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Malformation disease (MD) is one of the major constraints in the mariculture of the commercially important seaweed Saccharina japonica, which can cause severe losses of the kelp seedlings in the production process. However, the pathogenesis of MD remains largely undetermined. In this study, using cultivation experiments under laboratory conditions, MD severity was estimated for the young sporophytes of S. japonica, which were separately cultivated under different treatment conditions, including light intensity, duration of light exposure, and maturity level of the parent kelp. The associations between MD severity and epibacterial community divergence and assembly patterns were characterized. Higher MD severity significantly correlated with longer light exposure, and with both unmatured and overmatured parent kelp. The bacterial classes γ-Proteobacteria and α-Proteobacteria dominated all samples, but different MD severities were associated with different epibacterial communities. Comparisons of predicted functions for epibacterial communities revealed that longer light exposure led to a depletion in development and regeneration, while overmatured parent kelp resulted in a depletion in glycan biosynthesis and metabolism. Functional comparisons of the epibacterial communities between normal and unmatured parent kelp-generated seedlings revealed significantly different categories related to metabolism, environmental information processing, cellular processes, drug resistance, and bacterial infection. The significantly different pathways between groups, notably those related to bacterial infection and cellular processes, were partly consistent with the differences in bacterial compositions. The assembly of epiphytic bacterial communities was predominately governed by deterministic processes, and less impact was determined when there was significantly higher MD severity except when using overmatured parent kelp. Co-occurrence networks of the epibacterial communities associated with higher MD severity contained fewer nodes and exhibited lower modularity, but had higher graph density and degrees compared with those of seedlings with lower MD severity, indicating more complicated interactions. Nesterenkonia, Glycocaulis, Halomonas, Pseudoalteromonas, Pseudomonas, Loktanella, and Cobetia were frequently determined keystone taxa in communities associated with higher MD severity. The present study enhances our understanding of the factors significantly associated with MD severity and the potential roles of epimicrobiome in determining the disease severity, which will be useful for disease management in the future.
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Introduction

Seaweeds are a phylogenetically diverse group of macroscopic marine algae in marine ecosystems, which include brown, red, and green algae. These multicellular photosynthetic eukaryotes are well-equipped to function as ecosystem engineers by contributing to primary productivity, and by providing food and shelter for aquatic life (Watt and Scrosati, 2014; Hasselström et al., 2018). The cultivation of commercially important seaweed species has become a significant and growing industry owing to their significant value in food, medicines, and cosmetics (Lomartire et al., 2021). However, like other living organisms, seaweeds are susceptible to diseases, leading to significant losses in the natural population and economic losses in commercial species. For example, the annual losses caused by oomycete pathogens can reach approximately 15–20% and 25–30% for the cultivated laver in Korea and China respectively, with up to a 64% loss rate reported in Japan (Gachon et al., 2010).

The fitness and ecological traits of seaweeds are influenced by mutual interactions with the associated microbial community, which can be referred to as the “holobiont” (Wahl et al., 2012; Dittami et al., 2021). The microbial community associated with seaweeds consists of potentially beneficial species along with pathogenic species; thus, bacterial-host interactions have the potential to influence seaweed health and development in two different ways. On the one hand, these interactions can be beneficial by supplying nutrients or assisting with nutrient acquisition (Singh and Reddy, 2015; Dogs et al., 2017), providing chemicals for morphogenesis and development (Goecke et al., 2010; Alsufyani et al., 2020), and conferring resistance to stressful environments (Dittami et al., 2016; Morrissey et al., 2021) and pathogen infections (Saha and Weinberger, 2019; Li et al., 2022). On the other hand, these interactions can be detrimental if opportunistic pathogens colonize and proliferate, which notably occur under unfavorable environments when the host’s immunity is undermined (Egan and Gardiner, 2016; Ward et al., 2021; Behera et al., 2022). It is now recognized that seaweed diseases are tightly associated with interactions that occur among macroalgae, bacteria, and the environment. Emerging evidence demonstrates that disruption of the host’s natural microbiota under suboptimal conditions is correlated with disease development (Zozaya-Valdés et al., 2015; Ghaderiardakani et al., 2020; Yan et al., 2022). For an infection disease, it is typically characterized by the increase in potentially pathogenic bacteria and/or virulence-related functional genes. For example, under bleaching conditions, the red alga Delisea pulchra is significantly enriched in certain members of the bacterial families Rhodobacteraceae and Flavobacteriaceae, in addition to functional genes related to chemotaxis, motility, oxidative stress response, vitamin biosynthesis, and nutrient acquisition (Zozaya-Valdés et al., 2015; Zozaya-Valdés et al., 2017). Collectively, the investigation on seaweed microbiome requires a broader perspective by combining their interactions with host and environments.

