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Abstract 

Universal primers for SSU rRNA genes allow profiling of natural communities by 

simultaneously amplifying templates from Bacteria, Archaea, and Eukaryota in a single 

PCR reaction. Despite the potential to show relative abundance for all rRNA genes, 

universal primers are rarely used, due to various concerns including amplicon length 

variation and its effect on bioinformatic pipelines. We thus developed 16S and 18S 

rRNA mock communities and a bioinformatic pipeline to validate this approach. Using 

these mocks, we show that universal primers (515Y/926R) outperformed eukaryote-

specific V4 primers in observed vs. expected abundance correlations (slope=0.88 vs. 

0.67-0.79), and mock community members with single mismatches to the primer were 

strongly underestimated (3-8 fold). Using field samples, both primers yielded similar 

18S beta-diversity patterns (Mantel test, p<0.001) but differences in relative 

proportions of many rarer taxa. To test for length biases, we mixed mock communities 

(16S+18S) before PCR and found a two-fold underestimation of 18S sequences due to 

sequencing bias. Correcting for the two-fold underestimation, we estimate that, in 

Southern California field samples (1.2-80 µm), there were averages of 35% 18S, 28% 

chloroplast 16S, and 37% prokaryote 16S rRNA genes. These data demonstrate the 

potential for universal primers to generate comprehensive microbiome profiles. 

 

Introduction  

Bacteria, archaea, and eukaryotes make up dynamic, diverse communities that 

interact with one another and their environment. Studying all these components 

simultaneously is essential for understanding how the ecosystem functions as a whole 

(Fuhrman et al., 2015, Needham et al., 2018, Chénard et al., 2019), though the individual 

components are mostly studied separately, due in part to the perception that separate 



assays are required for each. Since high-throughput DNA sequencing was introduced, 

SSU rRNA sequencing has been widely used for analyzing microbial community 

structure — especially for prokaryotes by targeting the 16S rRNA gene (Sogin et al., 

2006). Analyses focusing on eukaryotic communities with 18S rRNA sequencing, 

however, are not as common partly because early sequencing lengths could not fully 

capture diversity in longer hypervariable regions (Amaral-Zettler et al., 2009). With 

advances in sequencing capacities, two regions (V4 and V9) have become commonly 

used for planktonic eukaryotic community profiles (Amaral-Zettler et al., 2009, Stoeck 

et al., 2010, Balzano et al., 2015, De Vargas et al., 2015).  

Despite these methodological developments, the question of how well the entire 

sequencing and analysis pipeline recovers the true abundance of rRNA genes found in 

the natural community has received less attention. In pelagic marine environments, 

studies have underscored the importance of careful primer design for accurately 

resolving natural communities, e.g., correcting the severe underestimate of the SAR11 

clade that occurred with one of the most popular primers (Caporaso et al., 2012, Apprill 

et al., 2015, Parada et al., 2016). In addition, validation and inter-comparison of primer 

performance has also been facilitated by the development and application of microbial 

internal standards or “mock communities” to PCR amplicon analysis (Wear et al., 2018) 

(hereafter “mocks”). The application of mocks to the PCR amplification, sequencing, and 

analysis protocol has demonstrated that even well-designed primers (515Y/926R vs. 

515Y/806R) differ in terms of their ability to recover natural abundance patterns 

(Parada et al., 2016). Including mocks in a sequencing run can also verify instrument 

performance, thus avoiding improper ecological conclusions. For example, inclusion of 

mocks in a previous study revealed that an unknown technical issue affecting a single 

sequencing run inexplicably caused an entire major taxon to be missing in output data 



and altered abundances of other taxa (Yeh et al., 2018). More recently, it has been 

shown that amplicon methods can be made even more quantitative by the addition of 

internal DNA standards (i.e. added to samples before extraction and purification of 

DNA; Lin et al. (2019)). This allows normalization of amplicon data closer to true 

abundances found in seawater (except for lysis efficiency variations) and was found to 

be consistent with other, extensively-validated methods (Lin et al., 2019). 

Bioinformatic methods used for amplicon sequence analysis have also evolved 

considerably, with initial efforts focusing on how well algorithms resolve true biological 

sequences by clustering sequences into operational taxonomic units (OTUs) at a certain 

similarity threshold. This effort has culminated in the development of “denoising” 

algorithms that are designed to recover true underlying biological sequences to the 

individual base (i.e. amplicon sequence variants; ASVs) by endeavoring to eliminate 

sequencing and PCR errors (Eren et al., 2015, Callahan et al., 2016, Amir et al., 2017). 

