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Next-generation sequencing (NGS), especially metabarcoding, is commonly used to study the diversity and distribution of microbes in diverse ecosystems. The choice of primer set is critical, given the drawbacks of short amplicons and amplicon sequencing bias inherent to metabarcoding. However, comparative analyses of primer sets have rarely been conducted using field samples. In this study, we compared eight commonly used primer sets, all targeting hypervariable regions in the bacterial 16S rRNA gene: 27F/338R (V1–V2), V2f/V3r (V2–V3), PRK341F/PRK806R (V3–V4), 341F/785R (V3–V4), 515F/806RB (V4), 515F/806R (V4), 515F-Y/926R (V4–V5), and B969F/BA1406R (V6–V8). We conducted NGS in triplicate, with >0.8 billion bases in total using coastal seawater samples. The representation of bacterial community composition varied significantly across the eight primer sets, despite being from the same sample. The 27F/338R primer set showed the highest number of operational taxonomic units (OTUs) and read counts, and accounted for 68% of all the order-level taxa found. Remarkably, a novel complementary combination of two primer sets, 27F/338R and 515F/806RB, covered 89% of all the orders that were present. Compared to other primer sets, this combination detected more OTUs of the orders Pelagibacterales and Rhodobacterales, which are ubiquitous in the oceans. As such, use of this combination in future studies may help to reduce diversity bias in ocean-derived samples, in particular temperate coastal samples.
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1 Introduction

Prokaryotes are highly diverse, and play a critical role in pelagic marine food webs and biogeochemical cycles (Cho and Azam, 1988; Azam, 1998; Jiao et al., 2010). Prokaryotes can process large amounts of organic matter, and serve as prey for organisms from higher trophic levels, such as heterotrophic nanoflagellates and ciliates (Cole et al., 1988; Sherr and Sherr, 1994; Nagata, 2008). On Earth, the biomass of prokaryotes accounts for approximately 77 gigatons of carbon (70 gigatons of carbon for bacteria and 7 gigatons for archaea; Bar-On et al., 2018). Moreover, the densities of bacteria and archaea present in the ocean are approximately 2 × 106 and 2 × 104 cells/mL, respectively (Curtis et al., 2002). However, only a small proportion of prokaryotes can be cultured using classic plating methods (Wessner et al., 2013). Due to this bias in cultivation, next-generation sequencing (NGS) technologies, such as the 454 and Illumina platforms, have substantially widened our understanding of prokaryote diversity and evolution (Kirchman et al., 2010; Caporaso et al., 2012). Currently, the most popular NGS method is based on the Illumina platform (Logares et al., 2014; Choi and Park, 2020). Metabarcoding, an amplification method using marker gene primers, is more widely used for biodiversity analysis than metagenomics (or shotgun sequencing), a method of directly sequencing all DNA in the given environment (Johnson et al., 2019; Ruppert et al., 2019). This is due to the challenges of metagenomics, such as the prohibitive costs required to obtain adequate coverage, the lack of a curated genome database, and the requirement for more computing power to process the acquired data.

Metabarcoding generally depends on the sequencing profiles of 16S ribosomal RNA (rRNA) genes, which are effective and widely used biomarkers for comparative and phylogenetic analyses of microbes (Pace, 1997). As several studies have found, the selection of primers targeting 16S rRNA genes is the most critical step for an accurate understanding of the biodiversity of the extant biota in natural samples. Klindworth et al. (2013) conducted an in silico evaluation of 175 primers and 512 primer sets targeting 16S rRNA gene using the SILVA database, and recommended only 10 primers, including 341F and 785R, which could potentially be used to detect a broad range of prokaryotes. However, the detection of prokaryotic taxa is still far from comprehensive, and ecological conclusions regarding the diversity and relative abundance of the species present in a given sample are often questionable, due to the possibility of the use of inappropriate primers. Furthermore, there is a difference between in silico evaluation and field sample analysis using the same primer set. For example, Klindworth et al. (2013) noted that, in their in silico evaluation, the 341F/785R primer set failed to detect SAR11, the most abundant group in the ocean, although the SAR11 group could be detected by the same primers in the corresponding experimental evaluation. Parada et al. (2016) showed that the relative abundances in a mock community were substantially different from those of the corresponding field community.