Currently, it is difficult to disentangle the causal relationship between the changes in epibacterial community and the occurrences of seaweed disease due to the existence of multiple disease stages and the complexity of potential opportunistic pathogens (Zozaya-Valdés et al., 2015). Unraveling the mechanisms that govern community assembly is crucial to predicting the incidence of disease, and can also guide the establishment of new strategies against community disruption and/or pathogenic infections (De Schryver et al., 2012; Pearson et al., 2018; Li et al., 2022). Recently, two principles have been proposed. The “lottery hypothesis,” combining both selective and neutral aspects, suggests that the community assembly depends more on functional level of genes (Burke et al., 2011a). Another hypothesis argues that communities are structured by both untargeted recruitment and targeted deterrence processes from the host (Saha and Weinberger, 2019). These principles combined with other studies suggest that the assembly of microorganisms on seaweeds is controlled by both host- and non-host-related factors, such as the already present colonizers (Longford et al., 2019), host health status (Yan et al., 2022), growth stage of the host (Lemay et al., 2018), and environmental conditions (Florez et al., 2019), which can be categorized into two different ecological processes: deterministic (niche-based) and stochastic (neutral) processes. A deterministic process is expected to drive microbial niche structures that favor one species over the other through host selection and species-to-species interactions (Zhou and Ning, 2017). Alternatively, stochastic processes assume species to be ecologically equivalent, emphasizing the importance of chance colonization, random extinction, and ecological drift (Chase and Myers, 2011; Zhou and Ning, 2017). However, scarce data are available to quantify the relative importance of deterministic and stochastic processes in bacterial assembly on the surfaces of seaweeds, notably when they are plagued by disease.

Increasing evidence demonstrates that responses of a community to disease depend on species-to-species interactions (Zhu et al., 2016; Dai et al., 2020). The alterations can be indicative by the presence of certain taxa within the microbial communities that have greater biotic connectivity to the resident members, irrespective of their abundance; these can be referred to as “keystone taxa” (Herren and McMahon, 2018). Previous studies have identified keystone taxa (also denoted as “gatekeepers”) from the gut microbiota of shrimp, demonstrating their disproportional roles in sustaining stability, dynamics, and function. Such keystone taxa are identified as candidate pathogens in diseased shrimps, further validated by their enrichment in terms of relative abundance and encoded virulence genes (Dai et al., 2018). Moreover, keystone taxa can function as potential probiotics under certain contexts (Xiong, 2018; Dai et al., 2019). Therefore, identifying keystone taxa can provide clues for the identification of causal agents of a disease, and thus offer strategies for the management of maintaining a “healthy” microbiota in disease prevention. Network analysis has emerged as a powerful tool for the integrated understanding of microbe-to-microbe interactions, and the network scores can statistically identify the potential importance of specific microorganisms to the network, such as keystone taxa (Berry and Widder, 2014; Banerjee et al., 2018). For example, taxa with high degree, high closeness centrality, and low betweenness centrality scores in the network are considered as the keystone taxa in the community (Berry and Widder, 2014). Thus, network analysis has been widely applied in the analyses of interactions occurring in multiple ecosystems, including aquaculture systems (Dai et al., 2020; Lin et al., 2021).

The brown seaweed Saccharina japonica (Areschoug) C. E. Lane, C. Mayes, Druehl & G. W. Saunders, 2006 has been cultivated in China since the 1920s as a commercial marine algal species (Tseng, 2001). S. japonica has an alternate life history comprising generations of micro-gametophyte and macro-sporophyte, and its culture process consists of indoor cultivation of seedlings (i.e., sporelings or young sporophytes) and outdoor cultivation of mature sporophytes (Duan et al., 2015). The artificial seedling-rearing techniques developed in the 1950s substantially contributed to the rapid development of the kelp aquaculture industry in China (Tseng, 2001). Recently, S. japonica has been increasingly threatened by various diseases at both the seedling-rearing and open-sea cultivation stages, notably diseases that target young sporophytes, leading to complete failure of seedling production (Peng and Li, 2013; Wang et al., 2014; Li et al., 2020). Malformation disease (MD) is one of the disastrous and frequent diseases in seaweed mariculture, which is becoming an increasingly serious bottleneck in kelp cultivation by causing massive losses of seedlings (Qian et al., 2016; Sheng et al., 2016). According to our field investigations during 2018–2021, the malformation rates in certain tanks were > 50% in kelp genotypes collected in northern China. MD frequently occurs in the early stage of young sporophytes, notably when reaching the stage of 4–8 columns of cells (Wu et al., 1979; Qian et al., 2016). MD was observed to cause abnormal division in some or all of the cells, characterized by expanded cell size and/or irregular division. Eventually, these malformed seedlings disintegrate, leaving no seedlings remaining on the cultivation curtains. The pathogenesis for MD remains largely unknown, although associated bacteria and/or potential factors (i.e. duration of light exposure, maturity level of the parent kelp) have been proposed to play a role (Wu et al., 1979; Qian et al., 2016; Sheng et al., 2016).

In the present study, the MD severity of young sporophytes of S. japonica was estimated under laboratory conditions. Sporophytes were separately cultivated under different treatment conditions, including variation in light intensity, duration of light exposure, and maturity level of the parent kelp, respectively. With these experiments, we aimed to reveal the following: (1) factors significantly correlated with MD severity, (2) divergence of the epiphytic bacterial community associated with different MD severities, and (3) alterations in the bacterial assembly patterns associated with different MD severities. These findings are of great significance for the production of kelp seedlings in the field of disease management.



