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Abstract Kelp, as an important marine biological resource, plays a crucial role in the ecosystem and has extensive applications in
food, medicine, and other fields. However, kelp pathogens pose a serious threat to kelp health and growth, leading to decreased yield
and economic losses. Research on the isolation, identification, and genomic analysis of kelp pathogens is significant as it helps
understand the characteristics and virulence factors of pathogens, reveals the mechanisms of host-pathogen interactions, and provides
scientific basis for disease management and breeding disease-resistant kelp. This study covers sampling methods and laboratory
isolation techniques, morphological, biochemical, and molecular identification methods, DNA extraction and sequencing, genomic
annotation, and bioinformatics analysis tools. Through comparative genomic analysis, the study identifies the virulence genes of kelp
pathogens, explores their infection mechanisms and host defense responses, and assesses their impact on kelp health and growth. The
research aims to provide references for kelp aquaculture disease management strategies, disease-resistant breeding, and sustainable
farming practices, as well as to offer a scientific basis for future genomic research and disease prevention.

Keywords Kelp pathogens; Isolation; Identification; Genomic analysis; Host-pathogen interactions

1 Introduction

Kelp, large brown algae belonging to the order Laminariales, are foundational species in marine ecosystems,
particularly in temperate and arctic coastal regions. These photosynthetic giants create essential habitats, forming
underwater forests that are among the most productive marine ecosystems on Earth (Weigel and Pfister, 2019;
Weigel et al., 2022). Kelp forests play a crucial role in nutrient cycling, energy capture, and transfer, and provide
biogenic coastal defense (Teagle et al., 2017). They offer extensive substrata for colonizing organisms, ameliorate
conditions for understory assemblages, and provide three-dimensional habitat structures for a vast array of marine
plants and animals, including commercially important species (Teagle et al., 2017). The ecological significance of
kelp extends to their role in supporting diverse microbial communities that facilitate the transfer of carbon from
algal primary production to higher trophic levels (Lemay et al., 2018).

Despite the ecological importance of kelp, our understanding of the microorganisms associated with them,
particularly pathogens, remains limited. Kelp-associated bacteria are known to play significant roles in nutrient
cycling and host-microbe interactions, potentially influencing the health and productivity of kelp forests (Vollmers
et al., 2017; Weigel et al., 2022). Pathogens can have profound impacts on kelp populations, leading to declines in
kelp forest coverage and associated biodiversity (Vollmers et al., 2017). Understanding the dynamics of kelp
pathogens is essential for managing and conserving these critical ecosystems. The study of kelp pathogens can
reveal insights into disease mechanisms, host-pathogen interactions, and the potential for microbial symbionts to
influence kelp health and resilience (Vollmers et al., 2017; Weigel et al., 2022).

This study synthesizes current knowledge on the isolation, identification, and genomic analysis of kelp pathogens.
It aims to collect and analyze existing research on kelp-associated microbial communities, identify key pathogens
affecting kelp species, explore genomic insights into kelp-pathogen interactions, and highlight gaps in current
research and propose future directions. This study will contribute to a comprehensive understanding of kelp
pathogens and their implications for the health and sustainability of kelp forest ecosystems.

72


http://dx.doi.org/10.5376/mp.2024.15.0007
http://dx.doi.org/10.5376/mp.2024.15.0007

.,:. Molecular Pathogens 2024, Vol.15, No.2, 72-82
° http://microbescipublisher.com/index.php/mp

Micresci Bublisher

2 Isolation of Kelp Pathogens

2.1 Sampling methods

Sampling methods for isolating kelp pathogens involve collecting samples from various parts of the kelp and its
surrounding environment. For instance, bacterial strains have been isolated from coastal sediment samples and
fresh kelp samples collected from kelp culture areas (Ye et al., 2022). Additionally, biofilm samples from brown
macro-algae, such as Macrocystis pyrifera, have been collected for metagenomic analysis (Vollmers et al., 2017).
Sampling also includes collecting kelp from specific locations, such as Li Island in Rongcheng, China, to isolate
difficult-to-cultivate bacterial strains. These methods ensure a diverse collection of potential pathogens and
associated microorganisms for further analysis.

