1)
(Yokoo et al., 2005).

INFLUENCING FACTORS

Olpidiopsis spp. can grow at 5-30 °C at a
chlorinity of 7.8—18.7%., with an optimal condition
of 15-20 °C and the organism can be resistant to
desiccation (Migita, 1969).

On a sea farm in Jiangsu, China, Olpidiopsis
disease typically occurred with other Pyropia
diseases in October and November (Ding and Ma,
2005). In Japan, the outbreak of the disease
was usually reported in early November and
mid-December (Fujita, 1990). In the Ariake Sea,
Olpidiopsis disease was found often from autumn
nets and frozen nets every year in the period of
1986-2006, and disease appeared faster and
caused worse damage when the temperature
of seawater was over 23 °C (Fujitake et al.,
2009). In South Korea, Olpidiopsis disease has
been detected frequently on farms, and it has
caused serious damage in this context. In the
three cultivating seasons from 2012 to 2015,
the average infection rate was 8% from December
to March, increasing to an average of 26% in April
(Moon, 2015). In addition, during the cultivating
season from 2008 to 2009 in Seocheon, South
Korea, the incidence rate of Olpidiopsis disease
increased from 8.8% in December to 24.8% in
March (Lee et al., 2012).

TREATMENT

A method was developed to treat oomycetes
including Pythium porphyrae and Olpidiopsis
pyropiae, and treatment with 100 mM calcium
propionate (CP) for 30 seconds significantly
reduced the infection rate of Olpidiopsis pyropiae to
20.17% compared to the control group (>95%) after
two days (Kim et al., 2023). One of the prevention
methods performed is freezing nets before
transferring to the cultivating sea farm; however,
Olpidiopsis disease was still found in frozen
nets stored at -20 °C for 20 days (Ding and Ma,
2005). Other methods, including acid treatment
and exposing nets to air, could not eradicate
Olpidiopsis spp. (Fujita, 1990; Kim et al., 2014).

Ocean and Coastal Research 2025, v73:e25022 8



Bae and Jeon

GREEN-SPOT DISEASE

CAUSATIVE AGENT AND INFECTION

the outbreak of a peculiar red algal disease
occurred in Japan in 1968, and it was suggested
that the disease should be named green-
spot disease (Saito et al., 1972). Several
different pathogens, bacteria, and viruses were
considered causative agents of green-spot
disease. In total, five Gram-negative bacteria,
three Pseudomonas spp. (strains N9, W1,
and W2), and two Vibrio spp. (strains V7 and
Y1) were isolated from infected thalli, and green-
spot disease-like symptoms occurred except
for plasmoptysis in in vitro infection (Nakao
et al.,, 1972). However, further validation of
these species as pathogens is needed, as the
symptoms differ from those described by Saito
et al. (1972) and there are no published strains
or reported genomes available for them. In China,
two bacterial species, a Pseudoalteromonas sp.
and a Vibrio sp., were isolated from each infected
Pyropia yezoensis and Pyropia haitanensis (Han
et al. 2015; Yong et al., 2002). In South Korea,
a novel chloroplast virus, Pyropia-infecting virus 1
(PyroV1), was isolated from infected thalli and was
predicted to be a double-strand RNA virus (Kim
et al., 2016).

According to a green-spot disease report from
1972, in the initial stage of infection, host cells
were contracted and aggregated in the center
of the lesion; what caused the contraction and
aggregation of cells was unclear and might be a
physical or chemical stimulus. Adjacent healthy
cells impacted by infected cells swelled, expelled
the protoplasm, and contracted. Bacteria were
found between the cell wall and plasma membrane
of the shrunken cell (Saito et al., 1972).

In the initial stage of PyroV1 infection, transport
vesicles develop, and virus particles appear
around enlarged pyrenoids in the host cell. Virus
particles increase throughout the chloroplast when
transport vesicles merge and enlarge, while other
organelles degenerate. Finally, the chloroplast,
containing several hundreds of virus particles,
is found to be swollen and collapsed (Kim et al.,
2016). PyroV1 can infect only gametophytes of
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the species Pyropia tenera, Pyropia yezoensis,
and Pyropia dentata, but not the conchocelis of
these species or the blades of Pyropia plicata and
Porphyra lucasii (Kim et al., 2016).