The selection of primer sets for NGS-based metabarcoding has been limited by the short amplicons produced by NGS. Primer sets for metabarcoding need to be able to amplify short regions that are both unique to and variable between species (Ruppert et al., 2019). Thus, most primer sets have been designed to amplify the hypervariable regions of the 16S rRNA gene, which are sufficiently short for NGS, conserved enough to compare with other organisms, and divergent enough to identify species unambiguously. There are nine hypervariable regions in the 16S rRNA gene (termed V1–V9), and most of these regions are used for metabarcoding in diverse ecosystems (Hongoh et al., 2003; Sahm et al., 2013; Mesa et al., 2017; Willis et al., 2019). Thijs et al. (2017) reported a comparative analysis of four bacteria-specific primer pairs (68F/518R, 341F/785R, 799F/1193R, and 967F/1391R) for soil field samples, and suggested 341F/785R as the optimal primer pair for soil samples. However, data regarding the robustness of other primer sets in field samples are currently insufficient. Simultaneous comparison of multiple commonly used 16S rRNA gene primer sets should provide indispensable information on the choice of primer set, revealing the real composition and diversity of the bacterial community.

In this study, the diversity and relative abundance of bacterial communities present in a coastal seawater sample was investigated using the Illumina sequencing platform with eight primer sets targeting various hypervariable regions of the 16S rRNA gene. We compare the robustness of these eight primer sets as it relates to specific bacterial groups found in diverse field samples. We were able to rank the effectiveness of each primer set, but we also found that a combination of at least two primer sets should be the most effective way to understand extant bacterial taxonomic profiles.




2 Materials and methods



2.1 Sample collection and DNA extraction

Surface seawater was sampled from Yeongildae Beach in Pohang, Republic of Korea (36°03′49″N, 129°23′12″E), in June 2020. To collect the prokaryotes, approximately 5 L of the water sample was prefiltered through a 47-mm 1.2-μm-pore polycarbonate membrane filter (Isopore™, Merck Millipore, Billerica, MA, USA). Subsequently, the prefiltered subsamples were collected on several 47-mm 0.22-μm-pore PVDF membrane filters (Durapore®, Merck Millipore, Billerica, MA, USA) using a vacuum pump (DOA-P704-AC, Gast Manufacturing Inc., Benton Harbor, MI, USA). All filters were stored in a single 50-mL conical tube at –20°C pending further analyses. For eDNA extraction, the filters were thawed, sliced into several pieces, and replaced in the same tube, to which was added 1 mg mL–1 (final concentration) lysozyme (Sigma–Aldrich, St. Louis, MO, USA). The tube was incubated at 37°C for 30 min, and then 0.5 mg mL−1 (final concentration) proteinase K (Sigma–Aldrich, St. Louis, MO, USA) and 1% (final concentration) sodium dodecyl sulfate (Bioneer, Daejeon, Korea) were added. The tube was further incubated at 55°C for 2 h. Nucleic acids were purified using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The concentration of the extracted DNA was measured using a Quantus™ fluorometer (Promega, Madison, WI, USA). Approximately 341 ng μl−1 DNA was obtained.