2.2 Laboratory isolation techniques

Laboratory isolation techniques for kelp pathogens include a variety of methods to culture and identify bacterial
strains. For example, strains can be isolated using standard microbiological techniques, such as growing them on
specific media under controlled conditions (Ye et al., 2022). Metagenomic approaches, including shotgun and
amplicon sequencing, are also employed to analyze biofilm samples and identify novel microbial species
(Vollmers et al., 2017). Additionally, innovative binning approaches are used to untangle genomes of novel
species from metagenomic data (Vollmers et al., 2017). Techniques such as the use of Taxoblast for detecting
bacterial contaminants in kelp genomes are also crucial for ensuring the accuracy of genomicdata (Dittami and
Corre, 2017).

2.3 Challenges in isolation

Isolating kelp pathogens presents several challenges. One significant challenge is the presence of bacterial
contaminants and hybrid sequences in kelp genomes, which can complicate the identification of true pathogens
(Dittami and Corre, 2017). Another challenge is the difficulty in cultivating certain bacterial strains, such as those
from the phylum Verrucomicrobiota, which require specific conditions for growth (Ye et al., 2022). Additionally,
the complex interactions between kelp and its associated microbiome can make it difficult to isolate and identify
specific pathogenic organisms (Weigel et al., 2022). The need for advanced genomic and bioinformatics tools to
accurately identify and characterize these pathogens further adds to the complexity of the isolation process
(Dittami and Corre, 2017; Vollmers et al., 2017; Weigel et al., 2022).

By addressing these challenges through meticulous sampling, advanced laboratory techniques, and robust
bioinformatics tools, researchers can improve the isolation and identification of kelp pathogens, contributing to a
better understanding of their impact on kelp health and ecosystem dynamics.

3 Identification of Kelp Pathogens

3.1 Morphological identification

Morphological identification of kelp pathogens involves the examination of physical characteristics of the
pathogens under a microscope. This method is often the first step in identifying pathogens and can provide
immediate information about the presence and type of infection. For instance, fluorescence in situ hybridization
(FISH) can be used to identify microbial pathogens by binding fluorescence-labeled probes to ribosomes of
infectious agents, allowing for the visualization and differentiation of pathogens based on their morphology
(Frickmann et al., 2017). This technique is particularly useful for identifying key pathogens in mixed species
samples and provides spatial resolution that is crucial for understanding the distribution and interaction of
pathogens within the kelp tissue.

3.2 Biochemical tests

Biochemical tests are essential for the further characterization and identification of kelp pathogens. These tests
involve assessing the metabolic and enzymatic activities of the pathogens. For example, the API20E biochemical
identification system can be used to enhance the discrimination of environmental bacteria isolated from kelp. This

system evaluates various biochemical reactions, such as the production of specific enzymes or the utilization of
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certain substrates, to identify bacterial species (Popovi¢ et al., 2022). In a study comparing the identification
results of MALDI-TOF MS and API20E, it was found that certain biochemical reactions, such as ONPG, GLU,
and OX, were consistently positive for reliable identification of specific bacterial strains, highlighting the
importance of biochemical tests in confirming pathogen identity before proceeding to molecular methods
(Popovi¢ et al., 2022).

3.3 Molecular identification methods

Molecular identification methods provide precise and reliable identification of kelp pathogens at the genetic level.
Techniques such as sequencing and metagenomic analysis are commonly used. For instance, the use of Taxoblast,
a pipeline for detecting contaminating sequences in the kelp genome, has revealed the presence of bacterial
contaminants and hybrid sequences, indicating the importance of molecular tools in identifying and characterizing
pathogens (Dittami and Corre, 2017). Additionally, metagenome-assembled genomes (MAGs) from kelp
microbiomes have been reconstructed to determine the functional roles of microbial symbionts, which include
potential pathogens. These MAGs provide insights into the metabolic potential and functional roles of bacteria
associated with kelp, such as nutrient cycling and biofilm formation, which are crucial for understanding
pathogen-host interactions (Weigel et al., 2022). Furthermore, sequencing of molecular markers like 5’COI and
ITS1 has been used to investigate the diversity and host specificity of kelp endophytes, identifying various species
of the genera Laminarionema and Laminariocolax that invade kelp tissues (Bernard et al., 2018). These molecular
methods are indispensable for the accurate identification and understanding of kelp pathogens.

