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Diazotrophic communities contribute inorganic nitrogen for the primary productivity of the marine environment by biological nitrogen fixation (BNF). They play a vital role in the biogeochemical cycle of nitrogen in the marine ecological environment. However, there is still an incomplete understanding of BNF and diazotrophs in artificial seaweed farms. Therefore, this study comprehensively investigated the temporal variations of BNF associated with Gracilariopsis lemaneiformis, as well as the diazotrophic communities associated with macroalgae and its surrounding seawater. Our results revealed that a total of 13 strains belonging to Proteobacteria and Bacteroidetes were identified as N2-fixing bacteria using azotobacter selective solid medium and nifH gene cloning. Subsequently, BNF and diazotrophic communities were characterized using the acetylene reduction method and high-throughput sequencing of the nifH gene, respectively. The results showed that nitrogenase activity and nifH gene abundance of epiphytic bacteria on G. lemaneiformis varied significantly among four different cultivation periods, i.e., Cultivation Jan. (CJ), Cultivation Feb. (CF), Cultivation Mar. (CM), Cultivation Apr. (CA). Among them, the nitrogenase activity and nifH gene abundance of epiphytic bacteria on G. lemaneiformis in CM were significantly higher than those in CJ, CF, and CA, indicating that the BNF of eiphytic bacteria on G. lemaneiformis was markedly enhanced. Combined with the data on environmental factors, it was found that the low concentration of nitrogen and phosphorus in CM might considerably boost the BNF of epiphytic bacteria in G. lemaneiformis. The sequencing results of the nifH gene showed that the α-diversity of diazotrophic communities associated with G. lemaneiformis and seawater in CM was higher than that in other cultivation periods. In addition, the diazotrophic communities on G. lemaneiformis were significantly different in CJ, CF, CM, and CA, and they were significantly diverse from diazotrophic communities in seawater. LEfSe analysis indicated that Rhodobacterales, Hyphomonadaceae, Robiginitomaculum, and Robiginitomaculum antarcticum within α-proteobacteria played a remarkable role in BNF in response to nitrogen nutrient deficiency. Taken together, these results provide a unique insight into the interaction between macroalgae and its epiphytic bacteria and lay a foundation for further research on the mechanism of action of nitrogen-cycling microorganisms associated with macroalgae.
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1 Introduction

Seaweed farms are important ecosystems along subtropical coastlines, playing a vital role in improving the quality of coastal waters and maintaining the ecological balance of subtropical regions (Kim et al., 2017; Zhang et al., 2017a). The carbon fixed by cultivated seaweed may either be buried in sediments or exported to the deep sea, thus establishing seaweed farms ecosystem as a major contributor of marine carbon sink (Duarte et al., 2017; Zhang et al., 2017b; Hasselström et al., 2018). To a certain extent, seaweed cultivation can mitigate wave energy, protect shorelines, enhance pH, and supply oxygen to the waters. This contribution aids in climate change adaptation by locally reducing the effects of ocean acidification and de-oxygenation (Duarte et al., 2017). In subtropical marine environments, seaweeds are considered crucial primary producers of organic matter (Neori, 2008). However, despite the richness of organic matter in seaweed farm ecosystems, they tend to become oligotrophic environments due to the significant consumption of inorganic nitrogen nutrients in the water caused by large-scale seaweed cultivation (Yang et al., 2015).

Microorganisms are a crucial component of seaweed farm ecosystems, and there is mounting evidence highlighting their importance in biogeochemical cycling and the overall health of these ecosystems (Azam and Malfatti, 2007; Rousk and Bengtson, 2014; Egan and Gardiner, 2016). These microorganisms primarily include epiphytic microbes in seaweed and seawater, which significantly regulate the circulation of marine nutrient elements (Dang and Lovell, 2016). Functional microbes have garnered substantial attention among these microorganisms due to their pivotal roles. Nitrogen-fixing microorganisms, also known as diazotrophs, are important functional microorganisms in marine environments (Cardini et al., 2017). Although diazotrophs may differ significantly in taxonomy, they harbor similar functional genes that enable them to perform the same ecological functions. BNF performed by diazotrophs, involves the reduction of atmospheric N2 to bioavailable ammonium (Caffin et al., 2018). This process constitutes a significant source of bioavailable nitrogen in numerous marine and freshwater environments (Bonnet et al., 2016; Geisler et al., 2019). In addition, BNF by marine diazotrophs compensates for the loss of nitrogen through sinking and denitrification, thereby sustaining the primary productivity of marine ecosystems (Yang et al., 2019). Diazotrophic communities are affected by many key factors, such as energy to sustain nitrogenase activity, availability of vitamins and micronutrients, oxidized environments, and concentrations of dissolved inorganic nitrogen (Geisler et al., 2019). For instance, adequate inorganic nitrogen to meet the nitrogen requirements of diazaotrophs means that consequential rates of marine BNF process do not occur (Knapp, 2012).

Many coral reefs still hold relatively high biological productivity despite low dissolved inorganic nitrogen (DIN) concentrations in marine environments (Messer et al., 2017). This seemingly paradoxical phenomenon can be attributed to the crucial role played by associated BNF in providing bioavailable nitrogen to coral reef habitats (Zhang et al., 2016; Lesser et al., 2018). Additionally, diazotrophs have been identified as a significant component of coral symbionts (Olson and Lesser, 2013; Zhang et al., 2016). In our previous observations, we find that the growth status of G. lemaneiformis maintains normal in the marine environment with low concentration of inorganic nitrogen (data not shown). This discrepancy between the availability of inorganic nutrients and the growth of G. lemaneiformis can be understood to mean that there are new bioavailable nitrogen sources besides the inorganic nutrients to sustain the growth of macroalgae. New nitrogen sources may be derived from the BNF drove by associated diazotrophs in many marine and freshwater environments (Sohm et al., 2011; Geisler et al., 2019). Although this inconsistent phenomenon has been demonstrated in coral reef habitats, the role of associated diazotrophs and BNF in the cultivation environment of G. lemaneiformis farms remains unclear.

Diazotrophic communities form specific species associations with their hosts (Lema et al., 2012), and differences in diazotrophic communities are observed under different environmental conditions (Lema et al., 2014). The significant effects of environmental conditions on diazotrophs’ diversity and community structure may alter their ability to perform BNF (Feng et al., 2018). It is worth noting that the environmental conditions for the growth of G. lemaneiformis may vary during the entire cultivation period. Therefore, it is imperative to study the nitrogenase activity, nifH gene abundance of epiphytic bacteria on G. lemaneiformis, and the variations of diazotrophic community associated with G. lemaneiformis and seawater.