2.2 Illumina MiSeq sequencing

Eight primer sets, amplifying the V1–V2, V2–V3, V3–V4, V4, V4–V5, or V6–V8 regions of the 16S rRNA gene, were used in triplicate for Illumina sequencing (Figure 1, Table 1). For the initial PCR process, each reaction mixture (23.5 μl total) contained 0.5 μl of Herculase II Fusion DNA polymerase (Agilent, Waldbronn, Germany), 5 μl of 5× Herculase II reaction buffer, 0.27 mM each dNTP (Agilent, Waldbronn, Germany), 0.5 mM each primer, 14.75 μl of sterile water, and 150 ng of extracted DNA. DNA amplification was performed on a Biometra TRIO thermal cycler (Analytik Jena, Jena, Germany). The PCR steps for each primer set are shown in Table 1. The initial PCR products were purified and concentrated using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). The second PCR, which attached the dual index primers and Illumina sequencing adapters, was performed using the Nextera XT Index Kit (Illumina, Inc., San Diego, CA, USA) following the manufacturer’s protocol. Amplicon libraries were further purified using Agencourt AMPure XP beads and sequenced using the Illumina MiSeq Reagent Kit v3 (Illumina Inc., San Diego, CA, USA) at Macrogen Inc., Seoul, Republic of Korea.




Figure 1 | Positions of the eight primer sets used in this study to amplify the 16S rRNA gene region (more information is provided in Table 1).




Table 1 | The eight primer sets used in this study and the PCR steps used for each primer set.






2.3 Sequencing data analysis and statistical analysis

Paired-end reads were merged using Fast Length Adjustment of Short reads 1.2.11 (FLASH) with default parameters (Magoč and Salzberg, 2011). Size selection and trimming of reads were carried out using CD-HIT-OTU v.0.0.1 (Li et al., 2012). Maximum and minimum sizes for the read selection of each primer set were shown in Table 2. Using the same software, chimeric, low-quality, and ambiguous sequences were removed (Edgar and Flyvbjerg, 2015), and the filtered sequences were clustered into operational taxonomic units (OTUs) using a 97% identity threshold (as suggested by Caporaso et al., 2011). Taxonomic classification of sequences was conducted using QIIME UCLUST (Edgar, 2010), and reference data were obtained from the Ribosomal Database Project (RDP; Cole et al., 2009). Alpha diversity (assessed using Chao1, Shannon, Inverse Simpson, Faith’s Phylogenetic Diversity, and Good’s coverage indices) was analyzed using QIIME with the alpha_diversity.py workflow script (Caporaso et al., 2010). For Faith’s Phylogenetic Diversity analysis, the sequences of OTUs obtained for each primer sets were aligned using MAFFT v.7 (Katoh and Standley, 2013), and phylogenetic trees were constructed using FastTreeMP v.2.1.10 (Price et al., 2010). Rarefaction analysis was performed to assess sampling sufficiency, and to compare species richness and phylogenetic diversity between subsamples (Gotelli and Colwell, 2001; Chao et al., 2015). For beta diversity analysis, insertion tree was constructed using the SEPP method (Janssen et al., 2018) implemented within the QIIME software package, and both unweighted and weighted UniFrac distances (Lozupone and Knight, 2005) were calculated, also using QIIME. The raw sequencing data were deposited in NCBI as BioProject PRJNA901202. The filtered sequences were deposited in GenBank under the accession numbers OP818856–819002, OP819084–819283, OP819309–819424, OP819428–819557, OP819772–819844 and OP834785–835820.


Table 2 | Maximum and minimum lengths for read selection of each primer set.



The Shapiro–Wilk test was performed to assess the normality of the dataset, and Levene’s test was used to check for homogeneity of variances. To reveal statistically significant differences among the alpha diversity indices of the eight primer sets, a one-way ANOVA was performed with a Games-Howell test for a nonparametric post hoc analysis. These statistical analyses were performed using SPSS v25.0. Using QIIME (Caporaso et al., 2010), PCoA (principal coordinates analysis) of the conducted unweighted and weighted UniFrac distances were performed, and the statistically significant differences between primer sets were calculated through PERMANOVA.





3 Results and discussion



3.1 General sequencing data from eight primer sets

In this study, each of the eight primer sets used for short-read sequencing encompassed one or more of the V1 to V8 hypervariable regions of the 16S rRNA gene in bacteria (Figure 1, Table 1). The average amplicon lengths were between 292 and 441 bp (Table 3). The average unfiltered read count of the samples ranged from 67,347 to 104,074 (Table 3). After filtering out low-quality data (e.g., ambiguous, low-quality, and chimeric sequences), the highest read counts were generated by the 27F/338R primer set (covering the V1–V2 region), which also detected the highest number of bacterial OTUs (214 ± 52, mean ± standard deviation; Table 3).