DETECTION

Green spot disease is characterized by green
lesions, with symptoms that vary depending on
the pathogens. According to a 1972 report that
first described green spot disease, the symptoms
begin with the appearance of small rust-red or
pink spots, which develop into green foci. These
spots eventually grow into large circular lesions
in the inner part of the thallus and semicircular
green-affected areas along the edge (Saito
et al.,, 1972). In Saito’s study, no pathogen was
identified. Additionally, similar symptoms caused
by Pseudoalteromonas marina were reported,
in which red spots turn gray-green and the lesions
expand (Li et al., 2018). In contrast, Nakao et al.
(1972) described different symptoms caused by
Vibrio and Pseudomonas spp., noting that small
green or dark dead spots initially appeared on the
edge of the thallus, gradually expanding to form
semicircular lesions. Green-spot disease caused
by virus has significantly different symptoms.
Chains of green spots usually appear from the
wounded area of the thallus, and spots grow to
peripheral pinkish green lesions, with the whole
thallus decaying in a day or two (Kim et al., 2016).

Detecting pathogens of green-spot disease
has rarely been studied. Associated pathogenic
bacteria, Pseudoalteromonas marina detection
with PCR method has been developed targeting
the dnaA gene (encoding chromosome replication
initiator protein) and dnaN gene (encoding the
B sliding clamp of DNA polymerase III protein)
(Yang et al., 2020a) (Table 1).

INFLUENCING FACTORS

In an artificial infection experiment with
Pseudoalteromonas marina, the thallus of Pyropia
yezoensis was most severely infected at 22 °C,
considering the temperature range of 8-22 °C.
In the seawater, specific gravity ranges from
1.019-1.025 (corresponding to seawater salinity
of 24.5-32.7), and it was found that the infection
spread most rapidly and widely at a specific
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gravity of 1.022 (Li et al., 2018). In in vitro infection
of Pseudomonas sp. N9 strain, the maceration
rate of Pyropia yezoensis tissue was higher at a
chlorinity of 5.0%. compared with 7.5-15%. and
pH 8.4 compared with pH 7.8-8.2. In the Vibrio sp.
V7 strain, the infection rate was higher at 20 °C
than at 5-15 °C (Nakao et al., 1972).

In China, green-spot disease appeared from
November to December, bringing whole-farm
damage within a week (Mou, 2012). In Japan,
green-spot disease appeared in mid-November
to January in 1968 (Saito et al., 1972). In addition,
during the cultivating season from 2008 to
2009 in Seocheon, South Korea, the incidence
rates of green-spot disease were around 20%
in November and December, with the rate
decreasing to 2% in February (Lee et al., 2012).
In the three cultivating seasons of 2012 to 2015,
the average infection rate was 11% in December,
and this decreased gradually to 2% in April
(Moon, 2015).

TREATMENT

No effective method for treating green-
spot disease exists. Methods for treating other
diseases, including acid wash and exposing nets
to air, are not effective measures for treating
green-spot disease (Kim et al., 2014).

DIATOM FELT & DIATOM BLOOMS

CAUSATIVE AGENT AND DAMAGE PROCESS

Diatom felt does not cause production loss,
but it does lower the quality and price of Pyropia
due to discoloration. Nutrient depletion and
pathogenic infection are known major factors
that induce discoloration in Pyropia (Cho et al.,
2020). Diverse diatoms attached to the cultivating
nets or the surface of thalli impact the growth of
Pyropia by shading light and intercepting nutrients,
ultimately bleaching the thalli (Lee and Kim,
1989; Ohgai, 1986). Benthic diatom significantly
hinders growth, pigments, and total protein levels
of Pyropia haitanensis, impacting the economic
value of produced red algae (Patil et al., 2024).

