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Algal genomics research contributes to a deeper understanding of algal evolution and provides useful genomics inferences correlated with various functions. Published algal genome sequences are very limited owing to genome assembly challenges. Because genome data of freshwater algae are rapidly increasing with the recent boom in next-generation sequencing and bioinformatics, an interface to store, interlink, and display these data is needed. To provide a substantial genomic resource specifically for freshwater algae, we developed the Freshwater Algae Database (FWAlgaeDB), a user-friendly, constantly updated online repository for integrating genomic data and annotation information. This database, which includes information on 204 freshwater algae, allows easy access to gene repertoires and gene clusters of interest and facilitates potential applications. Three functional modules are integrated into FWAlgaeDB: a Basic Local Alignment Search Tool tool for similarity analyses, a Search tool for rapid data retrieval, and a Download function for data downloads. This database tool is freely available at http://www.fwalagedb.com/#/home. To demonstrate the utility of FWAlgaeDB, we also individually mapped metagenomic sequencing reads of 10 water samples to FWAlgaeDB and Nt algae databases we constructed to obtain taxonomic composition information. According to the mapping results, FWAlgaeDB may be a better choice for identifying algal species in freshwater samples, with fewer potential false positives because of its focus on freshwater algal species. FWAlgaeDB can therefore serve as an open-access, sustained platform to provide genomic data and molecular analysis tools specifically for freshwater algae.
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1 INTRODUCTION
Algae are a group of aquatic organisms with diverse taxonomic, morphological, and genetic characteristics. Numerous species have been shown to play beneficial roles in carbon fixation and global productivity and have applications in renewable energy, aquaculture, and pharmaceutical production (Field et al., 1998; Hannon et al., 2010; Dewi et al., 2018; Sarker et al., 2018). Nevertheless, many potential applications and products derived from major algal species still await discovery. By providing proper genomic inferences correlated with various proteins and products from algae, the complete genomes of algae help generate new paradigms, ranging from sequences to functions. For example, comparative genomics opens the door to unknown function prediction by association with known functions of proteins (Gabaldón, 2008; Labarre et al., 2021).
Algal taxonomy initially relied on morphological traits to infer evolutionary trees and delineate taxa, and it was mainly based on nature or degree of similarities and/or differences. Genomic information, including whole genome features and marker genes, provides novel, promising taxonomic markers for algal taxonomy. Molecular sequence analysis supports the existence of approximately nine major phyla, including Cyanobacteria, Chlorophyta, Bacillariophyta, Ochrophyta, Euglenophyta, Cryptophyta, Dinophyta, Rhodophyta, and Streptophyta (Sahoo and Seckbach, 2015; Khan et al., 2020).
Although the value of algal genomes cannot be overstated, the number of published algal genome sequences is minuscule compared with a large number of species. The diversity of genome sizes, ranging from tiny (e.g., Ostreococcus sp. SAG12, genome size ∼2.76 Mb) (Benites et al., 2019) to giant (e.g., Prorocentrum micans, genome size ∼250 Gb) (Hou and Lin, 2009), and complex sequence characteristics have impeded algal genomics research to a certain extent (Khan et al., 2020). In recent decades, freshwater algae have attracted increasing attention from researchers for use in water quality monitoring, biodiversity estimation, and removal of heavy metals from wastewater (Shamshad et al., 2016). Along with the expansion in next-generation sequencing and bioinformatics, the amount of available genome data from freshwater algae is rapidly increasing. The storage, interlinking, and display of these data in an interface are therefore important.