Table 3 | Summary of Illumina sequencing results from the 16S rRNA gene primer sets.



The saturation phases of all rarefaction curves based on number of observed OTUs and Faith’s Phylogenetic Diversity index indicated that Illumina sequencing coverage was sufficient in the present study (Figure 2). Both curves showed the highest species richness and phylogenetic diversity for the 27F/338R primer set (Figure 2). Furthermore, various alpha diversity indices (Chao1, Shannon, inverse Simpson, and Good’s coverage) were used to assess the biodiversity of each primer set (Figure 3). Chao1 values, which correlate with species richness, did not show a significant difference among the primer sets (Figure 3). The highest Shannon index was generated by the 27F/338R primer set (Figure 3), indicating that this primer set gave the highest species evenness. The second highest Shannon index was generated by the 515F/806RB primer set, followed by the 515F/806R, 515F-Y/926R, PRK341F/PRK806R, 341F/785R, V2f/V3r, and B969F/BA1406R primer sets (Figure 3). The highest inverse Simpson index (i.e., the probability that two randomly selected sequences belong to the same species) was generated by the 27F/338R, followed by the 515F-Y/926R, 515F/806RB, and 515F/806R primer sets; the remaining inverse Simpson indices followed the same order as the Shannon indices (Figure 3). The Good’s coverage values were almost 100% for each of the eight primer sets (Figure 3), indicating that the number of reads per primer set is sufficient for reliable analysis. For the comparison of diversity among each primer sets, PCoA (principal coordinates analysis) of unweighted and weighted UniFrac distances were computed (Figure S1). The PERMANOVA results for UniFrac data indicated significant differences among primer sets with both unweighted and weighted UniFrac (p = 0.001). Unweighted UniFrac, while exhibiting lower explanatory power compared to weighted UniFrac, revealed more pronounced differences among the primer sets (Figure S1A). Notably, primer sets amplifying similar regions tended to cluster together (Figure S1A). In the case of weighted UniFrac, the repeated data from the B969F/BA1406R primer set appeared as outliers (Figure S1B). It is important to note that read counts can be influenced by 16S rRNA gene copy number per species, which may introduce bias (Lee et al., 2009). Since there are differences in the diversity indices between primer sets, the use of any single primer set studied here led to a significant sequencing bias for the interpretation of the diversity of the inherent bacterial population and community (Thijs et al., 2017; Wear et al., 2018).




Figure 2 | Rarefaction curves of (A) operational taxonomic units (OTUs; 97% sequence identity threshold) and (B) Faith’s Phylogenetic Diversity index from the eight primer datasets (See Table 1). Data for each primer set were obtained in triplicate.






Figure 3 | Alpha diversity indices (Chao1, Shannon diversity, inverse Simpson, and Good’s coverage) from eight primer datasets. Black and white circles indicate individual values of replicates and their average values, respectively. Data of alpha diversity indices were compared using ANOVA with Games-Howell analyses; horizontal bars indicate p-values (*p<0.05, **p<0.01, ***p<0.001).



The primer sets recovered great variation in OTU richness in each phylum, particularly the major phyla Proteobacteria and Bacteroidetes, which were detected by all primer sets (Figure 4). In the phyla Proteobacteria and Bacteroidetes, the OTU richness obtained with the 27F/338F primer set was ~4 times higher than that with B969F/BA1406R, which showed the lowest OTU richness in this study. Furthermore, some groups were not detected with some primer sets (e.g., at least one of the phyla Balneolaeota, Firmicutes, Fusobacteria, Kiritimatiellaeota, Planctomycetes, Spirochaetes, and Synergistetes were undetected by one or more of the 341F/785R, PRK341F/PRK806R, and B969F/BA1406R primer sets). The eight primer sets displayed similar taxonomic profiles for the dominant bacterial groups at the phylum, class, and order levels, although the read counts differed substantially across the primer sets (Figures 4, 5). Notably, Abellan-Schneyder et al. (2021) showed that the influence of methodological clustering (e.g., OTUs and amplicon sequence variants) is probably a minor factor affecting bacterial assignment. Overall, our results show unambiguously that the selection of a primer set greatly influences the diversity and read counts of the extant bacterial community and could lead to a substantial taxon bias, consistent with previous studies (Peiffer et al., 2013; Apprill et al., 2015; Thijs et al., 2017; Willis et al., 2019).