Material and methods


Experimental design and sample collection

The parent kelp used in the present study was collected from Ailun Bay (122°33’32” E, 37°9’14”) in July, 2021, and a cultivar that has long been cultivated in this area was used for zoospore collection. Approximately 6 individuals (2 replicate individuals × 3 maturity levels) of the cultivar were collected and then washed, incubated, and stimulated to release zoospores in the laboratory according to standard methods (DB37/T 1190—2009). After reaching a density of approximately 3–5 zoospores per microscopic field (100×) with completed attachment on microscopic slides, the zoospores were incubated under various experimental conditions for seedling incubation (Table 1). Factors previously found to be associated with MD in our investigations and other published reports (Qian et al., 2016; Sheng et al., 2016) were selected to further investigate their associations with MD severity, including light intensity, light duration, and maturity level of the parent kelp (estimated based on standard methods SC/T 2024-2006). For each factor, three treatment groups were established with varying levels of the given factor (referred to as a “set”; Table 1). For the set of light intensity, seedlings generated by normally-matured parent kelp were cultivated at 8°C under different light intensities (500 lx, 1500 lx, and 3000 lx) with a photoperiod of 10h: 14h (light: dark). These seedlings were separately grouped and denoted as L500, L1500, and L3000, respectively (Table 1). For the set of light duration, seedlings generated by normally-matured parent kelp were cultivated at 8°C under the light intensity 1500 lx with different photoperiods (5h: 19h, 10h: 14h, and 15h: 9h), and they were grouped and denoted as T5, T10, and T15, respectively (Table 1). For the set of maturity level, seedlings were generated by different maturity levels of the parent kelp, including unmatured, normally-matured, and overmatured, which were grouped and denoted as UM, NM, and OM, respectively (Table 1). These seedlings were cultivated under standard environmental conditions, including 8°C, 1500 lx, 10-h light exposure (DB37/T 1190—2009). Within these groups, the seedlings of the groups L1500, T10, and NM represented the standard cultivation conditions (normally-matured parent kelp and standard environmental conditions), which can function as the control group for each set.


Table 1 | Experimental sets and treatment groups.



Assays for each set were performed in separate laboratories. Nitrogen and phosphorus nutrients, which are essential for seedling growth, were supplied in sterile natural seawater within the culture Petri dishes according to the standard protocols (DB37/T 1190—2009), and the seawater was exchanged every 3 days. Twelve replicate slides were established as biological replicates for each treatment group and one slide per Petri dish was incubated. After approximately 20 days of incubation when sporophytes entered the stage of 4–8 columns of cells, the malformation severity was estimated based on microscopic observation. For each slide, 10 microscopic fields were selected to count the total number of malformed seedlings. MD severity was then calculated as (total observed malformed seedlings/total observed individuals) × 100%. It has been reported that certain gametophytes cannot convert to sporophytes at a normal pace due to slow growth or death under inappropriate conditions (e.g., lower or higher light intensity, shorter or longer light exposure) (Duan et al., 2015). Therefore, an unconverted proportion was also calculated for each replicate as (total observed individuals not converted to sporophytes/total observed individuals) ×100%. This is useful to evaluate seedling growth and development status so that we can select groups at approximately the same status for the comparisons of MD severity and epibacterial community. Finally, six randomly selected replicates were used to scrape seedlings on cotton swabs for analysis of the epiphytic bacterial communities.



DNA extraction, PCR amplification, and illumina sequencing

For detection and quantification of epiphytic bacteria, DNA was isolated from each replicate using the EZNA Soil DNA Kit (OMEGA Bio-Tek, Norcross, GA, USA). To avoid any loss of the firmly attached bacteria, both cotton swab and the collected seedlings on it were used for DNA extraction. The extracted DNA was assessed by gel electrophoresis, and the qualified DNA was then stored at −20°C until used for amplification. To preclude amplification of plastid sequences, the primers 799F and 1193R were used to amplify the V5–V7 hypervariable regions of the 16S rRNA gene which has been used in the study of plants and algae microbiota (Zhang et al., 2019; Aires et al., 2021). The amplicon libraries were constructed using TruSeq Nano DNA LT Library Prep Kit (Illumina, San Diego, CA, USA), following the manufacturer’s recommendations, and index codes were added. Subsequently, the amplicon libraries were sequenced on a NovaSeq 6000 sequencer (Illumina), and 250-bp paired-end reads were generated. The raw sequence data have been deposited in the Genome Sequence Archive (Chen et al., 2021) in National Genomics Data Center (Xue et al., 2022), China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA008545) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.



Sequence processing

The paired-end reads were joined using the command “fastq_mergepairs” in VSEARCH (version 2.15.1) (Rognes et al., 2016), and then truncated (fastq_stripleft 19 and fastq_stripright 18) and quality-filtered (fastq_maxee 1.0) using the command “fastx_filter” in VSEARCH. High-quality reads were clustered into zero-radius operational taxonomic units (ZOTUs) using the unoise3 algorithm in USEARCH (version 10.0.240) (Edgar, 2010). Taxonomy assignment for representative ZOTU sequences was also performed in USEARCH using the sintax algorithm against the RDP 16S training set 18 database (cutoff = 0.8). Sequences assigned as plastids and mitochondria, as well as those not belonging to the domain Bacteria, were discarded. Taxonomic information of ZOTUs in the following analyses, e.g., community comparisons and keystone taxa, were also checked using Basic Local Alignment Search Tool (BLAST). A rarefied ZOTU table at the same depth was used to calculate α- and β-diversities in R using the “vegan” package (version 2.5-6) (Oksanen et al., 2019). Relative codes for taxa filtering, taxa circular visualization plots, and diversity calculation were obtained from a direct application documented in Zhang et al. (2019).



Functional prediction of the epibacterial community

The ZOTU table was normalized by dividing the abundance of each ZOTU by its predicted 16S rRNA gene copy number to produce the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology (KO) functional categories using PICRUSt2 (Douglas et al., 2020). The script “summarizeAbundance.py” was used to calculate pathway count abundance at different levels, which is documented in EasyMicrobiome (version 1.16)1.