Several public databases include information on freshwater algae, but these repositories have various limitations. GenBank (www.ncbi.nlm.nih.gov/genbank/) houses valuable algal genetic resources, including genomes, genes, and genome annotations, and has indisputably contributed to algal research. This database focuses mainly on genetic information, however, it contains little coverage of living environments and microscopic images of algae. In addition, GenBank has no specific filtering options for freshwater algae, which is cumbersome for researchers only interested in these organisms. Another database, JGI-PhycoCosm (https://phycocosm.jgi.doe.gov/phycocosm/home), integrates genome sequences and annotations of 136 algal genomes across the eukaryotic tree of life but does not include a large branch of algae–cyanobacteria. In addition, algae and other species with sequenced genomes are classified in JGI-PhycoCosm according to major eukaryotic clades without consideration of marine vs. freshwater habitats. JGI-Phytozome (https://phytozome-next.jgi.doe.gov/) focuses on plant genome information and comparative genomics studies and only includes a few algal species belonging to Archaeplastida. Finally, AlgaeBase (https://www.algaebase.org/) and Algae-Hub (https://www.algaehub.cn/#/home_page), which exist as online sources for taxonomic and distributional data on all algae, lack genome and annotation information.
The above-mentioned databases have been developed to serve as specialized repositories for algae, but an integrated resource of genome data and biological information for freshwater algae has not yet been developed. FWAlgaeDB, specially designed for freshwater algae, provides a more convenient academic platform and tool for use by freshwater algal scientists. This platform was developed by comprehensively collecting taxonomic classifications, distributional information, and available genome sequences of 204 freshwater algae and then re-annotating genes using a sequence similarity search against six public gene-function databases. FWAlgaeDB is an open-access, sustained platform with regular data updates. We anticipate that FWAlgaeDB will benefit researchers exploring the evolutionary history, biodiversity, and potential functions of freshwater algae.
2 METHODS
2.1 Collecting the data
All genomic sequences in FWAlgaeDB were downloaded from the public NCBI database (https://www.ncbi.nlm.nih.gov/). Other information, such as taxonomy, algal images, living environment, geographic location, and references, was collected from NCBI, FACHB-collection (http://algae.ihb.ac.cn/english/), AlgaeBase (https://www.algaebase.org/), and Algae-Hub (https://www.algaehub.cn/#/home_page) databases and related publications. All copyrighted images were used in accordance with the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License; the images are to be used only for scientific research, without any commercial purposes.
2.2 Supplementing and improving the dataset
Algal gene prediction and function annotation were performed by Shanghai Origingene Bio-pharm Technology Co. In brief, Prodigal v2.6.3 (Hyatt et al., 2010) and GeneMark-ES (Lomsadze et al., 2005) were used for gene prediction in prokaryotic and eukaryotic genomes, respectively. The predicted genes were aligned against the NCBI Nt database (Sayers et al., 2010) using Basic Local Alignment Search Tool (BLAST) with an E-value cut-off of 1.0 × 10−5. Next, genes were functionally annotated against data deposited in public databases, including Nr (Deng et al., 2006), Swiss-Prot (Yip et al., 2008), GO (Ashburner et al., 2000), KEGG (Kanehisa et al., 2004), COG (Tatusov et al., 2000), and KOG (Koonin et al., 2004), using BLASTx according to the same criterion used for BLASTn.
2.3 Constructing the database
The FWAlgae database was developed with the following software: Java (jdk1.8) (https://www.oracle.com/java/) for the construction of the underlying data structure, Vue (2.0) (https://v2.vuejs.org/) for user pages and UI interaction logic, and Spring Cloud (2.1.9) (https://spring.io/projects/spring-cloud) for submitted data access and other service interfaces. All data in FWAlgaeDB were deposited and managed using Mysql (5.7.18) (https://www.mysql.com/). Feign (2.1.3) (https://spring.io/projects/spring-cloud-openfeign) was used to invoke the service interface. The BLAST tool (2.12.0) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was integrated into FWAlgaeDB for sequence similarity analysis.
2.4 FWAlgaeDB validation
Ten water samples were collected from the Shenzhen Reservoir (23°34′14″N 114°08′48″E) in Shenzhen, China. We used a 0.45-μm porous polycarbonate membrane (Collins, Shanghai, China) for water sample filtering and a FastDNA SPIN kit for soil (MP Biomedicals, Santa Ana, CA, United States) for DNA extraction. A library was constructed using 1 μg DNA and subjected to shotgun metagenomic sequencing on the GenoLab M sequencing platform (GeneMind Biosciences) operated in 100-cycle, single-end, high-output sequencing mode.