Figure 4 | Heatmap of the number of operational taxonomic units (OTUs) from the eight primer sets. Each of the three parallel datasets from each primer set is presented on a separate row. (A) Phylum level. (B) Class level. (C) Order level. Numbers (1 to 12) represent bacterial phyla found. Greek letters (α to ϵ) indicate the classes of Proteobacteria.






Figure 5 | Heatmap of relative abundance of read counts from the eight primer sets. Each of the three parallel datasets from each primer set is presented on a separate row. (A) Phylum level. (B) Class level. (C) Order level. Numbers (1 to 12) represent bacterial phyla found. Greek letters (α to ϵ) indicate the classes of Proteobacteria.






3.2 Primer set 27F/338R

As noted above, the 27F/338R primer set, which targets the V1–V2 region, strongly outperformed the other primer sets based on read counts and OTUs. However, this primer set did not detect OTUs belonging to the three phyla Kiritimatiellaeota, Planctomycetes, and Synergistetes, which were however detected using different primer sets (Figures 4, 5, Table S1). Previous studies have reported that these three phyla might be present in low abundance, or as rare groups, in oceanic water columns. The phylum Kiritimatiellaeota is globally distributed; however, few data regarding its abundance in the ocean are available (Spring et al., 2016). Furthermore, the species belonging to the phylum Planctomycetes are regarded as a minor component of bacterial diversity in seawater; however, they sometimes compose as much as 22% of peat bacteria and 51–53% of the total bacteria on the surface of the kelp Laminaria hyperborea (Bengtsson and Øvreås, 2010; Dedysh and Ivanova, 2019). Meanwhile, organisms from the phylum Synergistetes are often found in anaerobic environments, such as the oral cavity and gut of animals, soils, and anaerobic sludge digesters, while they are rarely detected in the oceans (Chouari et al., 2005; Godon et al., 2005; Vartoukian et al., 2007; Hugenholtz et al., 2009).

On the other hand, the two classes Gloeobacteria (phylum Cyanobacteria) and Spirochaetia (phylum Spirochaetes) were detected only using the 27F/338R primer set (Figures 4, 5). In addition, 27F/338R detected the highest number of taxa at the order level (36 orders) among all of the primer sets, and accounted for 68% of all orders found in the present study (53 groups; Figures 4, 5). Several studies have found that the V1 and V2 regions amplified by these primers had a high phylogenetic resolution, and could be used for the identification of bacteria at lower taxonomic levels (i.e., genera and species), probably due to their rapid evolution (Kim et al., 2011; Jumpstart Consortium Human Microbiome Project Data Generation Working Group, 2012; Bukin et al., 2019).

In particular, phylogenetic resolution was associated with both the type of sample of interest and the proportion of degenerate bases in the primers used. Graspeuntner et al. (2018) reported that the 27F/338R primer set was less appropriate for detection of vaginal bacteria than the V3F/V4R primer set (= PRK341F/PRK806R in this study) in that it failed to detect several important species. However, in the present study, the two families Rhodobacteraceae and Roseobacteraceae (belonging to the order Rhodobacterales, which account for approximately 20% of the bacterial community in coastal seawaters; Buchan et al., 2005; Giebel et al., 2011), were detected using the 27F/338R primer set. At the family level, these two families, each ubiquitous in coastal environments, accounted for 3.8–8.9% and 10.4–12.0% of all OTUs using this primer set (Table S1). Meanwhile, the 27F/338R primer set, when modified with several degenerate bases (27F-RYM: 5′AGRGTTTGATYMTGGCTCAG3′, 338R-WWW: 5′TGCWGCCWCCCGTAGGWGT3′), performed poorly in detecting organisms belonging to the family Rhodobacteraceae in the Santa Barbara Channel, CA, USA (Wear et al., 2018). Recently, McNichol et al. (2021), in an in silico analysis, reported that the 27F-RYM/338R-WWW primer set, which covered 89% of all sequences in that study, was inferior to the 515F-Y/926R primer set, the latter of which showed the highest coverage (over 96% of all sequences) in a global marine metagenomic dataset.