In recent years, high-throughput sequencing has provided a more comprehensive view of microbial communities in different environments and has been employed to investigate the diversity and composition of bacterial communities associated with seaweed farms (Xie et al., 2017; Liang et al., 2019; Selvarajan et al., 2019; Wang et al., 2020, 2021; Pei et al., 2021). The functional nifH gene encodes a conserved subunit of nitrogenase ferritin and is present in all known diazotrophs (Zehr et al., 2003). The nifH gene is consistent with 16S rRNA gene phylogeny and serves as an ideal molecular target (Gaby and Buckley, 2012). It is widely used to study the diversity and community composition of diazotrophs (Yang et al., 2019). However, the nifH gene has seldom been studied in high-throughput sequencing of diazotrophic communities associated with G. lemaneiformis and seawater, and comprehensive knowledge about the role of environmental variables in shaping the diazotrophic communities of G. lemaneiformis and seawater is limited. Thus, it is necessary to investigate the nitrogenase activity, nifH gene abundance of epiphytic bacteria on G. lemaneiformis, and the diversity and composition of diazotrophic communities associated with G. lemaneiformis and seawater to enhance our understanding of seaweed farms ecosystem functioning.

In this study, we aim to achieve the following objectives: (i) isolate and identify culturable N2-fixing bacteria by plate streaking and PCR identification; (ii) measure nitrogenase activity and nifH gene abundance in epiphytic bacteria on G. lemaneiformis using acetylene reduction and qPCR; and (iii) explore the diversity and composition of diazotrophic communities associated with G. lemaneiformis and seawater through high-throughput sequencing of the nifH gene. This study provides a scientific foundation for further understanding of the BNF function of diazotrophs associated with the macroalgae G. lemaneiformis.




2 Materials and methods



2.1 Collection location and sampling

Samples of G. lemaneiformis and seawater were collected seasonally (Cultivation in January, CJ; Cultivation in February, CF; Cultivation in March, CM; Cultivation in April, CA) from artificial seaweed farms located in Zoumapu Village, Nan’ao Island of Guangdong Province (117°2′39″E, 23°28′32″N). At each month, three replicate G. lemaneiformis were collected for composition of diazotrophic communities and BNF analyses, respectively. In addition, three replicate seawater at each month were collected for composition of diazotrophic communities analyses. Three replicate surface (0.5 m depth) seawater were collected at each month (0.5 L) for physicochemical analyses. Full details of the sampling information can be found in Supplementary Tables S1 and S2. The cultivation of G. lemaneiformis has been shown to affect various dissolved and particulate forms of nitrogen and phosphorus in seaweed farms (Huang et al., 2017; Zhang et al., 2018). Therefore, differences in nutrient loads during various cultivation periods may influence the diversity of diazotrophic communities associated with seaweed and seawater. The latitude and longitude were measured by GPS (Garmin GPS72H) from the sampling site. The algal samples were stored in sterile polyethylene bags with surrounding seawater, while the seawater samples were stored in sterile polyethylene bottles. Algal and seawater samples were stored at 4°C and transported to the laboratory within two hours.




2.2 Isolation and identification of culturable N2-fixing bacteria



2.2.1 Isolation of N2-fixing bacteria

In the laboratory, G. lemaneiformis samples were washed three times with autoclaved seawater to eliminate loosely attached epiphytes, sand particles and other attached settlements (Stabili et al., 2017; Karthick and Mohanraju, 2018). After rinsing, sterile cotton buds were used to swab repeatedly firmly attached epiphytic bacteria from algae. They were spread on azotobacter selective solid medium (ASSM), or algae was spread directly on the ASSM. The ASSM consists of 0.1 g K2HPO4, 0.005 g Na2MoO4·2H2O, 0.05 g CaSO4·2H2O, 0.2 g MgSO4·7H2O, 0.03 g FeCl3·6H2O, 5.0 g sucrose, 0.5 g yeast extract, 15.0 g agar, and 1.0 L filtered seawater (Head and Carpenter, 1975). Additionally, 0.1 mL seawater sample was dropped onto the ASSM, and the bacteria solution was evenly spread using a sterile spreader. The plates were then incubated at 25°C for 4 days. Morphological i.e. (size, shape, color etc) different bacterial colonies were picked with inoculating loop to make streak on plates for getting purified colonies. This step was repeated twice in order to obtain pure individual colonies (22 colonies from G. lemaneiformis, 6 colonies from seawater), which were then preserved at -80°C in marine broth supplemented with 25% sterile glycerol.




2.2.2 DNA extraction and 16S rRNA gene sequencing

The DNA of pure bacterial colonies was extracted following the procedures described in the DNA extraction kit (TIANGEN Biotech, Beijing). The 16S rRNA gene was amplified using the universal primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-TACGGYTACCTTGTTACGACTT-3’) (Pei et al., 2024). PCR was carried out in 30 μL reaction mixture containing 1.0 μL genomic DNA, 15.0 μL Super Mix (Sigma), 1.0 μL of each primer, and 12.0 μL H2O under thermal cycle of 96°C for 5 min, 35 cycles of 20 s at 96°C, 30 s at 62°C and 10 min at 72°C, followed by 72°C for 10 min in a Bio-rad T100™ Thermal Cycler (Bio-Rad, USA). The quality of PCR products was verified by 1% agarose electrophoresis gel. The 3730XL DNA Analyzer (ABI, USA) was used for sequencing of pure isolates. The sequencing primers used for the 16S rRNA gene were V4-515F (5’-GTGCCAGCAGCCGCGGTAA-3’) and V4-806R (5’-GGACTACCAGGGTATCTAA-3’). The genetic relationship between different samples and known bacterial species were determined according to blast results. The most closely related bacterial species was selected as the species identification information of the sample. Different strains with identical description of matched species and accession number were considered to be the same species. The sequence data reported in this study has been deposited in the NCBI GenBank database under the accession number SUB11205054. All data are available at: https://submit.ncbi.nlm.nih.gov/subs/?search=SUB11205054.




2.2.3 Identification of N2-fixing bacteria and phylogenetic diversity analysis

The nifH gene of potential N2-fixing bacteria was amplified using the universal primers PolF (5’-TGCGAYCCSAARGCBGACTC-3’) and PolR (5’-ATSGCCATCATYTCRCCGGA-3’) (Poly et al., 2001). PCR was carried out in 20 μL reaction mixture containing 2.0 μL genomic DNA, 1.0 μL of each primer, 10.0 μL 2×Master Mix, and 6.0 μL H2O under thermal cycle of 98°C for 30 s, 35 cycles of 10 s at 98°C, 30 s at 68°C and 30 s at 72°C, followed by 72°C for 2 min in a Bio-rad T100™ Thermal Cycler (Bio-Rad, USA). PCR products were verified by running them on a 2% agarose electrophoresis gel and subsequently subjected to sequencing by using a 3730XL DNA Analyzer (ABI, USA). The primers used for sequencing of the nifH gene were the same as those used for amplification of the nifH gene.

The nifH gene sequence was translated to protein sequence (https://web.expasy.org/translate/). The nifH gene sequences of various N2-fixing bacteria were blasted to check their sequence homology against other sequences from NCBI GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The protein sequences of nifH gene of 23 known N2-fixing bacteria with the highest homology were selected. The aligned protein sequences were used to construct the phylogenetic trees with the neighbor joining method using the MEGA 11.0.13 software. The sequences were compiled and aligned using ClustalW embedded in MEGA 11.0.13. For reliability, the bootstrap test was performed with 1000 replications in the phylogenetic trees (Aslam et al., 2023).