Dominant species of diatoms affecting Pyropia
cultivation vary by region and season. During the
cultivating season from 1982 to 1983 in Japan,
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Navicula spp. were the most dominant species
attaching to cultivating nets, followed by Licmophora
spp., Nitzschia spp., Melosira nummuloides,
Achnanthes longipes, and Synedra spp., and the
most dominant species attaching to thalli were
Licmophora spp. (Ohgai, 1986). From February
1989 to March 1990, in the western coastal region
in South Korea, 40 species of diatoms were
identified on thalli of Pyropia and ambient seawater.
The most dominant species were found in the
following order: Licmophora dalmatica, Licmophora
abbreviata, Melosira nummuloides, Paralia
sulcata, Achnanthes javanica var. subconstricta,
Grammatophora oceanica, Navicula sp., Synedra
sp., Pinnularia sp., Fragilaria straitula, and
Cocconeis scutellum var. parva (Kim et al., 1991).
In the three cultivation seasons from 2012 to 2015,
the pennate diatoms Fragilaria spp., Licmophora
flabellata, tube-dwelling Navicula spp., and the
centric diatom Melosira moniliformis were identified
to cause severe contamination, and the severest
damage by diatom felt occurred in December and
January by the Licmophora and Navicula spp.
(Kim et al., 2014; Moon, 2015). Not only epiphytic
diatoms but also bloom-forming diatoms can impact
Pyropia cultivation. Eucampia zodiacus Ehrenberg,
a harmful bloom-forming species, was not
considered to damage Pyropia spp. cultivation;
however, since the mid-1990s, its blooms have
been reported annually in the Seto Inland Sea
in Japan when the seawater temperature is low
(Nishikawa and Yamaguchi, 2006). Cell densities
of Eucampia zodiacus were the highest from mid-
February to early April, with decreasing nutrient
concentration over this time (Nishikawa et al.,
2007). Another harmful bloom-forming species,
Asteroplanus karianus, has been reported and is
known to bleach Pyropia every winter in the Ariake
Sea in Japan since 2008 (Yamaguchi et al., 2014).

The changes in the proportion and detected
cell numbers of diatoms exhibit patterns, which
are shown in Figure 3. From 1982 to 1983 in
Japan, the most dominant species, Navicula spp.,
occupied from 30% of the total cell number of
diatoms in October to 87% in March; the second
most dominant species, Licmophora spp.,
occupied from 27% in October to 7% in March
(Figure 3A; Ohgai, 1986). From December 1987
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to February 1988, the total standing crop (cells/ identified epiphytic diatom on blades, occupying
gram of dry weight of thallus) varied from 36,000 over 93% of the total standing crop, followed by
to 52,000,000 depending on the collecting time Melosira nummuloides, Licmophora abbreviata,
and site, and Licmophora dalmatica was the most and Achnanthes longipes (Figure 3B).
(B) 108
A
107
1086
105
104
10° o=
o7
A
102
Oct. Nov. Dec. Jan. Feb. Mar. Apr.
—@— Total (1987, 1991) = #l= Licmophora dalmatica (1987)

«+ o+ Melosira nummuloides (1987) =0O= Licmophora abbreviate (1987)

==[J= Achnanthes longipes (1987) <+ A+« Achnanthes subconstricta (1987)
Figure 3. Monthly change of predominant diatoms in the cultivating red algae. (A) Average cell numbers of each diatom
in the Shimonoseki and Onoda coastal areas in Japan from October 1982 to March 1983 (Ohgai 1986). (B) Average

standing crop (cells/gram of dry-weight of thallus) of epiphytic diatoms in South Korea from December 1987 to February
1988 and from February 1989 to March 1990 (Lee and Kim 1989, Kim et al 1991).
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Licmophora species are triangular in shape
(thin fan shape), forming a cluster and attaching to
the host with a long mucilaginous tube. They cover
the surface of the thalli, block sunlight and nutrients,
and, finally, result in an inferior quality of crops (Kim
et al., 2014; Ohgai, 1986). Navicula species are
boat-shaped and tube-dwelling diatoms, forming a
mucilaginous tube and living within it. Mucilaginous
tubes attach to and occupy cultivation nets,
inhibiting the growth of Pyropia or Neoporphyra
species by shading light and consuming periphery
nutrients (Moon, 2015). Melosira nummuloides
are centric diatoms; they are circular in shape
and form a cluster of a long chain with mucilage
pads. Achnanthes longipes are linear and concave
in the middle and slightly curved in the girdle
view (Lee et al.,, 2013). Melosira nummuloides
and Achnanthes longipes attach to and occupy
cultivation nets, inhibiting the growth of crops in the
early stage of cultivation (Ohgai, 1986). Synedra
gracilis has a long and thin shape with a slightly
convex center; it exhibits mucilaginous pores
at the end part valve side, which attach to thalli
(Ohgai, 1986). In Eucampia zodiacus, rectangular
cells form coil chains and engage in competitive
consumption of nutrients, especially nitrogen,
leading to Pyropia bleaching (Lee and Lee, 2012;
Nishikawa et al., 2007). Anvil-shaped cells, usually
numbering up to eight, form circular, asterisk-like
colonies and exhaust dissolved inorganic nitrogen
and dissolved inorganic phosphorus from seawater
during massive blooms, causing discoloration of
Pyropia or Neoporphyra species due to nutritional
deficiency (Crawford and Gardner, 1997,
Yamaguchi et al., 2014).