Given these previous studies, the difference we observed between the 27F/338R primer set and the 27F-RYM/338R-WWW primer set, used in other studies, was unexpected. Thus, it is necessary to highlight that, although this degenerate primer set has been extensively used for bacteria in field studies for a long time, it may fail to find the major groups in coastal seawater (Hamady et al., 2008; Fortunato et al., 2012; Wear et al., 2018; McNichol et al., 2021). The different results obtained from the degenerate and nondegenerate primer sets may be due to differences in the binding and amplification efficiency of the PCR primers (Wagner et al., 1994; Polz and Cavanaugh, 1998; Lanzén et al., 2011).




3.3 Primer sets 515F/806RB and V2f/V3r

The primer set 515F/806RB had the second-best bacterial coverage, followed by the primer set V2f/V3r (Figures 4, 5, Table 3). Each of these primer sets has previously been regarded as sufficient for evaluating the diversity and relative abundance of the bacterial community in natural habitats (Liu et al., 2007). However, the V2f/V3r primer set, which targets the V2–V3 region of the 16S rRNA gene, did not amplify sequences in the phyla Balneolaeota, Kiritimatiellaeota, Planctomycetes and Spirochaetes, which were found by other primer datasets (Figures 4, 5). Balneolaeota is a newly described phylum, which was recently separated from the phylum Bacteroidetes, and which has been poorly studied to date (Hahnke et al., 2016). Furthermore, many members of the phylum Spirochaetes are important parasites that infect humans and other animals, and are also commonly found in marine benthic habitats (Bowman and McCuaig, 2003; Saad et al., 2017). Each of these phyla are therefore important to be able to detect. Petrosino et al. (2009) reported that the V2f/V3r primer set was previously regraded as an effective primer set for the identification of lower-ranked taxa (i.e., genus). Compared with the other primer sets that we evaluated, V2f/V3r detected a higher proportion of OTUs related to Gammaproteobacteria, accounting for 28.3–34.4% of all OTUs at the class level; in addition, this primer set had the highest overall coverage for Gammaproteobacteria (Figures 4, Table S1). However, our data showed that the V2f/V3r primer set failed to detect 23 orders of the 53 known to be within our sample, accounting for 57% of all order level taxa (Figures 4, 5). Thus, the V2f/V3r primer set may have less potential in detecting some abundant species than the 27F/338R primer set.

Interestingly, except for Fusobacteria, Spirochaetes, and Synergistetes, most of the phyla in the present study were detected using the 515F/806RB primer set, which targets the V4 region (Figures 4, 5). The phylum Fusobacteria, consisting of obligate anaerobes, is rarely found in ordinary seawater (Bennett and Eley, 1993). In contrast, the 515F/806RB primer set had difficulty detecting the phylum Proteobacteria, which is the dominant group in the oceans (Sunagawa et al., 2015). Remarkably, however, 515F/806RB detected the highest number of taxa at the class level (20 out of 28 classes; Figures 4, 5). Furthermore, 515F/806RB successfully detected 34 orders of the 53 known to be in our sample, accounting for 64% of all orders (Figures 4, 5). The bacterial compositions derived from the two primer sets V2f/V3r and 515F/806RB were distinct from each other at the ranks of order and lower. In addition, the 515F/806RB primer set was specifically designed to improve the detection of the SAR11 group (order Pelagibacterales), which accounts for 20–40% of the bacterial community in the oceans (Morris et al., 2002; Apprill et al., 2015). Although our sample was from the coastal area and thus contained a low abundance of SAR11, the results obtained in this study consistently showed that the primer set 515F/806RB displayed a relatively high number of OTUs related to the SAR11 group among the eight primer sets, accounting for 1.6–2.0% of all OTUs (Figures 4, Table S1).