Null model analyses of epiphytic bacterial communities

To disentangle the relative contributions of stochastic and deterministic processes to microbial community assembly, the NST value was used to quantify ecological stochasticity in communities (Ning et al., 2019). This index measures the relative importance of stochasticity versus determinism considering both the situations where deterministic factors drive the communities to be more similar or dissimilar than random patterns (Ning et al., 2019); NST < 0.5 indicates a more deterministic community and NST > 0.5 indicates a more stochastic community assembly. NST was calculated based on Jaccard and Bray–Curtis similarity metrics using the null model algorithm PF (with fixed data richness and proportional taxa occurrence frequency). NST analysis was performed using the “NST” R package (Ning et al., 2019).



Construction of the co-occurrence network

The networks were individually constructed to infer associations between ZOTUs for each treatment group. To construct the co-occurrence network, compositionality-robust correlations from the median of 20 iterations and 100 bootstrap samples were used to infer pseudo p values (Kurtz et al., 2015). The inferred correlations were restricted to those having correlation coefficients > 0.8 or < −0.8 (p < 0.05, two-sided). Visualization was performed with the Gephi 0.9.3 platform, using a Fruchterman Reingold layout (Bastian et al., 2009). To describe the topology of the networks, the following metrics were calculated: average path length, network diameter, average degree, clustering coefficient, and graph density. Average path length refers to the average network distance between all pairs of nodes, network diameter refers to the greatest distance between the nodes that exist in the network, average degree refers to the average connections of each node with another unique node in the network, clustering coefficient represents the degree to which the nodes tend to cluster together, and graph density refers to the intensity of connections among nodes (Newman, 2002; Newman, 2006). A higher average degree, clustering coefficient, and graph density suggest a more connected network. In addition, lower average path lengths and diameters indicate closer associations in the network (Barberán et al., 2012; Ma et al., 2016). The node-level topological features, including degree, betweenness, and closeness centrality, were also calculated for each node. The ZOTUs with the highest degree, highest closeness centrality, and lowest betweenness centrality scores were considered as the keystone taxa (Berry and Widder, 2014).



Statistical analysis

One-way analysis of variance (ANOVA) was used to test the significance in differences of MD severity, α-diversity indices, and normalized stochasticity ratio (NST) values among groups within each set (Chambers et al., 1992). Constrained principal co-ordinates analysis (CPCoA) was performed based on the Bray–Curtis distance matrix and visualized using the web server ImageGP (Chen et al., 2022). A random forest (RF) algorithm was used to screen significantly differentiated bacteria ZOTUs among treatment groups using the “randomForest” R package (Breiman, 2001). The significance of differentially abundant ZOTUs was also tested in STAMP (version 2.1.3) based on ANOVA with a Tukey post-hoc test (p < 0.05) (Parks et al., 2014). STAMP (version 2.1.3) was also used to determine bacterial ZOTUs that are significantly different between groups with significantly different MD severities, and Welch’s t-test was used to test the pair-wise significance (p < 0.05). All the aforementioned analyses performed in STAMP were also applied to determine significantly different functions based on their relative abundance, and categories related to humans were excluded from the statistical analysis.




Results


Malformation severity for different treatments

The presence and severity of MD were observed when the experiments were terminated. As shown in Figure 1, several types of individuals were observed in the present study, including normal, unconverted, and malformed individuals. Given unsuccessful cultivation for zoospores within certain replicates, the MD severity was estimated using the remaining replicates for each treatment condition (Table 2). For the treatments with different light intensities, the MD severity was not significantly different among groups. Lower light intensity also prevented more gametophytes from transforming into sporophytes, resulting in a significantly higher unconversion rate (Table 2). Longer light exposure generated a significantly higher MD severity than found in the seedlings cultivated with standard light conditions (1500 lx, L1500). Although shorter light exposure (5 h, T5) generated significantly lower MD severity, more gametophytes could not properly convert into sporophytes under this condition, with an unconversion rate reaching over 66% (Table 2). In particular, the normally-matured parent kelp (NM) generated significantly lower MD severity of the seedlings than that derived from both unmatured (UM) and overmatured (OM) parent kelp (Table 2). These results demonstrated that groups of T10 and T15, NM and UM, and NM and OM warrant further comparisons concerning epibacterial communities due to their significantly different MD severity and similar growth status (i.e., unconverted proportion).




Figure 1 | Typical characteristics of different types of seedlings observed in the present study. (A) Normal seedlings. Image from T15 group; (B) Individual not converted to sporophyte as indicated by a black arrow. Image from T10 group; (C, D) Malformed seedlings indicated by red arrows. Image from T15 group.




Table 2 | Malformation severity for different treatment groups.





Epiphytic bacterial community composition and diversity

All samples were dominated by the bacterial classes γ-Proteobacteria and α-Proteobacteria, which accounted for 92.85 ± 6.59% (mean ± standard deviation) of the total sequences (Figure 2). The relative abundance of γ-Proteobacteria declined as the light intensity increased (Figure 2A). In contrast, the relative abundance of α-Proteobacteria increased as the light intensity increased (Figure 2A). Similar patterns were also observed for the groups cultivated under different light durations (Figure 2B). The relative abundance of γ-Proteobacteria was the highest in the group cultivated with normally matured parent kelp (NM), but was the lowest in the UM group, and did not tend to decline progressively with maturity level (Figure 2C). Conversely, the changes in the relative abundance of α-Proteobacteria showed the opposite trend with respect to the maturity level of parent kelp (Figure 2C).