DETECTION

Diatom felt could be easily distinguished with
the brown epiphytes suffused over the thalli and
with its unpleasant and earthy odor (Kim et al.,
2014). The visible morphological features can
be confirmed by using light, epifluorescence,
or electron microscopy, which are typical methods
for the further identification of diatoms.

INFLUENCING FACTORS

The growth of epiphytic diatoms is highly related
to temperature and light. The optimal growth
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conditions of the dominant species are 10-20 °C,
chlorinity of 15-22%., and pH of 6.5-9.0 for Navicula
directa prox. and 15-25 °C, chlorinity of 15—16.5%,
and pH of 7.5-9.0 for Licmophora abbreviata
(Ohgai, 1986). Eucampia zodiacus was found to
grow at 7-30 °C with salinity of 10%., with its optimal
ranges of temperature and salinity being 20-25 °C
and 20-30%., respectively, which is different from
the cultivating field situation of blooms that lower
seawater temperature below optimal level to grow
and occurred in the winter and spring (Nishikawa,
2002). Asteroplanus karianus could grow well at
a temperature range of 15-25 °C and salinity of
15-33%. (Shikata et al., 2015).

Diatom felt was the most common disease
of Pyropia in the cultivating season from 2008 to
2009, and its incidence rate gradually increased
from 3.8% in November to 64.3% in March (Lee
et al.,, 2012). The cell numbers of Navicula spp.
and Licmophora spp., which were relatively low in
October and highest in January, tended to increase
according to the decrease of seawater temperature;
in contrast, the cell numbers of Melosira
nummuloides, Achnanthes spp., and Synedra
spp., which were highest in October and gradually
lowered to March, tended to decrease according to
the decrease of seawater temperature (Figure 3A;
Ohgai, 1986). Since the 1990s, massive blooms of
Eucampia zodiacus have been reported, despite
low seawater temperatures, and cell densities of
Eucampia zodiacus have been highest from mid-
February to early April (Nishikawa et al., 2007).
Since 2008, Asteroplanus karianus has formed
massive winter blooms annually from December
to January (Yamaguchi et al., 2014).

PREVENTION AND TREATMENT

Diatoms eradication from the thallus is
challenging, however, acid wash, a regular method
for controlling red algal diseases, was suggested
as an effective treatment method. Epiphytic diatom
species Navicula sp. lost their photosynthetic
ability after 20-second pH shock with 8% HCI
(Kang and Kim, 2022). Exposing nets to air and
washing nets with a jet of seawater have been
suggested to reduce the damage caused by
diatoms (Ohgai, 1986). Eradicating diatoms from
the surface of thalli via treatment with hydrochloric
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acid was reported to increase eight times the
amount of dropped epiphytic diatoms higher than
control (Moon, 2015).

DISCUSSION

This article reviewed the main red algal
diseases, causative agents, symptoms, detection
methods, optimal growth condition, and treatment.
Table 2 summarizes the information reviewed. For
the disease, it was found that continuous studies
and reports on the four main Pyropia diseases
were rarely conducted, although multiple diseases
have occurred simultaneously and continuously.
In total, two to four diseases have been observed
at the same time during the beginning and ending
stages of the open sea cultivation (Ding and Ma,
2005; Lee et al., 2012). Moreover, the incidence
rate of diseases in the sampled thalli varied from
37.8% in November to 80.6% in March in the
cultivating season from 2008 to 2009 (Lee et al.,
2012). In South Korea, from 2008 to 2009, red-rot
disease outbreak was not found but the incidence
rates for other diseases varied. It ranged from
8.8% in December to 32.8% in February for
Olpidiopsis disease, from 20.3% in November
to 1.6% in February for green-spot disease, and
from 3.8% in November to 64.3% in March for
diatom felt (Lee et al., 2012). The infection rate
of red-rot disease in the three cultivating seasons
from 2012 to 2015 was from 3.4% in December
to 1.1% in February and 15% in April, lower than
the infection rate of Olpidiopsis disease (Moon,
2015). In South Korea, red-rot disease has been
detected frequently in farms, but it is not the most
common disease in the country. Seasonal and
regional variance for the disease occurrence was
also found, as depicted in Table 3. High variance
across habitats and disease types suggests more
site- and disease-specific studies are required in
both the laboratory and field.