3.4 Other primer sets: 515F/806R, 341F/785R, 515F-Y/926R, PRK341F/PRK806R, and B969F/BA1406R

The remaining five primer sets, 341F/785R, PRK341F/PRK806R, 515F/806R, 515F-Y/926R, and B969F/BA1406R, detected a phylum spectrum of 3–8 out of 12 known groups (Figures 4, 5). This result suggests that these primer sets had a lower resolution for the detection of natural bacteria than other primer sets. The four primer sets other than the 515F/806R primer set had a relatively low resolving power at both the class and order levels, detecting only 6–14 of all 28 classes and 10–26 of all 53 orders (Figures 4, 5).

The base composition of the 515F/806R primer set was very similar to that of the 515F/806RB primer set. Only a single degenerate ‘H’ (A, C, or T) in the reverse primer 806R was replaced with an ‘N’ (any base) to construct the reverse primer 806RB (Table 1; Apprill et al., 2015). The 515F/806R primer set is commonly used for diverse samples, including the human microbiome (Kozich et al., 2013; Alam et al., 2016). Moreover, despite adding only a single nucleotide ambiguity, the 515F/806RB primer set produced more read counts than the 515/806R primer set (Table 3). This result is consistent with previous studies, which found that one ambiguity in the 806R primer could produce read counts for 16S rRNA gene sequences considerably different from the original primer (Klindworth et al., 2013; Takahashi et al., 2014). Furthermore, unlike with the 515F/806RB primer set, SAR11 groups were rarely observed in this study using the 515F/806R primer set (Figures 4, 5, Table S1). The results obtained in this study were consistent with those of other studies on ocean field samples, which revealed an underestimation of SAR11 when using the 515F/806R primer set (Apprill et al., 2015; Parada et al., 2016).

The 341F/785R primer set detected only four of all 12 different phyla (Figures 4, 5). Remarkably, the phylum Bacteroidetes amplified by 341F/785R showed the highest numbers of OTUs among bacterial phyla, although the numbers of OTUs and read counts were relatively low, compared to the other primer sets (Figures 4, 5, Table S1). This result suggests that this primer set selectively amplifies Bacteroidetes more than other phyla. This trend of detecting Bacteroidetes was similar to results from the primer sets PRK341F/PRK806R, 515F/806R, 515F/806RB, and 515F-Y/926R. However, Klindworth et al. (2013) noted that the 341F/785R primer set failed to detect the SAR11 group in the phylum Proteobacteria. Consistent with this, the OTUs from the SAR11 group were rarely observed using the 341F/785R primer set (Figure 4, Table S1).

In this study, the 515F-Y/926R primer set detected bacterial phyla, classes, and orders at a lower level of resolution than the 515F/806R and 515F/806RB primer sets (Figures 4, 5). However, the 515F-Y/926R amplified high numbers of OTUs and overall reads from the phylum Flavobacteriia. In addition, SAR11 group OTUs were detected well by this primer set (Figures 4, 5, Table S1). Parada et al. (2016) reported that the 515F-Y/926R primer set increases the SAR11 (4 to 10-fold) and Flavobacteriia coverages compared with 515F-Y/806R, which was superior in detecting the phylum Gammaproteobacteria (1.32-fold) in field samples.