Figure 2 | Distribution of major bacterial taxa in different treatment groups at the class level. (A) Groups treated with different light intensities; (B) Groups treated with different durations of light exposure; (C) Groups derived from different maturity levels of parent kelps.



Observed species and Shannon index was used to estimate the α-diversity for all treatment groups. The light intensity did not have a significant effect on α-diversity, although the diversity of the L1500 group (representing the standard culture condition) was higher than that of the other two groups (Figure 3A). The T5 group showed a significantly lower Shannon index compared with that of the groups exposed to light for 10 h (T10) and 15 h (T15), respectively (Figure 3A). Although the highest α-diversity was found for the T10 group, there was no significant difference from that of the T10 group (Figure 3A). With respect to the maturity of the parent kelp, NM showed a higher species richness value and a relatively lower Shannon index than the other two groups, although no significant difference was observed (Figure 3A). CPCoA plots revealed that the bacterial communities were separately clustered according to the different treatments (Figure 3B). Further, perMANOVA confirmed significant associations between treatments and the community differences (p < 0.05), with light intensity, light duration, and maturity level explaining 16.6%, 14.8%, and 16.9% of the community variations, respectively (Figure 3B).




Figure 3 | Comparisons of α (A) and β (B) diversities among the epiphytic bacterial communities associated with different treatment groups. The α-diversity was estimated using Observed species and Shannon index, and letters on the boxes indicate significant difference (p < 0.05, ANOVA, Tukey post-hoc test) among groups. Plots for the β-diversity were performed based on the Bray–Curtis dissimilarity.





Divergent bacterial communities among different treatments

The associated bacterial communities were then compared at the ZOTU level to reveal the community divergence according to treatment condition. Based on the RF algorithm and ANOVA, approximately 6, 16, and 3 ZOTUs were determined to differentiate treatment groups for the sets of light intensity, light duration, and maturity level, respectively (Figure 4A). This indicated that these bacterial ZOTUs, though distributed in various genera (Table S1), can potentially serve as indicators of host status. Bacterial communities associated with seedlings with different MD severities were further compared based on Welch’s t-test. Approximately 12, 17, and 18 ZOTUs were determined to be significantly different between groups in the comparisons of light duration (T10 vs. T15), NM vs. UM, and NM vs. OM, respectively (Figure 4B). Based on BLAST and phylogenetic analysis, these ZOTUs were phylogenetically diverse notably those affiliated with Rhodobacteraceae (Figure S1 and Table S2). Specifically, seven of the 12 significantly different ZOTUs between T10 and T15 were enriched in T10, which were distributed in seven genera. By contrast, the relative abundances of five ZOTUs affiliated with Sulfitobacter, Fluviibacterium (two ZOTUs), Psychroserpens, and Pacificibacter were higher in T15 than in T10 (Figure 4B). Ten of the 17 significantly different ZOTUs between NM and UM were more significantly abundant in NM, including those affiliated with Colwellia (two ZOTUs), Pseudoalteromonas (four ZOTUs), Pseudomonas (two ZOTUs), and Cobetia (two ZOTUs) (Figure 4B). Compared with those in OM, seven ZOTUs were significantly enriched in NM, distributed in Colwellia (two ZOTUs), Cobetia (two ZOTUs), Pseudoalteromonas, Yoonia, and Pseudomonas, respectively. Whereas, eleven ZOTUs were significantly depleted in NM, including those assigned to Pseudomonas (four ZOTUs), Parasedimentitalea (two ZOTUs), Halopseudomonas (two ZOTUs), Paracoccus (two ZOTUs), and Lentibacter (Figure 4B).




Figure 4 | Significantly different epiphytic bacterial ZOTUs among treatment groups (A) and between groups with different MD severity (B). For (A), significant differences were determined using RF and ANOVA (p < 0.05, Tukey post-hoc test); for (B), significant differences were determined using Welch’s t-test (effect size >0.1, p < 0.05). Taxonomic information on the right of all the plots is determined using BLAST.





Divergent potential functional groups among different treatments

From the comparisons of PICRUSt2 predictions, no significant functional difference was determined among the groups treated with different light durations. However, significant differences among groups treated with different light intensities were detected, which were mainly derived from pathways related to amino acid metabolism, carbohydrate metabolism, and metabolism-related protein families (Figure 5A). For groups derived from parent kelp with different maturity levels, significant differences were mainly distributed in pathways related to metabolism, including energy metabolism, metabolism of other amino acids, and metabolism of terpenoids and polyketides, in addition to the aforementioned three categories that were divergent according to light intensity (Figure 5A). Moreover, pathways related to environmental information processing (signal transduction) and cellular processes (cell motility) were also significantly differentially distributed among groups (Figure 5A).




Figure 5 | Comparisons of predicted functional profiles among treatment groups (A) and between groups with significantly different MD severity (B). Significant differences were determined based on relative abundance using ANOVA (p < 0.05, Tukey post-hoc test) and Welch’s t-test (p < 0.05), respectively.



To further reveal functional differences between groups, functional profiles between T10 and T15, NM and UM, and NM and OM were respectively compared. T10 was significantly enriched in categories related to development and regeneration compared with T15 (Figure 5B). Compared with UM, approximately six functional categories were significantly enriched in NM, including certain protein families (metabolism, genetic information processing, and signaling and cellular processes), environmental information processing (signal transduction), cellular process (cell motility), and drug resistance (Figure 5B). In addition, 10 pathways were found to be significantly depleted in NM compared with those of UM, which mainly included metabolism-related pathways (e.g., amino acid, carbohydrate, energy, lipid, and biosynthesis of other secondary metabolites), environmental information processing (membrane transport), bacterial infection, and cellular process (cell growth and death) (Figure 5B). For the comparison between the NM and OM groups, glycan biosynthesis and metabolism was the only category that showed a significant difference, which was more enriched in the NM group (Figure 5B).