4 Genomic Analysis Techniques

4.1 DNA extraction and sequencing

DNA extraction and sequencing are fundamental steps in the genomic analysis of kelp pathogens.
High-throughput sequencing technologies, such as Random Subcloning Sequencing (SMS), have revolutionized
the ability to analyze genomic DNA from environmental samples without prior cultivation (Jo et al., 2020). For
instance, whole-genome sequencing datasets have been used to study ecto- and endosymbiotic relationships on
kelp, revealing various species colonizing the kelp sporophyte (Bringloe et al., 2021). Bringloe et al. (2021)
isolated and performed sequencing analysis using two molecular markers (5' COI and ITS1) on 56 endophytic
strains from seven different kelp species collected from Europe, Chile, Korea, and New Zealand, uncovering the
molecular diversity of these endophytes (Figure 1). Additionally, Restriction Site-Associated DNA (RAD)
sequencing has been used to construct a high-density SNP linkage map for kelp, facilitating genetic research and
the development of molecular tools (Zhang et al., 2015).

The study from Bringloe et al., 2021 shows the scanning electron micrograph of the Nereida sp. MMGO025 strain
and the phylogenetic tree based on 100 single-copy genes. The electron micrograph details the cell morphology
and surface structure of this strain, aiding in understanding its environmental adaptation mechanisms. The
phylogenetic tree illustrates the evolutionary relationships of this strain with other related strains, revealing its
precise classification within the Rhodobacteraceae family. These data provide important references for studying
the genomic characteristics and ecological functions of this strain.

4.2 Genomic annotation

Genome annotation involves identifying and labeling genes and other functional elements within a genome. This
process is crucial for understanding the genetic composition and potential functions of kelp pathogens. For
example, the annotation of the mitochondrial genome of a suspected brown algal parasite revealed many atypical
features, including gene duplications and rearrangements, indicative of its parasitic lifestyle (Bringloe et al., 2021).
Similarly, the annotation of the draft genome sequence of the Nereida sp. MMGO25 strain isolated from giant kelp
suggests that it may represent a new species, providing a resource for future microbiological and biotechnological
research (Alker et al., 2022). Microscopic images show the cellular morphology and surface structures of the
MMGO25 strain, aiding in understanding its ecological adaptation mechanisms (Figure 2). The phylogenetic tree
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reveals the phylogenetic position of this strain within the Rhodobacteraceae family and its genetic relationships
with other related strains. This information lays the foundation for further studies on the metabolic capabilities and
ecological functions of MMGO025.
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Figure 1 Phylogenetic tree of 5’COI sequences. Values at nodes indicate bootstrap support obtained by ML/BI analysis. Bootstrap
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supports >95 in both analyses are indicated by a thicker line. Reference sequences from public databases are printed in italics and
using the identities given in the original publications. ITS1 sequences are available for specimens shown in bold. The colours and
letters behind the strain names indicate the geographic origin and host species, respectively. Origins: black = South Africa; orange =
Chile; pink = New Zealand; light blue = Arctic; grey = Canadian Pacific coast; dark blue = Brittany; red = Helgoland; green = UK;
brown = Kiel, western Baltic; yellow = Korea. Hosts: a = Ecklonia maxima; b = Macrocystis pyrifera, ¢ = Saccharina sessilis; d =
Lessonia berteroana; e = Laminaria hyperborea; f = Saccharina latissima; g = Costaria costata; h = Saccharina nigripes; i=

Laminaria digitata; j = Saccharina japonica; * = grown from incubated substratum (Adopted from Bringloe et al., 2021)

-+ Nereida sp. MMGO025
o m—.Nereida ignava CECT 5292
S ~Octadecabacter arcticus 238
-Phaeobacter gallaeciensis DSM 26640
1000_06 -+ Sulfitobacter mediterraneus DSM 12244

Figure 2 (A) Scanning electron micrograph of Nereida sp. MMGO025. (B) Maximum likelihood phylogeny constructed using the
codon tree method through PATRIC with 100 single-copy genes and proteins identified using cross-genus families (PGfams) (10,
21-27). The phylogeny root is indicated by an arrow for clarity. The GenBank accession numbers of the sequences used in this
analysis are as follows: CVPC00000000 (Nereida ignava CECT 5292), CP003744 (Octadecabacter arcticus 238), CP006967
(Phaeobacter gallaeciensis DSM 26640), and QBKU00000000 (Sulfitobacter mediterraneus DSM 12244) (Adapted from Alker et al.,
2022)