2.3 Determination of nitrogenase activity of epiphytic bacteria on G. lemaneiformis

We employed the standard method, the reduction of C2H2 to C2H4 (Cardini et al., 2017), to assess the nitrogenase activity of epiphytic bacteria on G. lemaneiformis during a full dark-light cycle (D: L=12 h: 12 h) incubation. Nitrogenase catalyzes not only the reduction of N2 to NH3, but also the reduction of C2H2 to C2H4. C2H2 and N2 have similar affinity for nitrogenase, and their reduction processes are parallel related. Since C2H2 and C2H4 but not N2 and NH3 can be separated using gas chromatography, the reduction of C2H2 to C2H4 can be used to indirectly estimate N2 fixation by organisms. The reaction formulas of N2 + 6H++6e-→2NH3 and 3C2H2 + 6H++6e-→3C2H4 show that the reduction of 3 grams C2H2 is equivalent to the reduction of 1 gram N2, so the amount of N2 fixation can be calculated. First, 1.0 g (fresh weight, FW) of the G. lemaneiformis sample was accurately weighed and placed in a 20 mL headspace vial. Then, 7 mL artificial seawater filtered by 0.22 μm filter was injected into the vial. The artificial seawater composition included 26.518 g NaCl, 2.447 g MgCl2, 3.305 g MgSO4, 1.141 g CaCl2, 0.725 g KCl, 0.202 g NaHCO3, 0.083 g NaBr, 1.0 L dH2O, pH=7.0-7.2. Following the addition of 1.5 mL C2H2 and sealing the vial with pliers, the vials were incubated in a constant temperature illumination incubator for 48 h (temperature: 20 ± 0.5°C, light intensity: 100 ± 5 μmol·m-2·s-1, light cycle: L: D=12 h: 12h). The content of ethylene (C2H4) in gas sample was detected by gas chromatograph (Agilent 7890B GC-FID, Agilent USA). Nitrogenase activity was expressed as nmol C2H4 produced per sample per hour.

	




2.4 Quantification of the nifH gene copy number

The total DNA from G. lemaneiformis and its epiphytic bacteria was extracted using the procedures described by Pei et al. (2021). The primers PolF and PolR were used to quantify the number of nifH gene copies. Appropriate nifH gene sequences were obtained from the NCBI database and synthesized by BGI. Bacteria containing the nifH gene were inoculated in the liquid medium with ampicillin resistance, and the nifH gene plasmid was extracted using TIANprep Mini Plasmid Kit (DP103-03, TIANGEN). Standard curves of nifH gene copy numbers were established by serially diluting plasmids containing the nifH gene, resulting in final concentrations ranging from 102 to 108 copies/μL. The qPCR was carried out in 20 μL reaction mixture containing 2.0 μL plasmid DNA, 0.6 μL of each primer, 10.0 μL 2×Talent qPCR Premix, and 6.8 μL RNase-free ddH2O under thermal cycle of 95°C for 3 min, 40 cycles of 5 s at 95°C, 15 s at 60°C and 15 s at 60°C in a Real-time Fluorescence Quantitative PCR System (qTOWER3G, Jena). The specificity of amplification products was verified by melting-curve analysis, and the amplified fragments were verified by electrophoresis on a 2% agarose gel to confirm the expected sizes of the amplicon. The qPCR efficiency (E) was 86.17%, and the R2 of standards was 0.9996. The total DNA from G. lemaneiformis and its epiphytic bacteria was substituted for plasmid DNA for the qPCR experiment. All samples and standard reactions were performed in triplicate, and average values were calculated. The number of nifH copies was ultimately expressed as per gram of algal fresh weight.




2.5 Determination of physicochemical factors

The seawater temperature (Temp.), salinity (Sal.), pH, and dissolved oxygen (DO), were measured using an In-Situ SMARTPOLL MP (U.S.A). Briefly, seawater samples were filtered with a 0.45 μm mixed cellulose ester microporous filter membrane (MF-Millipore HAWP04700, USA) within 2 hours. The filtered seawater samples were added with chloroform (2‰, v/v=chloroform: seawater) and stored at low temperatures for subsequent detection. Ammonia (NH4-N), nitrate (NO3-N), nitrite (NO2-N), total nitrogen (TN), reactive phosphorus (PO4-P), and total phosphorus (TP) levels in the seawater samples were analyzed according to standard methods described by AQSIQ (2007). The content of chlorophyll a (Chl-a) was determined by acetone extraction and spectrophotometry as described in the national standard method (GB17378.7-2007).




2.6 Amplicon sequencing of the nifH gene



2.6.1 DNA extraction

Total DNA from G. lemaneiformis and its epiphytic bacteria was extracted using a DNA extraction kit (JL-50, Guangzhou Jianlun Biological Technology Co., LTD.). Total DNA from seawater was extracted using CTAB method (Pei et al., 2021). The concentration and purity were measured using the NanoDrop One (Thermo Fisher Scientific, MA, USA).




2.6.2 DNA sample amplification, PCR product purification, library construction and sequencing

The diazotrophic communities were characterized by the nifH gene, which was amplified using the universal primers containing 12 bp barcode PolF and PolR (Poly et al., 2001). The PCR was carried out in 50 μL reaction mixture, containing 25.0 μL 2×Premix Taq (Takara Biotechnology, Dalian Co. Ltd., China), 1.0 μL each primer, 3.0 μL DNA template, and 20 μL RNase-free ddH2O under thermal cycle of 94°C for 5 min, 30 cycles of 30 s at 94°C, 30 s at 52°C and 30 s at 72°C, followed by 72°C for 10 min in a BioRad S1000 Thermal Cycler (Bio-Rad Laboratory, CA, USA). The length and concentration of the PCR products were detected by 1% agarose gel electrophoresis. PCR products were mixed in equidensity ratios according to the GeneTools Analysis Software (Version4.03.05.0, SynGene). The mixture of PCR products was purified with E.Z.N.A. Gel Extraction Kit (Omega, USA). Sequencing libraries were generated using NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England Biolabs, MA, USA). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, MA, USA). At last, the library was sequenced on an Illumina Nova6000 platform and 250 bp paired-end reads were generated (Guangdong Magigene Biotechnology Co. Ltd., Guangzhou, China). The sequence data reported in this study have been deposited in the NCBI GenBank database under the accession number SRP368355. All data are available at: https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA824550.





2.7 Data analysis



2.7.1 Sequencing data processing

The primers were removed by using cutadapt software (https://github.com.marcelm/cutadapt/) according to the primer information at the beginning and end of sequence to obtain the paired-end clean reads. Paired-end clean reads were merged using usearch -fastq_mergepairs (V10, http://www.drive5.com/usearch/) according to the relationship of the overlap between the paired-end reads. Fastp (version 0.14.1, https://github.com/OpenGene/fastp) was used to control the quality of the raw data by sliding window (-W 4 -M 20) to obtain the paired-end clean tags.