For taxonomic analysis, Kraken 2 was used with exact k-mer matches to achieve high accuracy and fast classification speeds (https://ccb.jhu.edu/software/kraken2/). The databases to be aligned were constructed using freshwater algal genomic data from FWAlgaeDB or algal genomic resources from the Nt database. We extracted all algal genomic information in the Nt database to form a new Nt algal database mainly derived from 10 phyla (Cyanobacteria, Chlorophyta, Bacillariophyta, Haptophyta, Rhodophyta, Dinophyta, Glaucophyta, Cryptophyta, Euglenophyta, and Ochrophyta). We subsequently compared the results of species identification between FWAlgaeDB and the Nt algae database. Kraken 2 was used to assign a taxonomic label to short DNA sequencing reads (confidence: 0.9) according to the internal k-mer (k = 35 bp) to the lowest common ancestor mapping algorithm. Relative abundance was then calculated on the basis of the proportion of fragments assigned to each taxon by Kraken 2.
3 RESULTS
3.1 FWAlgaeDB overview
FWAlgaeDB, which was developed as a comprehensive, open-access hub for freshwater algae, integrates genomic datasets (FWAlgae pool), functional annotation files (Annotation), BLAST analysis, and search and download components (Figure 1). FWAlgaeDB currently contains 204 genomes from 204 species belonging to seven phyla. The database is hosted by the Shenzhen Academy of Environmental Sciences (SZAES) and GeneMind Biosciences, Ltd. SZAES updates the database every 6 months by adding new genomes (freshwater cyanobacteria and eukaryotic algae) directly downloaded from public databases (e.g., NCBI and JGI) or derived from checked, high-throughput sequencing data of isolated freshwater algae. GeneMind supports bioinformatics analysis of updated genomes, including gene prediction and functional annotations, and performs website technical maintenance.
[image: Figure 1]FIGURE 1 | Schematic diagram of FWAlgaeDB construction. (A) Data sources and data preprocessing. (B) Collection of biological information and phylogenetic analysis. (C) Database construction and fundamental components.
3.2 Search function
FWAlgaeDB incorporates an intelligent search module to help researchers rapidly retrieve data of interest. To allow flexibility, a variety of search methods are available. To search at the taxonomic level (phylum, class, order, family, or genus), users can input taxonomic terms (e.g., Cyanobacteria, Ochrophyta, Chlorella, and Pseudanabaena) and receive genomic information on all species at the corresponding level. Researchers can jump to a specific page to browse or download relevant data. FWAlgaeDB uses a fuzzy matching algorithm, which lists results based on potential relevance even if search strings or spellings are incomplete. Researchers can also obtain species information by searching by scientific name, database number, or NCBI taxonomy ID. All of the above resources are freely available and downloadable.
3.3 FWAlgae pool
The FWAlgae pool section is an open-access repository containing taxonomic information and genome sequences for more than 200 species of freshwater algae. Genera and species of freshwater algae are listed alphabetically in the browser interface. Each species is linked to a specific page that displays detailed information, including algal images, taxonomy (according to the NCBI Taxonomy Database), accession number, living environment, and literature sources. On this page, researchers can download the genome sequence of the corresponding species in FASTA format. In addition, clicking Algae Name leads directly to the Annotation download interface.
A Sankey diagram is used to visualize the taxonomic abundance and distribution of algal species across different phylogenetic levels, ranging from kingdom to genus (Figure 2). Cyanobacteria, Chlorophyta, and Bacillariophyta are dominant at the phylum level.
[image: Figure 2]FIGURE 2 | A Sankey diagram for visualization of the taxonomic abundance and distribution of algal species across different phylogenetic levels, ranging from kingdom to genus.