4.3 Bioinformatics tools and software

Bioinformatics tools and software are essential for analyzing and interpreting genomic data. Various tools have
been developed to address specific challenges in genomic analysis. For instance, Taxoblast is a pipeline used for
the post-assembly detection of contaminating sequences in kelp genomes, helping to identify bacterial
contaminants and hybrid scaffolds (Dittami and Corre, 2017). Another example is the Genomic Approximation
Method for Bacterial Identification and Tracking (GAMBIT), which uses k-mer based strategies for the
identification of bacteria from whole genome sequence reads, ensuring high confidence in pathogen identification
(Lumpe et al., 2022). Additionally, bioinformatics systems have been developed to eliminate contamination and

low-complexity sequences from draft genomes, improving the accuracy of metagenomic analyses (Lu and
Salzberg, 2018).

The integration of advanced DNA extraction and sequencing techniques, comprehensive genomic annotation, and
sophisticated bioinformatics tools is pivotal for the isolation, identification, and genomic analysis of kelp
pathogens. These methodologies enable researchers to uncover the complex interactions between kelp and their
associated microbial communities, providing insights into the ecological and functional roles of these organisms.

5 Pathogen Genomics and Virulence Factors

5.1 Genomic features of pathogens

The genomic features of kelp pathogens can be elucidated through comparative genomics, which reveals
significant insights into their genetic makeup and potential virulence factors. For instance, the complete genomes
of Edwardsiella piscicida and Edwardsiella anguillarum were sequenced using the Oxford-Nanopore MinlON
platform, revealing distinct genomic features such as the number of coding genes, rRNA, and tRNA, which were
8322, 25, and 98 for E. anguillarum, and 5458, 25, and 98 for E. piscicida, respectively. These differences suggest
unique pathogenic mechanisms and the necessity for tailored preventive strategies (Byadgi et al., 2022). Similarly,
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the genome of Aeromonas hydrophila HX-3 was sequenced, identifying 4483 genes, including those involved in
quorum sensing and virulence, which are crucial for understanding its pathogenicity (Jin et al., 2020).

5.2 Identification of virulence genes
The identification of virulence genes is critical for understanding the pathogenicity of kelp pathogens.

Comparative genomics has been instrumental in this regard. For example, the analysis of Vibrio anguillarum
strains revealed that highly virulent strains possess unique accessory genomes containing pathogenic genomic
islands, prophage-like elements, and virulence factors, which are absent in less virulent strains (Castillo et al.,
2017). In comparative genomic analyses of multiple Vibrio anguillarum strains, it was found that the virulence of
V. anguillarum is multifactorial and associated with the acquisition of mobile genetic elements (Figure 3).
Additionally, the virulence factors of Flavobacterium columnare were identified through comparative genomics,
highlighting genes involved in tissue colonization and interbacterial competition, which are unique to virulent
isolates (Declercq et al., 2021). Tools like PathoFact have also been developed to predict virulence factors and
antimicrobial resistance genes in metagenomic data, providing a comprehensive approach to identifying these

critical genes (Nies et al., 2021).
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Figure 3 The pan-genome of V. anguillarum. The flower plots represent the number of shared (core) and specific
(accessory/dispensable) genes based on cluster orthologs for each chromosome. Petals display numbers of strain-specific genes found
in each genome of V. anguillarum strains with core gene numbers in the center. The gray colors indicate the virulence category as

found in three fish larva model systems (Adopted from Castillo et al., 2017)
Figure from Castillo et al. (2017) displays the core and accessory genome composition of Vibrio anguillarum
strains. The flower diagram shows core genes shared by all strains in the center, while the petals represent

strain-specific accessory genes. This visualization illustrates the genetic diversity within V. anguillarum, with
highly virulent strains exhibiting more unique genes. This comprehensive genomic view aids in understanding the

roles of accessory genes in pathogenicity and adaptability.
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5.3 Comparative genomic analysis