2.7.2 OTU cluster and species annotation

OTUs were clustered based on the UPARSE method by removing the chimera sequence, singleton OTU, and the OTU annotated as chloroplasts or mitochondria (16S amplicons). For each representative sequence, the silva (https://www.arb-silva.de/) database was used to annotate taxonomic information by usearch -sintax (set the confidence threshold to default to ≥ 0.8). The taxonomy of the species annotation was divided into seven levels: kingdom, phylum, class, order, family, genus, and species. R software was used to analyze the common and endemic species, community composition, and richness of species. In order to study phylogenetic relationship of different OTUs, the KRONA software (http://sourceforge.net/projects/krona/) was used to visualize the results of individual sample annotations.




2.7.3 Alpha diversity

The Richness and Shannon indices were calculated using usearch-alpha_div (V10, http://www.drive5.com/usearch/) and plotted using OriginPro 9.0 software. The differences in the alpha diversity index between groups (GL and SW) were analyzed using R software.




2.7.4 Comparison analysis between samples

Linear Discriminant Analysis Effect Size (LEfSe) was used to find the biomarker of each group based on homogeneous OTU_table. Initially, a non-parametric factorial Kruskal Wallis (kw) sum-rank test was used to detect species with significant difference in abundance among different groups. Secondly, Wilcoxon rank sum test was used to judge the difference between the two groups. Finally, a linear discriminant analysis (LDA) was used to evaluate the impact of significant species (LDA score) by setting LDA score ≥ 2 and obtained the biomarkers in different groups.





2.8 Statistical analysis

The nitrogenase activity and nifH gene abundance of epiphytic bacteria on G. lemaneiformis, the physicochemical factors of seawater, and the alpha diversity of diazotrophic communities associated with G. lemaneiformis and seawater were analyzed using one-way ANOVA (Pei et al., 2021). The analysis of significant difference of data was carried out using SPSS 19.0 software, with the significant threshold set to 0.05. The differences among the diazotrophic communities associated with G. lemaneiformis and seawater in different cultivation periods were performed by the Permutational Multivariate Analysis of Variance (PERMANOVA) with Adonis function from the vegan package in R software (Xie et al., 2017).





3 Results



3.1 Diversity of culturable N2-fixing bacteria

A total of 28 single colonies were screened from G. lemaneiformis and seawater, out of which 16 bacterial species were identified based on 16S rRNA gene. As shown in Table 1, at the phylum level, these isolates were classified into Proteobacteria (75%) and Bacteroidetes (25%).


Table 1 | 16S rRNA gene sequence identity of twenty-eight bacterial isolates obtained from G. lemaneiformis and seawater.



The target gene nifH was analyzed to identify N2-fixing bacteria in various environment. The nifH gene target band of 23 strains was amplified by PCR and was about 360 bp in size (Supplementary Figure S1), consistent with the expected result. These strains with targeted bands were preliminarily believed to contain the nifH gene. To further verify the presence of nifH gene in these strains, 20 μL PCR product was sequenced using the PolF forward primer. Sequencing results showed that 23 strains were successfully sequenced.

Combined with the results of 16S species identification, 13 N2-fixing bacteria were formally obtained from G. lemaneiformis and its seawater and classified into Cobetia (2 species, Gl4-1, Gl6, Gl4-2), Labrenzia (1 species, Gl-co-b), Phaeobacter (1 species, Gl-co-l1, Gl-co-l5), Loktanella (1 species, GN10, GN17, GN21, GPN10, GPN12, GPN13, GPN15), Dokdonia (3 species, GN16, GN24, GPN8), Ruegeria (1 species, GN22), Vibrio (4 species, SW6, SN6, SN7, SN8, SN9, SN12) at the genus level. The nitrogenase gene (nifH) sequence details of all N2-fixing bacteria are shown in Supplementary Table S3. The amino acid sequence details of the nifH gene of 13 N2-fixing bacteria are shown in Supplementary Table S4.

The phylogenetic tree constructed for the N2-fixing bacteria represents their closest relatives as obtained from the GeneBank (Figure 1). The nifH gene sequences of most N2-fixing bacteria were closely related to those of mangrove root bacterium HS001 species, but were estranged from GPN8.




Figure 1 | Phylogenetic tree of 13 various N2-fixing bacteria created with MEGA 11.0.13 using the Neighbor-Joining method. Strains harboring the same color belong to the same genus.






3.2 Main physicochemical factors of seawater

The physicochemical factors of seawater from different cultivation periods of study areas including Temp., pH, Sal., DO, NH4-N, NO3-N, NO2-N, dissolved inorganic nitrogen (DIN), PO4-P, Chl-a, TN, and TP levels are shown in Figure 2. The Temp. and pH of CJ were significantly (p < 0.05) lower than those of CF, CM, and CA (Figure 2A), whereas the Sal. and DO of CJ were significantly (p < 0.05) higher than those of CF, CM, and CA (Figure 2B). The concentrations of NH4-N, NO3-N, NO2-N, DIN, PO4-P, and TP in CJ were significantly (p < 0.05) higher than those in CF, CM, and CA (Figures 2C–F). There were no significant differences (p > 0.05) in TN between different cultivation periods (Figure 2F).




Figure 2 | Main physicochemical factors of seawater during different cultivation periods. CJ, Cultivation Jan.; CF, Cultivation Feb.; CM, Cultivation Mar.; CA, Cultivation Apr.; Temp., temperature; Sal., salinity; DO, dissolved oxygen; NH4-N, ammonia; NO3-N, nitrate; NO2-N, nitrite; DIN, dissolved inorganic nitrogen; PO4-P, reactive phosphorous; Chl-a, chlorophyll a; TN, total nitrogen; TP, total phosphorous. Different letters (a, b, c, d) denote significant (p < 0.05) differences in physicochemical factors of seawater between different cultivation periods. Conventional physicochemical factors (A, B), inorganic nitrogen concentration (C, D), phosphate and chlorophyll (E), total nitrogen and phosphorus concentration (F) of seawater.






3.3 BNF associated with G. lemaneiformis

Considerable variations in nitrogenase activity and nifH gene abundance of epiphytic bacteria on G. lemaneiformis were observed during different cultivation periods, as shown in Figure 3. The nitrogenase activity of epiphytic bacteria in CM was the highest, reaching 1.96 ± 0.20 nmol C2H4 g-1 frond h-1, which was significantly (p < 0.05) higher than that in CJ, CF, and CA (Figure 3A). Similarly, the nifH gene abundance of epiphytic bacteria in CM was the highest, reaching 2.22×105 copies·(g·frond)-1, which was significantly (p < 0.05) higher than that in CJ, CF, and CA (Figure 3B). Seawater physicochemical factors affected nitrogenase activity and nifH gene abundance differently. Notably, Temp., pH, and Chl-a positively influenced nitrogenase activity, while Sal., NH4-N, NO3-N, DIN, PO4-P, and TP had a negative effect (Table 2). In addition, Sal. and TP had a negative effect on nifH gene abundance (Table 2).