3.4 BLAST tool
The BLASTN/BLASTP tool was integrated into FWAlgaeDB to allow researchers to align a query sequence (nucleotide or amino acid sequence) against the whole database and obtain a BLAST report (Figure 3). Users can paste FASTA sequences in the operational interface or upload files to quickly search FWAlgaeDB for matches to the query genome/protein sequence. We adopted an E-value (Expect value) threshold for BLAST quality filtration to obtain significant alignments. The output data, a list of hits with corresponding E-values, are sorted by E-value by default, with the smallest E-value corresponding to the closest match. Advanced command-line parameters can be used to refine the search. BLASTN, MEGABLAST, and Discontiguous MEGABLAST are all available.
[image: Figure 3]FIGURE 3 | Operational interface and results of BLAST searching using Nannochloropsis salina CCMP1776 as an example.
3.5 Annotation files and download
The annotation interface is presented in tabular form, and users can collectively or individually select Genome, CDS, Protein, and different database annotations for downloading. Coding sequences (.ffn) and corresponding amino acid sequences (.faa) of 46 prokaryotic and 74 eukaryotic algal species have been predicted. The predicted data are listed as CDS and Protein items in the Annotation table and can be downloaded freely. We have also performed gene classification and functional annotations via BLAST against six public databases. Correspondingly, we annotated algal species with defined CDS and protein sequences from the NCBI database (65 prokaryotic and 19 eukaryotic algal species) against the six databases to determine gene classification and putative functions. To better understand algal genomic information, we collected and annotated major gene families, including ABC transporter permease, cytochrome p450, transposase, major facilitator superfamily, and algal toxin gene clusters, of the 204 algal species, located in “Gene Family”. The search tool embedded on this page also supports accurate searching by species name or database ID.
3.6 FWAlgaeDB validation via reservoir samples
To verify the validity of our database, we compared taxonomic compositions determined by mapping the sequence reads of ten water samples to FWAlgaeDB and Nt algae databases. Standard quality filtering of metagenomic sequences obtained using the GenoLab M platform yielded 28.17 M–75.23 M reads per sample. A comparison of the algal species identified using the two databases is shown in Figure 4. Compared with the number of species obtained using FWAlgaeDB, many more species were identified in the Nt database; in the latter case, however, identifications were more complicated, and freshwater algal species need to be further distinguished (Figure 4A). The large amount of data in the Nt database may be a distraction for researchers and obscure important information. Regarding relative abundance, the top five species in the two groups were different. Of note, several well-recognized marine species (marked in orange in the figure) were detected in the Nt database, an inexplicable result given that our samples were collected from a freshwater reservoir. The presence of these potential false positives suggests that FWAlgaeDB is a better choice for identifying algal species in freshwater samples. Further analysis, such as algal isolation and culture or PCR, are required to verify these species identifications. Figure 4B displays the abundance of the overlapping species detected in both databases. Significant differences in abundance are evident in this heat map, thus indicating the importance of database selection for use in species identification.
[image: Figure 4]FIGURE 4 | Comparison of algal species identified in 10 water samples using FWAlgaeDB and Nt algal databases. (A) Network plot showing the algal species identified in the two databases. Each node in the graph represents a species; the larger the node, the higher the abundance of the species. The upper left wing of the butterfly represents the unique species identified in the FWAlgaeDB, and the upper right wing of the butterfly indicates the unique species identified in the Nt database. The lower part of the butterfly (left and right) represents taxa that overlapped between the two databases. (B) Heat map displaying the abundance of overlapped species identified in both databases. Species abundance is represented by color (the darker the color, the higher the abundance), as indicated in the legend. The value was calculated by the following formula: lg (data*1e9+1).