Comparative genomic analysis provides a deeper understanding of the genetic diversity and evolutionary
relationships among pathogens. For instance, the comparative analysis of 15 Vibrio anguillarum isolates from
different hosts and regions revealed high nucleotide identity among strains, with subtle nucleotide variations
contributing to differences in virulence (Busschaert et al., 2015). Similarly, the comparative genomics of
Escherichia coli has been used to identify polyvalent vaccine targets by analyzing the distribution of virulence
factors across different pathotypes and phylogroups (Clark and Maresso, 2021). The use of platforms like VFDB
and tools like VFanalyzer facilitates the systematic identification of virulence factors, enhancing our ability to
conduct comparative pathogenomic studies (Liu et al., 2018).

The integration of genomic sequencing, identification of virulence genes, and comparative genomic analysis
provides a comprehensive framework for understanding the pathogenicity of kelp pathogens. These approaches
not only reveal the genetic features and virulence factors of these pathogens but also offer insights into their
evolutionary relationships and potential strategies for disease prevention and control.

6 Host-Pathogen Interactions

6.1 Mechanisms of infection

The mechanisms of infection in kelp pathogens involve complex interactions between the host and the pathogen.
For instance, the filamentous algal endophyte Laminarionema elsbetiae induces significant transcriptomic
changes in its host, Saccharina latissima, and occasionally in Laminaria digitata. These changes include
differential gene expression related to host-endophyte recognition, defense response, and cell wall modification,
which are crucial for understanding the infection process and host specificity (Xing et al., 2021). Additionally, the
oomycete Anisolpidium ectocarpii infects the giant kelp Macrocystis pyrifera by undergoing physiological shifts
that are sensitive to autophagy inhibitors, indicating that autophagy plays a role in the pathogen's life cycle and
infection process (Murua et al., 2020).

6.2 Host defense responses

Kelp hosts exhibit various defense mechanisms in response to pathogen infection. The giant kelp Macrocystis
pyrifera mounts local defenses through autophagy, which can directly eliminate the pathogen by xenophagy. This
process involves the recycling of plastids in uninfected host cells, suggesting a systemic response mediated by
autophagy (Murua et al., 2020). Furthermore, proteomic analyses have highlighted the role of immune-related
proteins in host defense responses. These proteins are upregulated during infections, helping to identify and
quantify the host's immune response to pathogens (Ahmed et al., 2019). The NOD-like receptor signaling pathway
has also been identified as a significant defense mechanism in tilapia, which may have parallels in kelp defense
responses (Wu et al., 2019).

6.3 Impact on kelp health and growth

Pathogen infections can have profound impacts on kelp health and growth. The presence of Laminarionema
elsbetiae in Saccharina latissima and Laminaria digitata leads to morphological changes such as twisted stipes
and deformed blades, which can affect the overall growth rate of the kelp (Xing et al., 2021). In another study, the
interaction between kelp and bacteria under different nitrogen concentrations showed that bacterial communities
could enhance kelp growth rates under low nitrogen availability, although this effect is regulated by the genetic
background of the kelp populations (Florez et al., 2021). Additionally, the spatial organization of the kelp
microbiome, including the dense microbial biofilm on kelp blades, plays a crucial role in nutrient cycling and can
impact kelp health and growth by modulating the chemistry of the surrounding water column (Ramirez-Puebla et
al., 2020).

7 Implications for Kelp Aquaculture
7.1 Disease management strategies
Effective disease management strategies are crucial for the sustainability of kelp aquaculture. The integration of
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molecular and genomic tools has revolutionized disease surveillance and diagnostics, enabling more precise
identification and control of pathogens. For instance, the use of genomic data for disease surveillance can enhance
the accuracy of pathogen detection and inform better decision-making processes in aquaculture management
(Stéark et al., 2019). Additionally, metagenomics and other omics approaches can provide comprehensive insights
into microbial communities and antimicrobial resistance, which are essential for developing targeted disease
management strategies (Nogueira and Botelho, 2021). The implementation of these advanced diagnostic tools can
significantly reduce the incidence of disease outbreaks and improve the overall health of kelp farms.