Figure 3 | BNF of epiphytic bacteria on G. lemaneiformis during different cultivation periods. CJ, Cultivation Jan.; CF, Cultivation Feb.; CM, Cultivation Mar.; CA, Cultivation Apr. Different letters (a, b, c, d) denote significant (p < 0.05) differences in nitrogenase activity (A) and nifH gene abundance (B) of epiphytic bacteria on G. lemaneiformis between different cultivation periods.




Table 2 | Linear regression analysis (presented as R2 values) of the influence of seawater physicochemical factors on nitrogenase activity and nifH gene abundance.






3.4 Diversity of diazotrophic communities associated with G. lemaneiformis and seawater

Twelve G. lemaneiformis samples (i.e., 3 GL.CJ, 3 GL.CF, 3 GL.CM, 3 GL.CA) and twelve seawater samples (i.e., 3 SW.CJ, 3 SW.CF, 3 SW.CM, 3 SW.CA) were analyzed using Novaseq sequencing of nifH gene. A total 2,143,939 effective sequences were obtained with an average of 89,331 tags per sample (n=24). Sequences were clustered into operational taxonomic units (OTUs) at the 97% similarity level to generate 10,021 OTUs from the 32 samples. The OTUs were classified into 25 phyla, 46 classes, 82 orders, 128 families, and 150 genera. The Richness of GL.CM was 141.50 ± 2.12 per sample, which was significantly (p < 0.05) higher than that of GL.CJ (45.00 ± 12.73), GL.CF (59.00 ± 9.54), and GL.CA (75.00 ± 5.66) (Figure 4). Similarly, the Richness of SW.CM was significantly (p < 0.05) higher than that of SW.CJ, SW.CF, and GL.CA (Figure 4). Besides, the Shannon was the highest in GL.CM compared with SW.CJ, SW.CF, and GL.CA (Figure 4). Likewise, SW.CM had the highest Shannon compared with SW.CJ, SW.CF, and GL.CA (Figure 4). Notably, the diversity of diazotrophic communities associated with seawater was much higher than that of G. lemaneiformis.




Figure 4 | The diversity of diazotrophic communities in different cultivation periods. CJ, Cultivation Jan.; CF, Cultivation Feb.; CM, Cultivation Mar.; CA, Cultivation Apr.; GL, G. lemaneiformis; SW, seawater. Different letters (a, b, c, d) denote significant (p < 0.05) differences in diversity of diazotrophic communities associated with G. lemaneiformis and seawater between different cultivation periods.






3.5 Temporal comparison of diazotrophic communities

Based on the analysis of OTUs, an nMDS (non-metric multidimensional scaling) ordination biplot indicated clear clustering of diazotrophic communities (Figure 5A). The stress value was 0.102. The diazotrophic communities of G. lemaneiformis samples generally clustered together, while with a strong clustering was observed at seawater samples. Notably, the diazotrophic communities of G. lemaneiformis were obviously distinct with that of seawater.




Figure 5 | Difference comparison and temporal variations of the diazotrophs communities composition. Non-metric multidimensional scaling (nMDS) based on Bray-Curtis measure (A). The communities composition of diazotrophs associated with G. lemaneiformis (B) and seawater (C) at phylum level in different cultivation periods. CJ, Cultivation Jan.; CF, Cultivation Feb.; CM, Cultivation Mar.; CA, Cultivation Apr.; GL, G. lemaneiformis; SW, seawater.



The community composition of diazotrophs associated with G. lemaneiformis differed considerably in various cultivation periods (Figure 5B and Supplementary Figure S2). In contrast, the community composition of diazotrophs associated with seawater was similar in diverse cultivation periods (Figure 5C and Supplementary Figure S2). Proteobacteria was the most predominant phylum in GL.CM, with a relative abundance of 51.259%, followed by Crenarchaeota (19.049%) and Cyanobacteria (3.349%). Proteobacteria was also the most predominant phylum in SW.CJ, SW.CF, SW.CM, and SW.CA, but there were no significant differences among them. G. lemaneiformis collected from GL.CM exhibited significantly (p < 0.05) disparate diazotrophic communities compared to GL.CJ, GL.CF, and GL.CA. For instance, Crenarchaeota was the most predominant phylum in GL.CF, with a relative abundance of 35.959%, was significantly (p < 0.05) higher than that in GL.CM. The second dominant phylum was Cyanobacteria, with relative abundances of 9.188% in GL.CJ, 19.597% in GL.CF, and 11.239% in GL.CA, were significantly (p < 0.05) higher than that in GL.CM. On the other hand, there is a relative abundance of Proteobacteria and Actinobacteria in GL.CM was significantly (p < 0.05) higher than that in GL.CJ, GL.CF, and GL.CA.




3.6 Linear discriminant analysis effect size

LEfSe was used to find biomarkers with marked differences in abundance between two or more groups. In different cultivation periods, there were significant changes in the biomarkers associated with G. lemaneiformis and seawater (Figures 6 and 7). In SW.CJ, SW.CF, and SW.CA, the top 3 biomarkers significantly influencing the difference between groups (GL versus SW) were identical (Supplementary Figure S3). Likewise, the top 3 biomarkers significantly influencing the difference between groups (GL versus SW) were similar in GL.CJ, GL.CF, and GL.CA (Supplementary Figure S3). In CM, 31 biomarkers were significantly enriched in diazotrophic communities associated with seawater, among which γ-proteobacteria, δ-proteobacteria and Nitrosomonadales had a more significant influence on the difference between groups (GL.CM vs SW.CM) (Figure 6). However, there were 11 significantly enriched biomarkers in diazotrophic communities associated with G. lemaneiformis, and 5 (α-proteobacteria, Robiginitomaculum antarcticum, Robiginitomaculum, Hyphomonadaceae, and Rhodobacterales) of 11 had greater influence on difference between groups (GL.CM vs SW.CM) (Figure 6). Interestingly, 4 biomarkers that significantly enriched in diazotrophic communities associated with G. lemaneiformis in four cultivation periods (CJ, CF, CM, CA) were Rhodobacterales, Hyphomonadaceae, Robiginitomaculum, Robiginitomaculum antarcticum and had a more significant influence on difference between groups (GL) (Figure 7).




Figure 6 | The LDA score histogram of significantly different biomarkers associated with G. lemaneiformis and seawater in CM. CM, Cultivation Mar.; GL, G. lemaneiformis; SW, seawater.






Figure 7 | The LDA score histogram of significantly different biomarkers associated with G. lemaneiformis in different cultivation periods. CM, Cultivation Mar.; GL, G. lemaneiformis.