The primer sets PRK341F/PRK806R and B969F/BA1406R amplified relatively low numbers of OTUs and read counts (Table 3). This result suggests that these two primer sets may not be effective in detecting a diverse range of marine bacteria. Previous studies reported that the B969F/BA1406R primer set detected more bacterial taxa, including the SAR11 group, than the PRK341F/PRK806R primer set (Delmont et al., 2019; Willis et al., 2019). However, in our study, the B969F/BA1406R primer set detected the fewest bacterial taxonomic groups (10, or 19%, of all 53 orders; Figures 4, 5). In contrast, the PRK341F/PRK806R primer set detected 16 orders of all 53 orders (30%, Figures 4, 5). Furthermore, the primer sets PRK341F/PRK806R and B969F/BA1406R were less effective at finding the classes Verrucomicrobiae and Opitutae (Figures 4, 5, Table S1). Takahashi et al. (2014) showed that the PRK341F/PRK806R primer set had a lower taxonomic resolution for members of the classes Verrucomicrobiae and Opitutae, which were widely distributed but at low abundance in marine environments (Freitas et al., 2012). Thus, it seems that these two primer sets have difficulty in detecting many of the bacterial taxa frequently recognized in marine environments.




3.5 The usage of multiple primer sets for environmental DNA studies

Our findings demonstrate that the choice of primer set, even if differing only by the addition of a single ambiguity to a primer, may introduce a strong bias in identification, thereby greatly altering the understanding of the diversity and richness of marine bacteria from any given sample. Considering the drawback of amplicon bias, we find that it is difficult to fully understand bacterial diversity using only a single primer set. Given this differential coverage and efficiency, as well as concerns about cost, we decided to investigate the complementarity of multiple primer sets, with the intention to find a practical balance between number of primer sets and accuracy in detection.

Our data showed that 27F/338R and 515F/806RB complementarily covered almost all of the extant bacterial taxonomic groups (Figures 4, 5). Although the 515F/806RB datasets had significantly lower bacterial OTU abundances (r2 = 0.96, p < 0.001) and read counts (r2 = 1.0, p < 0.001) than the data obtained from the 27F/338R primer set (Figure 6), the combination of the two primer sets 27F/338R and 515F/806RB, which accounted for 68 and 64% of all orders detected using all primer sets in this study, respectively, accounted for 89% of all orders. This combination failed to detect only six orders, Pleurocapsales, Erysipelotrichales, Chromatiales, Bacteriovoracales, Synergistales, and Opitutales, which are not dominant groups in ordinary seawater (Godon et al., 2005; Choo et al., 2007; Tidgewell et al., 2010; Hahn et al., 2017). The addition of a third primer set, V2f/V3r, provided the potential of identifying more bacterial taxa, and an increase in coverage to 94% of all orders, by detecting three of the above six orders (Erysipelotrichales, Chromatiales, and Synergistales). However, none of these three orders were recovered in all three replicates. This result suggests that the detection of both the relatively well-conserved (V4) and fast-evolving (V1–V2) hypervariable regions may help to reduce diversity bias, at least in temperate coastal samples.




Figure 6 | Relationships between best-performing primer sets, 27F/338R and 515F/806RB, based on (A) operational taxonomic units (OTUs) and (B) read counts, each at bacterial phylum level. Red line represents regression line.







4 Conclusion

The selection of 16S rRNA gene primer set(s) for NGS is one of the most critical steps in studying the microbial community present in natural samples. As with previous studies, across the eight primer sets that we investigated, the representation of bacterial community composition was biased when only a single primer set was used. We find that using at least two complementary primer sets in replicates for NGS-based studies should better assess the diversity, specificity, and richness of bacterial communities in a temperate coastal sample. In particular, we endorse the simultaneous use of two primer sets, 27F/338R (V1–V2) and 515F/806RB (V4), to significantly decrease the biases of primer sets targeting the marine bacterial community in this study. Performing individual sequencing and analysis for each primer set, followed by an analysis of the combined results, allows for the identification of any missing data specific to each primer. Future studies should incorporate various diversity analyses, including not only taxonomic diversity but also phylogenetic diversity, such as the UniFrac distance. By utilizing these analyses, a more comprehensive understanding of the structure and ecological characteristics of microbial communities can be achieved. Researchers can choose appropriate analysis methods based on their specific objectives, enabling a more accurate evaluation and interpretation of data obtained (Figure 7).




Figure 7 | Recommended workflow for marine microbiome analysis in the present study.
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