Red-rot disease caused by Pythium spp. is
the only well-studied disease among the Pyropia
diseases, which is part of the major diseases.
The causative agents, detection methods,
influencing factors, and treatment methods have
been thoroughly studied. Nevertheless, knowledge
gaps persist regarding the genome of Pythium
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spp. and development of alternative and effective
treatment methods. Traditional treatment methods
are still only partially effective or not effective in
eradicating causative agents. Acid treatment,
known to be the most effective method for
controlling red-rot disease at present, represents
about 12% of the total cost of operating sea farms
in South Korea (Kim et al., 2014). Moreover, it
has been found that Pythium porphyrae mycelia
tolerance to acid increases at pH 4 compared
with pH 8 (Hwang et al., 2009). This suggests
that Pythium porphyrae acquires tolerance to
acid and can adapt to pH change (Hwang et al.,
2009). Freezing nets, another method known for
preventing infection, is partially effective since
red-rot disease and Olpidiopsis disease were not
effectively eliminated from thalli attached to the
nets frozen at -20 °C (Ding and Ma, 2005).

Olpidiopsis disease was first reported several
decades ago; however, a detailed taxonomical
study of the causative agent was only conducted
recently. The life cycle, infection mechanism, and
genome of Olpidiopsis spp. are largely unknown.
Detection methods using PCR have been
developed. However, treatment methods such
as acid wash and desiccation are ineffective in
controlling Olpidiopsis spp.. Thus, developing an
effective treatment method is required. Studies
applying or developing the currently available
methods, namely acid treatment and net freeze,
have been performed. In one study, via the process
of drying, freezing, and thawing nets, infection
rates of Pythium porphyrae and Olpidiopsis
porphyrae were reduced by 0.37 times and 0.3
times, respectively (Park, 2020). In addition,
the expression of the heat shock protein gene was
improved, being specific to oomycete infection and
the resistance of Pyropia spp. to oomycetes (Park,
2020). Calcium salt was a suggested candidate
for an alternative treatment agent because it is
effective against Pythium spp. on land plants.
Particularly, CP inhibits the growth of mycelium and
even prevents infection of Pythium porphyrae and
Olpidiopsis (Kim et al., 2023; Moon, 2015). CP was
able to inhibit Olpidiopsis sp. right after treatment
of infected thalli; however, the effectiveness did not
last over 24 hours (Moon, 2015).
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Table 2. Main harmful microorganisms for Pyropia, causative agents, symptoms, detection methods, optimal
growth condition, and treatments

Optimal growth

Disease Causative agent Symptoms Detection o Treatment
condition
) Red spots 20 °C/pH 7.5 Acid treatment +
Red-rot Py th{um porp h¥ rae — Green spots with red PCR 22-25 °C/pH Exposmg nets to air -
. Pythium condricola . Serology Freezing nets +
disease . periphery 7-8
Alternaria sp. assays o o CP treatment +
— Holes on thallus 24 °C/24%. Probiotics +
Acid treatment -
e S Green spots . .
O/p/d/OpS/s O/pl('flo'pSIS_ porphy.rae — Numerous holes on PCR 15-20 °C Exposmg_ nets to air -
disease Olpidiopsis pyropiae the thall Freezing nets +
e thallus CP treatment +
Pseudomonas sp. Red spots o
Vibrio sp. —Turn into green spots PCR sz?)-‘:ng Acid treat t
Green-spot  Pseudoalteromonas sp. and enlarged holes cld treatment -
: ) Exposing nets to air -
disease Chains of green spots Freezing nets -
PyroV1 — Green lesions with X X
pink periphery
10-20 °C/pH
6.5-9/15-22%0"
15-25°C/pH
Navicula spp. 7.5-9/1 5p—
Licmophora spp. 16.5%o"
Nitzschia spp. . . . .
Diatom felt ~ Melosira nummuloides Brov;r;ﬁﬁlpgzt:usrwnh Mclgroes 15-30°C/ ExAgls?r:re:(tertT;etgt;ir .
Achnanthes longipes y P pH 7.5-9/11— posing
Synedra spp. 14.5%0"
Etc. 20-30 °C/pH
6-8/12.5-18%-"
15-30 °C/pH
7.5-8/14-16%-"
20-25 °C/20—
Diatom Eucampia zodiacus 30%o
blooms Asteroplanus karianus 15-25 °C/15-
33%o

*: chlorinity, +: partially effective, -: ineffective, x: no data

Table 3. Difference of outbreak season of main red algal diseases in China, Japan, and South Korea