4 Discussions

With the large-scale cultivation of seaweed, the coastal marine environment rich in N resources will become a N-limited environment. The concentration of N2 in the atmosphere is much higher than that of other inorganic N in the ocean (Bernhard, 2010). Thus this N source becomes potential nutrient source for marine primary productivity. The conversion of N2 into ammonium relies heavily on the diazotrophic communities (Bernhard, 2010). In recent times, an increasing number of studies have emphasized diazotrophs in seawater (Gradoville et al., 2017; Delmont et al., 2018; Chen et al., 2019), but there are few reports on the epiphytic diazotrophs in marine plants. Furthermore, the relationships between diazotrophs in marine plants and those in seawater remain largely unexplored. This study employed isolation and identification techniques, acetylene reduction, qPCR, and high-throughput nifH gene sequencing technology to analyze nitrogenase activity, nifH gene abundance in epiphytic bacteria on G. lemaneiformis, as well as variations in the diversity and composition of diazotrophic communities associated with G. lemaneiformis and seawater during different cultivation periods.



4.1 The diversity of culturable N2-fixing bacteria

The current study observed a higher diversity of N2-fixing bacteria derived from the surface of macroalgae (G. lemaneiformis) compared to the surrounding seawater. Our previous findings have reported that the number of functional bacteria isolated from seaweed capable of growth on marine agar was higher than those isolated from the surrounding seawater (Pei et al., 2024). We assume that bacteria attached to the surface of algae are more likely to grow on marine agar media than planktonic bacteria. This hypothesis is supported by Jensen and Fenical (1994), who believed that the adaptations evolved by bacteria on algae may enhance their ability to form colonies on artificial media. Moreover, the harvested seaweed can be used as raw material for agar production (Yang et al., 2015), which makes it easier for these bacteria on algae to grow on agar media. Previous studies point out that the survival strategies evolved by seawater bacteria, including responses to starvation, may dramatically reduce their ability to form colonies on nutrient-rich agar media (Roszak and Colwell, 1987). Large portions of bacterial populations are dormant due to the reduced size and activity of bacteria led by starvation.

Most of the N2-fixing bacteria genera identified in our study have not been reported in previous studies, which may be closely related to the type of sample and the environment (Shieh et al., 1989; Bentzon-Tilia et al., 2014; Castellano-Hinojosa et al., 2016). Bentzon-Tilia et al. (2014) isolated 16 strains of N2-fixing bacteria from low-oxygen waters in the Baltic Sea, identified as Pseudomonas stutzeri 2A38. Castellano-Hinojosa and co-workers isolated 21 strains of N2-fixing bacteria from the rhizosphere of Lolium perenne, belonging to Bacillus, Paenibacillus, Pseudoxanthomonas, Burkholderia, Staphylococcus (Castellano-Hinojosa et al., 2016). In another study by Shieh, 7 distinct groups of N2-fixing bacteria were isolated from Zostera marina, primarily falling into the Vibrio and Photobacterium genera (Shieh et al., 1989). Genus Vibrio, belonging to the γ-proteobacteria class, has consistently been identified as a core member of diazotrophic communities associated with various coral species, as evidenced by nifH gene sequencing in previous studies (Olson et al., 2009; Zhang et al., 2016). Our current study isolated 4 Vibrio (Vibiro alginolyticus, Vibrio harveyi, Vibrio cyclitrophicus, Vibrio sp.) from the seawater surrounding G. lemaneiformis macroalgae. These findings suggest that these Vibrio bacteria likely represent diazotrophic communities associated with the seawater, as supported by molecular identification of the nifH gene. As heterotrophs, Vibrio can readily use labile sugars derived from macroalgae as a carbon source to sustain their growth (Cárdenas et al., 2018), which may partly explain high abundance of culturable Vibrio in the seawater microbiome. In addition, ecology of Vibrio has also been reported in other coastal ecosystems (Haas et al., 2016; Kelly et al., 2022). For instance, in the ecosystem of coral reefs, Vibrionaceae with support of DOC released by algae, which ultimately dominate in bacterial communities (Haas et al., 2016). The molecular structure of these compounds released by algae is one of the main factors affecting the microbial community that metabolize them (Kelly et al., 2022).




4.2 The N2 fixation of epiphytic bacteria associated with G. lemaneiformis

The findings mentioned above unequivocally establish the presence of diazotrophic microorganisms in G. lemaneiformis. To gain insights into how these diazotrophic communities associated with G. lemaneiformis react to environmental variations across distinct cultivation periods, we employed acetylene reduction and qPCR techniques to assess both nitrogenase activity and nifH gene abundance in association with G. lemaneiformis. The results indicate that the highest nitrogenase activity of epiphytic bacteria associated with G. lemaneiformis was observed in the CM cultivation period (Figure 8), reaching 1.958 nmol C2H2 g-1·algae·h-1. Based on the established correlation, where the reduction of 3 grams of C2H2 is equivalent to the reduction of 1 gram of N2 (Cardini et al., 2017), it can be estimated that epiphytic bacteria carried by 1 ton of G. lemaneiformis can fix approximately 0.531×1010 nmol of N2 annually. Notably, it has been reported that the annual yield of Gracilaria reached 610,824 tons in 2022, as per data from the 2023 China Fishery Statistical Yearbook. Since G. lemaneiformis significantly contributes to this yield, it is estimated to fix around 0.185×107 moles of N2 annually. This observation suggests that the diazotrophs associated with G. lemaneiformis convert atmospheric N2 into a new nitrogen source for the marine environment through BNF. This newly introduced N source serves a dual purpose. On the one hand, it can be used as an additional N source for marine organisms. On the other hand, it serves as a supplementary N source for marine organisms, particularly in conditions of N deficiency.




Figure 8 | A conceptual image summarizing the major results in this study.



Our study found that the N and P levels in the CM seawater were significantly lower compared to CJ, CF, and CA (Figure 8). According to the preliminary data of G. lemaneiformis harvested by local farmers every month, it can be seen that the yield of G. lemaneiformis reaches the maximum in the CM period. Yang et al. (2006) have pointed out that the cultivated G. lemaneiformis harbors a high productivity and can absorb a large amount of N and P. Therefore, this significant reduction regarding the N and P levels in CM seawater can be attributed to the substantial consumption of N and P by G. lemaneiformis. Furthermore, the growth environment of G. lemaneiformis is characterized as oligotrophic (DIN < 9 μmol·L-1, PO4-P < 0.6 μmol·L-1), which potentially prompts diazotrophs associated with G. lemaneiformis to fix more N2 to meet the N demands of the entire marine environment. Cardini et al. (2017) demonstrated that epiphytic N2 fixation, such as in seagrass like Halophila stipulacea, is crucial in supplying N to marine plants in oligotrophic environments. Similarly, N2 fixation associated with Posidonia oceanica significantly contributes to N requirements for primary productivity (Agawin et al., 2017). These findings highlight that nutrient deficiency in the marine environment may enhance the N2-fixing capabilities of diazotrophs in preparation for nutrient stress. Moreover, during the CM period, the seawater temperature reached its maximum of 20.23°C, which is also optimal for indoor G. lemaneiformis cultivation (Liu et al., 2019b, 2019a). Indeed, previous research by Wahbeh and Mahasneh (1984) revealed that heterotrophic bacteria, which also include heterotrophic diazotrophs, predominantly dominated the epiphytic bacteria on the roots, stems, and leaves of halophile plants at higher temperatures. Building on this, subsequent work by Cardini et al. (2017) demonstrated that under elevated temperature, the heterotrophic bacteria residing on the roots, stems, and seagrass leaves exhibited higher rates of N2 fixation. Furthermore, it’s worth noting that long-term warming has been shown to significantly increase the abundance of diazotrophs by 86.3%, as reported by Feng et al. (2019). This information leads us to speculate that the elevated nitrogenase activity observed with G. lemaneiformis in the CM period may be attributed to accumulating a higher number of heterotrophic diazotrophs on the surface of G. lemaneiformis.