Assembly process of epiphytic bacterial community

NST values based on both the Bray–Curtis distance and Jaccard dissimilarity revealed consistent trends among different treatment groups (Figure 6). Specifically, the NST values for all groups ranged from 16.79% to 35.06% and from 19.23% to 42.99% based on the Bray–Curtis distance (Figure 6A) and Jaccard dissimilarly (Figure 6B), respectively, indicating that the assembly of epiphytic bacterial communities on the seedlings was predominately governed by deterministic processes. For seedlings treated with different light intensities, the epiphytic bacterial community on seedlings cultivated under standard conditions (L1500) had a lower NST value (16.79% and 19.35% for the Bray–Curtis distance and Jaccard similarity, respectively) compared with those of the other two groups (L500: 35.06% and 38.30%; L3000: 31.41% and 42.99%, respectively), although no statistically significant difference was determined. Similar patterns were also observed for the groups treated with different light durations; notably, the T10 group had a significantly lower value (17.06%) than the T15 group (29.60%) based on the Bray–Curtis distance. For seedlings cultivated using different maturity level of parent kelp, NST values showed a slightly decreasing trend in accordance with the maturity level.




Figure 6 | Comparisons of NST values among different treatment groups based on Bray-Curtis (A) and Jaccard (B) dissimilarity. Asterisk on the boxes indicate significant difference (*p < 0.05 Tukey post-hoc test) among groups.





Correlation networks

Networks constructed for the groups under stressful conditions, notably those with significant MD severity, tended to harbor fewer nodes but a relatively higher average degree and graph density compared with those constructed under the standard cultivation conditions in each set (Table 3 and Figure S2). For example, the T15 network had 99 nodes, which was less than the number of nodes in the T10 network. The average degree and density of the T15 network were 2.222 and 0.023, respectively, which were also both higher than those of the T10 network. Similar trends were also determined for the comparisons between the NM and UM networks, and between the NM and OM networks, respectively (Table 3). The modularity indices for all networks were greater than 0.4, indicating that all networks harbored a modularized structure (Newman, 2006). Networks for groups with significantly higher MD severities had modularity indices lower than those of the groups cultivated under standard conditions (Table 3). Specifically, the modularity of the T15 network was 0.791, which was lower than the network of the T10 group (0.856) that also had a lower MD severity than the T15 group. Modularity indices of the UM (0.641) and OM (0.806) networks were also both lower than that of the NM group (0.818).


Table 3 | Comparison of the topological parameters for all networks.



For all networks, ZOTUs with degree ≥ 5, closeness centrality > 0.15, and betweenness centrality < 200 were selected as the keystone taxa. Consequently, different profiles of keystone taxa were determined for all groups. The taxonomic information of these keystone taxa and their relative abundances are listed in Table S3. All keystone taxa belonged to the predominant groups identified in all networks: γ-Proteobacteria, α-Proteobacteria, and Actinobacteria. The keystone taxa of the T15 groups were determined to be Halomonas (ZOTU_81) and Pseudoalteromonas (ZOTU_1 and ZOTU_220), whereas those of the T10 group were identified as Phaeobacter (ZOTU_245), Sulfitobacter (ZOTU_462), and Pseudomonas (ZOTU_2). The two groups also shared three keystone taxa: Nesterenkonia (ZOTU_23), Glycocaulis (ZOTU_34), and Aliihoeflea (ZOTU_38). Both the UM and OM groups were associated with more complicated profiles of keystone taxa since only two genera (i.e., Pseudomonas and Halopseudomonas) were determined as keystone taxa in the NM group. ZOTUs belonging to Nesterenkonia, Glycocaulis, Halomonas, Pseudoalteromonas, Pseudomonas, Loktanella, and Cobetia were frequently determined keystone taxa in groups with significantly higher MD severity.




Discussion

In the present study, different MD severities of kelp seedlings were determined under various laboratory cultivation conditions. The epiphytic bacterial communities of the groups varying in MD severity were then analyzed and compared with respect to their structural and predicted functional profiles, in addition to the bacterial assemblage patterns.

Overall, the results demonstrated that the maturity level of parent kelp has a significant association with MD severity. Longer light exposure also showed a significant correlation with MD severity. These findings are consistent with previous reports proposing that either unfavorable light exposure or the maturity level of parent kelp is highly associated with the occurrence of MD (Qian et al., 2016; Sheng et al., 2016). However, scarce field investigations or experimental data have ever been provided to confirm such speculation. Exceeding the limits of environmental adaptation and tolerance is known to have negative impacts on the host state and defenses (Harvell et al., 2002; Moenne et al., 2016), while parent kelp of poor quality can also produce gametophytes and young sporophytes of poor quality (Qian et al., 2016; Sheng et al., 2016). The overall undermined physiology and performance of a host makes it potentially more susceptible to disruption of the associated microbiota, which can further facilitate pathogen infection, thereby providing good opportunities for disease occurrence. Multiple lines of evidence have demonstrated that bacteria are significant participants in macroalgal diseases, including rotting (Wang et al., 2008; Yan et al., 2022), bleaching (Zozaya-Valdés et al., 2017; Ward et al., 2021), gall formation (Ashen and Goff, 1996), and others. However, in many cases, a specific causal bacterial pathogen of the disease has not yet been conclusively identified, because diverse bacterial genera may be involved in the same disease or even induce similar symptoms as found in field observations. In such a context, it is necessary to investigate the pathogenesis at the level of the bacterial community. In the present study, significant community divergence was determined among different treatment groups, as confirmed by the CPCoA plots and perMANOVA for these groups. This indicates that seedlings of different health status had different bacterial communities.