4 DISCUSSION
Analysis of algal genomes provides valuable insights, not only into algal identification, classification, and evolution, but also environmental adaptation mechanisms, sewage treatment applications, and genetic manipulation of bioeconomically relevant species. Nelson et al. combined high-throughput cultivation, genome sequencing, and bioinformatics strategies to infer that membrane and viral proteins shared among marine microalgae may contribute to the adaptive strategy of algal halotolerance (Nelson et al., 2021). Zhang et al. sequenced and assembled a high-quality genome sequence of an Antarctic psychrophilic green alga, Chlamydomonas sp. ICE-L, and found that massively expanded gene families involved in various processes, such as unsaturated fatty acid biosynthesis, DNA repair, and photoprotection, may support its extremophilic lifestyle (Zhang et al., 2020). Increasing attention has been paid to algae in waste management, as these organisms are considered to be effective for removal of heavy metal contamination from soil or water (Marella et al., 2020; Pande et al., 2022). The recent availability of genomic and omic datasets from diverse microalgal species have a remarkable potential to guide genetic engineering strategies in industrial strain improvement programs (B-Béres et al., 2022). Comparative genomics analysis of Chlorococcum sp. FFG039, a water surface-floating Chlorophyta, has revealed several gene families involved in biofilm formation, which are thus attractive targets for future reverse genomics studies aiming to elucidate water surface-floating mechanisms (Maeda et al., 2019).
With the development of genome sequencing technology and bioinformatics tools for data assembly and annotation, the amount of published algal genomic data has greatly increased. These data facilitate the study of the algal diversity of environmental samples, novel gene recognition, and gene functional comparison. Through integration of entire genome sequences, a genomic database can serve as a supplement to “DNA barcoding” libraries based on 16 S and ITS ribosomal RNA and aid taxonomic identification in the complex microbiomes or environments that are difficult to study. DNA barcoding enables the efficient recognition of all species using information from one or a few gene regions, whereas genomic data describe all gene functions and interactions in a single species. Both strategies are valuable approaches for obtaining genetic information and studying taxonomic diversity.
Given the above considerations, an integrative platform of algal genomes can help scientists easily apply genomic data for biological discovery through rapid retrieval and analysis of information related to algal genomes. We note, however, that the existing algal genome database still needs improvement, and some potential omissions exist in public databases. Regarding genomic data, GenBank and JGI provide no-cost access to high-throughput genomic data on algae. The former includes no images or distributional information on algae, whereas the latter currently focuses only on eukaryotic algal genomes, and both lack specific filtering options for freshwater algae. Researchers thus require information about freshwater species before downloading a genome of interest. Our taxonomic composition analysis of 10 water samples uncovered potential false positives when using the all-inclusive GenBank database (Figure 4). Regarding biological characteristics of algae, AlgaeBase, Algae-Hub, and FACHB-collection (http://algae.ihb.ac.cn/english/) provide free access to authoritative taxonomic, distributional, nomenclatural, and culture information. Although these valuable online resources for algae unquestionably contribute to phycological research and development, the lack of genomic data and analysis tools in these databases limits their use.
With its integration of genomic and biological information on 204 species of freshwater algae, FWAlgaeDB is a user-friendly platform for freshwater algae research. FWAlgaeDB includes options for basic biological information querying, genome downloading, sequence alignment, and species inference and should attract future interest in freshwater algal research. In particular, FWAlgaeDB provides gene prediction and multiple functional annotation files for each species in the pool, thereby greatly supplementing the insufficient annotations in GenBank, which is mainly focused on sequence characterizations, including coding regions and mRNA features. These genomic data will help researchers understand the evolutionary, structural, functional, and developmental aspects of freshwater algae at the genomic level.
FWAlgaeDB, however, has inherent limitations. First, the volume of FWAlgaeDB is samll, currently containing 204 freshwater algal species. This number pales in comparison to the enormous number of algae species although an increase has been made in contrast to the existing algal database, such as JGI. FWAlgaeDB is therefore designed as a continuously updated platform to cover more freshwater algae species. Second, ten reservoir samples used to verify the validity of this database do not adequately reflect all types of freshwater, including rivers, lakes, streams, etc. So, a larger number of samples and more diverse sample types (such as sediment samples) will be evaluated.
5 CONCLUSION
To our knowledge, FWAlgaeDB is the first database specifically designed for freshwater algae that integrates a large amount of genome data from different sources, predicts coding genes, and re-annotates functions. This database should be valuable for data retrieval/download and BLAST-based similarity alignments. A dramatic expansion in algal genomics in the next few years will require more genomic resources and efficient analysis tools. We plan to continuously update FWAlgaeDB with newly released data from public databases as well as our laboratory.
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