4.3 The nifH gene abundance of epiphytic bacteria associated with G. lemaneiformis

We measured quantitative nifH gene abundance associated with G. lemaneiformis in various cultivation periods to test this hypothesis. Our findings demonstrated that during the CM period, the nifH gene abundance in epiphytic bacteria on G. lemaneiformis reached 22.15×104 copies/g, a significantly higher level than CJ, CF, and CA. These results strongly suggest that microorganisms containing the nifH gene became notably enriched on the surface of G. lemaneiformis during the CM period (Figure 8), and they played a significant role in BNF under conditions of nutrient deficiency and elevated temperature, as depicted in Figure 3. Prior studies have indicated that temperature, light, and nutrient availability can affect nitrogenase activity, nifH gene transcription, and N2 fixation rate in N2-fixing cyanobacteria (Church et al., 2005). Nitrogenase activity and nifH gene abundance associated with G. lemaneiformis were low in CJ. This could be attributed to a few factors. Firstly, it’s possible that planktonic microorganisms, including diazotrophs, had not firmly adhered to the surface of G. lemaneiformis during CJ, and the catalytic activity of nitrogenase decreased significantly due to the lower temperature (12.13°C). Secondly, the high concentration of inorganic nutrients in the seawater (DIN: 33.53 μmol·L-1; NH4-N: 7.19 μmol·L-1; PO4-P: 1.54 μmol·L-1) could have contributed to the weakening of BNF associated with G. lemaneiformis. Hence, we propose that the nutrients needed by G. lemaneiformis and its epiphytic bacteria to complete their life activities can be provided by sufficient inorganic nutrients in seawater, and little depends on BNF associated with G. lemaneiformis. This hypothesis is supported by numerous previous studies which supposed that BNF of Cyanobacteria and Proteobacteria decreases significantly with the increase of DIN concentration (Knapp, 2012; Bentzon-tilia et al., 2015), indicating that DIN can maintain their growth (Masuda et al., 2013; Bentzon-tilia et al., 2015). Furthermore, DIN was significantly negatively correlated with N2 fixation in tropical estuarine eutrophication regions and was independent of season (Jabir et al., 2020). NH4-N, the main component of DIN in some estuary regions (Jabir et al., 2020), controls the N2 fixation rate by inhibiting the synthesis of new nitrogenase (Rees et al., 2006). In the present study, NH4-N concentration in seawater reached 7.19 μmol·L-1 in CJ, significantly higher than in CF, CM, and CA. Hence, it can be seen that the nitrogenase activity and nifH gene abundance associated with G. lemaneiformis in CJ may also be inhibited by higher ammonium concentration. Although the relationship between DIN availability and N2 fixation in marine environments is very complicated, DIN plays an essential role in the construction of diazotrophic communities (Messer et al., 2017), which in turn may influence BNF associated with G. lemaneiformis.




4.4 Comparison of diazotrophic communities between algae and seawater

Although high-throughput sequencing technology is widely used to study the microbial community associated with macroalgae such as G. lemaneiformis (Xie et al., 2017; Pei et al., 2021), it has not been broadly applied to the nifH gene to explore the diazotrophic communities associated with G. lemaneiformis. Our previous research only obtained a tiny amount of information about diazotrophs (Pei et al., 2021), and we could not fundamentally understand the diazotrophs associated with G. lemaneiformis and its surrounding seawater, and the role of functional microorganisms in the cultivation of ecological environment remained to be studied. The current study showed that the diazotrophic communities associated with G. lemaneiformis significantly differed in various cultivation periods, especially in CM. In contrast, the diazotrophic communities associated with seawater have little change in distinct cultivation periods. To the best of our knowledge, only some reports on diazotrophs are associated with macroalgae. However, more attention has been paid to diazotrophs associated with coral (Zhang et al., 2016), mangrove rhizosphere (Zhang et al., 2017a), and seawater (Messer et al., 2017). Therefore, this is the first study that used nifH gene high-throughput sequencing to explore the diazotrophs associated with red macroalgae G. lemaneiformis. Studies have shown that α-Proteobacteria, δ-Proteobacteria and γ-Proteobacteria are the main diazotroph groups associated with most corals (Lema et al., 2012; Zhang et al., 2016). Moreover, δ-proteobacteria and γ-proteobacteria are the most predominant diazotrophic communities associated with mangrove rhizosphere (Alzubaidy et al., 2016; Zhang et al., 2017a). In the present study, α-proteobacteria and Thermoprotei, the main diazotrophic groups associated with G. lemaneiformis differed significantly in various cultivation periods (Supplementary Figure S1A). However, α-proteobacteria, δ-proteobacteria and γ-proteobacteria were the main diazotrophic groups associated with seawater, similar in different cultivation periods (Supplementary Figure S1B). The above results indicate that these diazotrophic groups may play a vital role of BNF in the cultivation environment of G. lemaneiformis. Findings show that diazotrophic communities associated with marine organisms (e.g. corals) are species-specific and environment-specific due to the differences of species and environment conditions (Lema et al., 2012). Notably, the relative abundance of α-proteobacteria associated with G. lemaneiformis in CM reached 47.972%, much higher than that in CJ, CF, and CA. We speculate that the higher abundance of α-proteobacteria could contribute to the significant increase in nitrogenase activity and nifH gene abundance associated with G. lemaneiformis. LEfSe analysis results showed that the biomarkers with more significant influence on difference between groups (GL vs SW) remained the same in CJ, CF, and CA (Supplementary Figures S2A, B, D). However, the biomarkers with more significant influence on difference between groups (GL vs SW) had noticeable changes in CM, reflected primarily in α-proteobacteria, Robiginitomaculum, and Robiginitomaculum antarcticum (Figure 6). Consequently, α-proteobacteria plays a significant role of BNF in response to oligotrophic conditions, reflected in the remarkable increase of nitrogenase activity and nifH gene abundance in CM.