To further reveal the nature of the observed divergence, the bacterial communities were compared between seedling groups with different MD severities. The predicted pathway changes (i.e., those involved in development and regeneration) enriched in T10 might indicate that the microbiota disruption caused by longer light exposure in T15 led to a lack of bacteria responsible for the normal development of seedlings. It has been demonstrated that disruption of associated microbiomes under stressful environments could cause abnormal phenotypes in macroalgae, e.g., malformations (Wichard, 2015; Ghaderiardakani et al., 2020). This is also a plausible mechanism related to MD given the characteristic of the disease in displaying abnormal morphology in seedling development. The enrichment of ZOTUs affiliated with the genus Loktanella (ZOTU_25) and Sulfitobacter (ZOTU_39) on the T10 seedlings is consistent with this observation, because both taxa have been reported to include essential members that stimulate the growth and/or morphology of macroalgal species (Spoerner et al., 2012; Dogs et al., 2017). As such, the differences detected between NM and UM further suggest the significant role played by bacteria in MD severity, including enriched signal transduction/signaling and cellular processes in NM. Signal-mediated quorum sensing allows bacteria to assemble as biofilms on seaweeds, and some bacteria (e.g., Pseudoalteromonas) are known to regulate zoospore settlement through cross-kingdom signaling (Marshall et al., 2006; Joint et al., 2007). Some bacteria are also well-equipped to have a positive impact on the morphology and growth of algae (Marshall et al., 2006), which is somewhat in line with our structural comparison at the ZOTU level. We found that ZOTUs belonging to Pseudoalteromonas (ZOTU_687, ZOTU_280, ZOTU_285, and ZOTU_764) and Pseudomonas (ZOTU_146 and ZOTU_108) were significantly enriched in NM. A significant proportion of the Pseudomonas members have been reported to induce morphological changes in green algal species (Nakanishi et al., 1996).

In the comparison between NM and OM, it is noted that the growth and/or morphology-related ZOTUs were significantly enriched in OM, such as ZOTU_45, ZOTU_765, ZOTU_1585, and ZOTU_1306 assigned to Pseudomonas, although only one predicted pathway (i.e., glycan biosynthesis and metabolism) was significantly enriched in NM. In addition, the OM-enriched taxon Paracoccus (ZOTU_49 and ZOTU_247) has also been reported to promote growth and morphogenesis in Ulva species (Ghaderiardakani et al., 2017). Collectively, these results suggest that the overgrowth of parent kelp might also be associated with an outcome of serious MD, potentially by influencing bacteria that impact host growth and morphology. Based on these observations, we cannot preclude the possibility that certain bacterial members are capable of infecting seedlings as opportunistic pathogens, hence manipulating host cellular processes to cause malformation. The production of molecular mimics of algal hormones in marine bacteria have been proposed to facilitate the bypass of host defenses, thus facilitating invasion of the macroalgal tissue to interfere with host cell growth (Egan et al., 2014). We also found that certain morphology and/or growth-related ZOTUs were significantly enriched in seedlings with significantly higher MD severity, such as ZOTU_15 assigned as Sulfitobacter (Dogs et al., 2017) in T15, ZOTU_111 and ZOTU_122 assigned as Halomonas (Spoerner et al., 2012) in UM, and the aforementioned four ZOTUs assigned as Pseudomonas (Nakanishi et al., 1996) in OM. All of these taxa have been determined to constitute a significant proportion of the epiphytic bacterial community on diseased S. japonica (Wang et al., 2008; Zhang et al., 2020). Their capabilities of degrading algal polysaccharides (e.g., structural elements for cell walls and storage materials) and manipulating cellular processes by inducing development and growth have been well documented (Wang et al., 2008; Spoerner et al., 2012; Tapia et al., 2016; Dogs et al., 2017), which are conceived as significant virulence traits to be potential opportunistic pathogens for seaweeds (Egan et al., 2014). Additionally, the pathways related to bacterial infection and cell growth and death were significantly enriched in UM, in contrast to downregulation in the pathways of signaling and cellular processes. This indicates a functional transition from mild to more severe MD by disrupting the host’s cell signaling and development. Taken together, our results suggest that disruption of the epiphytic microbiota caused by suboptimal growth and development conditions might provide a good opportunity for the invasion of opportunistic pathogens to interfere with the host’s cellular processes, hence leading to more severe MD in the seedlings. However, more efforts are required to investigate how the epiphytic microbiome may interact with the host across stages of disease progression, which can provide further insight into MD pathogenesis.