Disease Country Reported Region Oct. Nov. Dec. Jan. Feb. Mar. Apr Reference
. . Ding and Ma
China Jiansu - - - - 2005
Fujita 1990;
Red-rot Japan Saga-ken - Fujitake et al.
disease 2009
South Korea  CNungcheongnam-do - - Moon 2015
Jeollanam-do
. . Ding and Ma
China Jiansu - - - - - 2005
Olpidiopsis } ) ) Fujitake et al.
disease Japan Saga-ken 5009
Chungcheongnam-do Lee et al. 2012;
South Korea Jeollanam-do i _ Moon 2015
China - - - - - - Mou 2012
Green-spot Japan Hiroshima-ken - - - Saito et al. 1972
disease Chungcheongnam-do Lee et al. 2012;
South Korea Jeollanam-do j Moon 2015
China - - - - - - - -
Diatom felt Japan Yamaguchi-ken - Ohgai 1986
South Korea  Chungcheongnam-do - - Lee et al. 2012

-2 no data
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Although outbreaks of green-spot disease were
continuously reported, information is limited on
the causative agents, infection process, pathogen
detection, and prevention and treatment methods.
Several bacteria or viruses are known to cause
green-spot disease, and the chloroplast virus,
PyroV1, is one of the suggested causative agents
that is assumed to be the dsRNA virus (Kim et al.,
2016). Besides, symptoms of infection by bacteria
are different from those associated with infection
by the virus. Symptoms appearing on thalli infected
by green-spot disease are similar to those of
anagusare disease (shot hole disease) and anaaki
disease. For anagusare disease, at the initial stage,
numerous holes with greenish peripheries appear
at the tip of blade, and they subsequently spread
over the blade. Compared with anagusare disease,
atthe initial stage of anaaki disease, several needle-
tip holes are formed in the middle of the thallus,
with these holes growing larger (Fujita, 1990;
Tsuchiya, 1984). The causative agent of anagusare
disease is unknown, and it is only presumed to
occur by physical and mechanical irritation in the
estuary. Outbreaks of this disease have rarely been
reported since the 1950s (Fujita, 1990).

In terms of anaaki disease, the biggest
difference between its symptoms and those of
green-spot disease is the presence of host cell
plasmoptysis in green-spot disease (Fuijita, 1990;
Tsuchiya, 1984). During infection of anaakidisease,
the causative agent may lyse the intercellular
matrix, resulting in cells becoming detached and
the holes growing larger (Fujita, 1990; Tsuchiya,
1984). Gram-negative bacteria forming yellow
colonies and decomposing agar were suggested
as the causative agents of anaaki disease in
1984, and Flavobacterium sp. LAD—1 was isolated
from infected thalli (Sunairi et al., 1995; Tsuchiya,
1984). To treat anaaki disease, the method of net
exposure to air was recommended, and further
infection is likely prevented by acid treatment
(Fujita, 1990; Sunairi et al., 1995).

Diatom felt, the most common disease from
2008 to 2009 in South Korea, can cause damage
comparable to oomycete diseases. It has been
reported that diatoms could induce low quality crops
via drying processes (Kim et al., 2014). Moreover,
massive bloom-forming diatoms could cause a
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lower yield of red algae and discolored Pyropia spp.
by inhibiting nutrient uptake from seawater. Until
the 1990s, most species of diatom blooms affecting
Pyropia cultivation in Japan have been known
to be related to Coscinodiscus wailesii. However,
the species resulting in blooms have been widened
to Thalassiosira diporocyclus, Eucampia zodiacus,
and Asteroplanus karianus (Miyahara et al., 1996;
Nagai et al., 1995; Nishikawa, 2002; Yamaguchi
et al, 2014). Among the traditional treatment
methods, the acid treatment was suggested as an
effective method to eradicate epiphytic diatom (Kang
and Kim, 2022). A study reported that the treatment
with sodium bicarbonate and sodium percarbonate
is effective for inhibiting the attachment of diatoms
(Moon, 2015).

Pyropia cultivation started hundreds of years
ago and the occurrence of various related diseases
has been reported for the last decades. Disease
outbreaks during cultivation have increased with
the global production of red algae and climate
change. In this review, we found the specific gaps
in knowledge on infectious agents and procedure,
detection, prevention, and treatment of Pyropia.
Most of the red algal diseases have rarely been
studied, except the red-rot disease that is relatively
well studied. More studies seem necessary to
better understand the other major diseases,
including Olpidiopsis disease, green-spot disease,
and diatom-related diseases. Similarly, methods
of early detection and effective treatment have not
yet been developed for them. Edible seaweed has
been highlighted as a sustainable crop providing
healthy and nutritious food, and its market
has the potential to increase. Further studies
are fundamental to ensure stable and quality
production of the edible red algae species Pyropia.
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