7.2 Breeding for disease resistance

Breeding for disease resistance is a promising approach to mitigate the impact of infectious diseases in kelp
aquaculture. Advances in genomic technologies, such as genome-wide association studies (GWAS) and
genotyping by sequencing (GBS), have identified key genetic loci associated with disease resistance in various
aquaculture species (Robledo et al., 2017; Zhou et al., 2019; Griot et al., 2021). These technologies can be applied
to kelp to identify and select for disease-resistant traits, thereby enhancing the resilience of kelp populations to
pathogens. For example, the identification of single-nucleotide polymorphisms (SNPs) associated with disease
resistance can inform selective breeding programs aimed at producing kelp strains with superior resistance to
bacterial and viral infections (Zhou et al., 2019; Griot et al., 2021). Moreover, machine learning models have
shown potential in predicting disease resistance, offering a valuable tool for optimizing breeding strategies
(Palaiokostas et al., 2021).

7.3 Sustainable aquaculture practices

Sustainable aquaculture practices are essential to ensure the long-term viability of kelp farming. The use of
plant-enriched diets has been shown to improve the growth, immunity, and disease resistance of aquaculture
species, presenting a sustainable alternative to traditional feed practices (Reverter, 2020). This approach can be
adapted to kelp aquaculture by incorporating plant-based supplements that enhance the health and productivity of
kelp. Additionally, the detection and removal of bacterial contaminants from kelp genomes using tools like
Taxoblast can prevent the spread of pathogens and maintain the genetic integrity of kelp populations (Dittami and
Corre, 2017). By adopting these sustainable practices, kelp aquaculture can reduce its environmental footprint and
contribute to the overall health of marine ecosystems.

In conclusion, the integration of advanced genomic tools, selective breeding for disease resistance, and sustainable
aquaculture practices can significantly enhance the resilience and productivity of kelp aquaculture. These
strategies not only improve disease management but also promote the sustainable growth of the industry, ensuring
its long-term success.

8 Concluding Remarks

The research on kelp pathogens has significantly revealed the potential impacts of microbial communities
associated with kelp on kelp health. Key findings include the identification of bacterial contaminants in kelp
genomes and the characterization of new bacterial species associated with kelp, such as Kordiimonas marina and
Kordiimonas laminariae, which exhibit unique metabolic capabilities and adaptations to the marine environment.
Metagenomic studies have uncovered diverse microbial taxa associated with kelp, which may play roles in biofilm
formation and antimicrobial activity. Additionally, the discovery of potential phacophycean parasites in kelp
highlights the complexity of kelp-associated microbial communities and their potential pathogenic interactions.

Genomic studies are crucial for understanding the complex relationships between kelp and their associated

microbial communities. The use of high-throughput sequencing and metagenomic approaches has enabled the

reconstruction of bacterial genomes from kelp surfaces, revealing their metabolic potential and functional roles.

These studies have shown that kelp-associated bacteria can contribute to nutrient cycling, biofilm formation, and

the provision of essential vitamins to their host. Comparative genomic analyses have also provided insights into

the evolutionary adaptations of kelp-associated bacteria, such as the ability to degrade sulfated polysaccharides
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and produce secondary metabolites. Furthermore, the identification of novel microbial species and their genomic
characteristics can inform the development of biotechnological applications, such as the use of kelp-associated
bacteria in marine drug discovery.

Future research should focus on long-term monitoring of changes in kelp-associated microbial communities under
different environmental conditions to identify potential pathogenic shifts and their triggers. Functional genomics
approaches should be employed to elucidate the specific roles of microbial genes in kelp health and disease,
including studying gene expression profiles and metabolic pathways in response to biotic and abiotic stressors.
Investigating the molecular mechanisms underlying host-microbe interactions, including the signaling pathways
involved in microbial colonization and host defense responses, should also be a priority. Exploring the potential of
kelp-associated microbes for biotechnological applications, such as developing probiotics for kelp aquaculture or
discovering novel antimicrobial compounds, is crucial. Additionally, developing rapid and accurate methods for
identifying kelp pathogens and assessing the efficacy of various control strategies, including using natural
microbial antagonists and genetic resistance in kelp, is essential. By addressing these research areas, we can
enhance our understanding of kelp pathogens and develop effective strategies to mitigate their impact on kelp
ecosystems and aquaculture.
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