In the present study, the assembly of all epiphytic bacterial communities was predominantly governed by deterministic processes. There is evidence that algal-associated bacterial communities differ from planktonic communities, and that seaweeds harbor species-specific and temporally adapted epiphytic bacterial communities on their surfaces (Lachnit et al., 2009; Lachnit et al., 2011; Burke et al., 2011b). Such differences between seaweed-associated communities imply selective mechanisms of assembly of the bacteria, further supporting a significant role of deterministic processes. We found variations in the assembly of bacterial communities on seedlings with significantly higher MD severity, particularly a decrease in determinism for the T15 and UM groups. This indicates that the relative contribution of the ecological processes that govern the establishment of epiphytic bacterial communities is linked to MD severity. Similar cases have also been reported for assembly of the gut microbiota in aquaculture animals during disease occurrence (Zhu et al., 2016; Xiong et al., 2017; Yao et al., 2018). Specifically, previous studies have suggested that the emergence of host disease reduces the relative importance of deterministic processes. One possible explanation is that the host’s selective capability on planktonic bacteria is reduced under environmental stresses (e.g., longer light exposure in T15). Conversely, it is reported that both environmental stress and poor-quality parent kelp can lead to a decline in the health state of seedlings (Sheng et al., 2016), which may in turn lead to disruptions of the proper functions of the epiphytic bacterial community. Therefore, it is also possible that changes in the epiphytic bacterial assembly provide an open niche (a consequent lack of competition) for ambient bacterial species. Health-undermined seedlings are subject to stochastic colonization by dispersed microorganisms from the ambient water, including bacteria capable of causing infection, which is partly supported by the significant enrichment of the bacterial infection pathway in the UM group (Figure 5). Hence, this might support the possibility of opportunistic pathogen infection from the angle of community assembly. From a practical point, it is necessary to reduce such process variations to resist disease occurrence. Notably, the deterministic process became more important in OM compared with NM. This demonstrates that the ability of selection on microbiota increased as the hosts matured (Burns et al., 2016), further indicating an increase in the relative importance of deterministic processes. However, more detailed investigations are required to determine if overmatured parent kelp will have a direct influence on the assembly of the epiphytic bacterial community in their seedlings.

Bacterial interactions were also determined and their co-occurrence patterns were then compared between treatment groups with different MD severity. Groups with significantly higher MD severity (T15, UM, and OM) tended to contain fewer nodes but had higher graph density and degree, indicating more connected and complicated networks. Lower modularity was also determined for these networks, indicating less modularized structures. A module in the network is generally recognized as a group of taxa that are highly connected, which may represent similar niche preferences for these taxa (Ma et al., 2020). In such a context, lower modularization for the severe MD networks may indicate a relatively wide range of niche preferences for the colonized bacteria, thus reflecting disruptions of the epiphytic bacterial communities and increased complexity from the perspective of species–species interactions. Similar cases have also been reported for both shrimp and kelp diseases (Dai et al., 2020; Ling et al., 2022). In particular, the diseased shrimp also harbored a more highly connected and more complex bacterial network of gut microbiota (Dai et al., 2020). In addition, more diverse keystone taxa were determined for diseased shrimp compared with those identified in the healthy cohorts (Dai et al., 2020). This previous finding is to a large extent consistent with the more complicated profiles of keystone taxa detected in the present study for seedlings with significantly higher MD severity. Because keystone taxa play indispensable roles in the microbiome, and their removal could cause devastating changes in microbial composition and function (Banerjee et al., 2016; Banerjee et al., 2018; McMahon, 2018). This suggests that more diverse keystone taxa sustain and drive the changes in the epiphytic microbiota of seedlings with more severe MD. In this regard, multiple keystone taxa identified in groups with more severe MD, including Halomonas, Pseudoalteromonas, Pseudomonas, Loktanella, and Cobetia, have been reported to be capable of causing rotting, spotting, or degrading polysaccharides in macroalgae (Wang et al., 2008; Martin et al., 2015; Han, 2015), in addition to the aforementioned capabilities of inducing morphology and/or growth and development. Therefore, these taxa could be significant contributors to disease severity. Additionally, ZOTUs related to these taxa were also determined to be significantly different in relative abundance between mild and more severe groups. A recent study indicated that the functions of a certain bacterial taxon, i.e., beneficial or harmful to the algal host, depend on the species or specific strains to a large extent (Li et al., 2022). Therefore, the significant roles of these keystone taxa in severe MD samples, notably specific bacterial strains, warrants deeper investigation in future studies to gain further insights into the mechanisms of disease occurrence.



Conclusions

MD severity was estimated for young S. japonica sporophytes under laboratory conditions. The findings illustrated that light exposure and the maturity level of parent kelp are significantly associated with MD severity. The divergence of the epiphytic bacterial communities and assembly patterns were also determined to be closely linked to MD severity. The present study enhances our understanding of the factors that significantly correlate with MD severity, and provides insights into the potential roles that epiphytic bacteria may play in the mechanism driving this association. Thus, it is proposed that external factors such as longer light exposure and parent kelp may be sufficient to cause a poor health status for young sporophytes, which then induces negative effects on their subsequent growth and development. Under such a stressed context, the structures and functions of the epimicrobiome were significantly disrupted compared with those of seedlings cultivated under standard conditions, which in turn significantly increased the MD severity through modifying host–bacteria interactions, such as lacking sufficient functions to fulfill host growth and development and/or inducing potential pathogens to manipulate cellular processes. However, more data (e.g., metagenomic and metatranscriptomic data) are still required to explore how the influencing factors, host cellular processes, and epiphytic microbiota interact with disease severity to determine the specific underlying causes of the disease. Besides, the determined keystone taxa, e.g., Halomonas, Pseudoalteromonas, Pseudomonas, Loktanella, and Cobetia, also require these fine-scale data in addition to their co-incubation with seedlings to provide deeper insights into their significant roles for the disease.
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