To further explore the diazotrophic communities composition under the class α-proteobacteria, a comprehensive analysis was conducted at the order, family, and genus level. The current study observed significant differences in the dominant diazotrophic communities associated with G. lemaneiformis at the order, family, and genus levels in different cultivation periods (Supplementary Figures S1C, E, G), while the dominant diazotrophic communities associated with seawater were similar (Supplementary Figures S1D, F, H). Microbial groups with higher relative abundance found in α-proteobacteria, including Rhodobacterales (36.915%), Hyphomonadaceae (36.743%), and Robiginitomaculum (36.722%), were dominant diazotrophic groups associated with G. lemaneiformis in CM. Predictive functional results from Lesser and coworkers uncovered that genera within the Rhodobacterales with putative N2-fixing capabilities (Lesser et al., 2018). These findings are confirmed by a previous study indicating that the nifHDK genes were detected in the Rhodobacterales genome (Tsoy et al., 2016). The existence of significant BNF associated with G. lemaneiformis in CM was further supported by the above studies. These bacteria exhibit extreme metabolic flexibility under environmental conditions related to variability in pO2, light availability, and carbon source (Lesser et al., 2018). The family Hyphomonadaceae encompasses several members (Lee et al., 2005, 2007) that are widely distributed in diverse environments, including surface water (Deng et al., 2013), freshwater (Driscoll et al., 2017), deep-sea (Zhang et al., 2013), and marine sediment (Zhao et al., 2019). The family Hyphomonadaceae is currently composed of eleven well-defined genera: Hyphomonas, Maricaulis, Hirschia, Oceanicaulis, Robiginitomaculum, Woodsholea, Hellea, Henriciella, Ponticaulis, Litorimonas, and Algimonas (Lee et al., 2007; Deng et al., 2013). LefSe analysis results displayed that the biomarkers with more significant influence on difference between groups (GL.CJ vs GL.CF vs GL.CM vs GL.CA) were Rhodobacterales, Hyphomonadaceae, Robiginitomaculum, Robiginitomaculum antarcticum (Figure 7). As a result, Rhodobacterales, Hyphomonadaceae, Robiginitomaculum, and Robiginitomaculum antarcticum within the α-proteobacteria play a significant role in BNF in response to oligotrophic conditions (Figure 8).

A study on symbiotic diazotrophic bacterial communities has indicated that Rhizobiales belonging to the class α-proteobacteria are stable and dominant diazotrophic groups associated with Acropora coral species (Lema et al., 2012). In our study, there were no variations in the relative abundance of Rhizobiales (SW.CJ: 2.382%; SW.CF: 2.931%; SW.CM: 1.821%: SW.CA: 1.953%) within different cultivation periods, indicating that Rhizobiales are also stable and dominant diazotrophic groups associated with seawater. Besides, we also found two dominant diazotrophic groups from δ-proteobacteria associated with seawater, such as Desulfuromonadale and Desulfovibrionales, belonging to the sulfate-reducing bacteria (Zhang et al., 2017a). It has been reported that the order Desulfovibrionales has strong adaptability to marine environmental stresses, such as anthropogenic heavy metal contamination and oil pollution (Varon-Lopez et al., 2014), which suggests that Desulfovibrionales may contribute substantially to BNF in coastal seawater. Pseudomonas within the γ-proteobacteria is not only a diazotrophic genus (Zhang et al., 2016), but also the dominant bacterial genus associated with seawater in this study.





5 Conclusions

Thirteen N2-fixing bacteria carrying the nifH gene were isolated, screened, and identified from G. lemaneiformis and its surrounding seawater. Notably, G. lemaneiformis exhibited the highest nitrogenase activity and nifH gene abundance in the CM period, underlining the substantial contribution of epiphytic bacteria to BNF. Linear regression assessments revealed strong negative correlations between nitrogenase activity and several variables, including Sal., NH4-N, NO3-N, DIN, PO4-P, and TP, while positive correlations were evident with Temp., pH, and Chl-a. Furthermore, nifH gene abundance exhibited negative associations with Sal. and TP. These results emphasize the intricate interplay between diazotrophic activity and environmental conditions. Our results also showed the highest alpha-diversity of diazotrophic communities associated with G. lemaneiformis and seawater during the CM period. The diazotrophic communities linked to G. lemaneiformis displayed pronounced differences among cultivation periods, distinguishing them from seawater-associated ones. Conversely, the diazotrophic communities in seawater appeared relatively stable across different cultivation phases. Of particular significance, our findings highlighted specific taxa, such as the order Rhodobacterales, the family Hyphomonadaceae, and the genus Robiginitomaculum and the species Robiginitomaculum antarcticum within the α-proteobacteria class, as significant contributors to BNF, particularly in response to oligotrophic environmental conditions. These results significantly advance our understanding of diazotrophs associated with G. lemaneiformis, providing a foundation for future investigations into the underlying mechanisms and ecological implications of their activities in the marine environment.
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Sample source Isolate

Description of matched species

Cobetia sp. 5-11-6-3

Accession

number

LC549335.1

Percentage
identification/%

100.00

Phylum

Proteobacteria

Cobetia sp. 5-11-6-3 LC549335.1 100.00 Proteobacteria

Gl4-2 Cobetia amphilecti MK967021.1 100.00 Proteobacteria

Gl-co-b Labrenzia aggregata MK493546.1 100.00 Proteobacteria

Phacobacter sp. MK801658.1 100.00 Proteobacteria

Phaeobacter sp. MK801658.1 100.00 Proteobacteria

Alteromonas australica MY234253.1 99.53 Proteobacteria

Dokdonia sp. NBRC 100807 AB681248.1 100.00 Bacteroidetes

Dokdonia sp. NBRC 100807 AB681248.1 100.00 Bacteroidetes

Dokdonia sp. NBRC 100807 AB681248.1 100.00 Bacteroidetes

G. Ienarieifornis Loktanella ponticola NR_134070.1 99.44 Proteobacteria
(22 isolates) Loktanella ponticola NR_134070.1 99.40 Proteobacteria
Loktanella ponticola NR_134070.1 99.44 Proteobacteria

GN13 Ruegeria sp. MT484146.1 100.00 Proteobacteria

GN14 Cellulophaga lytica MG456766.1 100.00 Bacteroidetes

GN16 Dokdonia genika AB681247.1 100.00 Bacteroidetes

GN22 Ruegeria atlantica HQ908706.1 100.00 Proteobacteria

GPN8 Dokdonia sp. NBRC 100805 AB681246.1 99.66 Bacteroidetes

Loktanella ponticola NR_134070.1 99.46 Proteobacteria

Loktanella ponticola NR_134070.1 99.34 Proteobacteria

Loktanella ponticola NR_134070.1 99.32 Proteobacteria

Loktanella ponticola NR_134070.1 99.31 Proteobacteria

Vibrio alginolyticus AP022865.1 100.00 Proteobacteria

SN6 Vibrio harveyi MNB847615.1 99.41 Proteobacteria

Seawater SN7 Vibrio cyclitrophicus MN945296.1 98.96 Proteobacteria
(6 isolates) Vibrio sp. MG099501.1 100.00 Proteobacteria
Vibrio sp. MG099501.1 99.92 Proteobacteria

Vibrio sp. MG099501.1 100.00 Proteobacteria

The strains named beginning with “G” and “S” were isolated from G. lemaneiformis and seawater, respectively. Isolate labeled with same color belongs to the same species.
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