Moreover, unlike OTU clustering that analyze sequences into often vaguely-defined or 

“fuzzy” units that change study-by-study, denoising methods aim to better account for 

batch effects across multiple sequencing runs, and are able to analyze sequences either 

sample-by-sample (Deblur) or run-by-run (DADA2), which greatly reduces 

computational demand compared to OTU clustering algorithms that analyze sequences 

all together (Callahan et al., 2016).  

Collectively, these studies show how PCR amplicons can generate quantitative 

data that allows microbial community composition to be measured alongside other 

oceanographic variables. However, choosing an appropriate sequencing strategy 

remains a significant challenge given the diverse primers and sequencing technologies 

currently available. In order to maximize overall utility, it is highly desirable to keep 

costs low while generating data with high phylogenetic resolution. Parada et al. (2016)  



have previously described a universal primer set (515Y/926R, modified from Quince et 

al. (2011)) that simultaneously amplifies 16S and 18S rRNA in a single PCR reaction. 

Because of their universal nature, these primers measure both eukaryotes and 

prokaryotes and can provide insights into processes such as predation, parasitism, and 

mutualism (Needham & Fuhrman, 2016, Needham et al., 2018). 

However, analyzing data generated from the universal 515Y/926R primer set 

has several potential challenges. First, mixed 16S and 18S amplicon sequences present 

bioinformatic challenges since the two types of amplicons must be analyzed differently. 

This is because current Illumina read lengths are not long enough to allow the forward 

and reverse reads to overlap for the longer 18S amplicon (575-595 bp). If they do not 

overlap by at least 12 bases (according to standard methods), they cannot be merged, 

and if they cannot be merged, the entire amplicon cannot be generated and analyzed as 

is typical for 16S amplicon analysis. Second, PCR and sequencing both discriminate 

against longer amplicons (Kittelmann et al., 2013), yet the degree of PCR and 

sequencing biases against longer 18S amplicons is unknown. These biases can 

potentially be detected via mock community analysis, specifically collections of known 

16S or 18S rRNA gene fragments (Bradley et al., 2016, Parada et al., 2016, Needham et 

al., 2017, Wear et al., 2018, Catlett et al., 2020). Yet to our knowledge, there have not 

been tests with mixed mock communities consisting of both 16S and 18S rRNA genes. 

In this study, we present results from mock communities designed to validate 

the 515Y/926R primer set with particular emphasis on its performance with 18S 

sequences in comparison to commonly-used 18S-specific primer sets, V4F/V4R and 

V4F/V4RB (Stoeck et al., 2010, Balzano et al., 2015). We also present a bioinformatics 

workflow designed for mixed 16S and 18S amplicons that generates ASVs differing by as 

little as a single base, and reproducibly recovers the exact known sequences from the 



mock communities. This workflow, which uses common tools such as cutadapt (Martin, 

2011), bbtools (http://sourceforge.net/projects/bbmap/), DADA2 (Callahan et al., 

2016), deblur (Amir et al., 2017) and QIIME 2 (Bolyen et al., 2018), simplifies sequence 

analysis for mixed 16S and 18S amplicons. We also rigorously examined biases between 

16S and 18S amplicons at the PCR and sequencing steps. Lastly, we analyzed natural 

marine samples collected from the San Pedro Ocean Time-series (SPOT) using the 

validated workflow to compare the performance of different primer sets.  

 

Results and Discussion 

Comparison of universal primers (515Y/926R) and eukaryote-specific primers 

(V4F/V4R and V4F/V4RB) with 18S mock communities 

 Our 18S mock communities are mixtures of a number of nearly full-length 18S 

rRNA genes designed to represent the major eukaryotic groups found in marine 

environments. Among them, a clone in the Prymnesiales (haptophyta) has a single 

mismatch to the reverse primer V4R (at the 3’ end), and three Dinophyta species 

(Lingulodinium, Dino-Group-II_b, and Gymnodinium) have a single mismatch to the 

reverse primer 926R. Separate mock communities were developed with members in 

equal or staggered concentrations to allow for deeper assessment of PCR, sequencing, 

or bioinformatic pipelines. As the abundances of taxa in mock communities are known a 

priori, they can be used to test which primer set and denoising algorithm recovers the 

community composition most accurately. 

For 18S even mock communities, V4F/V4R (Stoeck et al., 2010) underestimated 

Prymnesiales (haptophyta) by ~4-fold, presumably because of a single base mismatch 

on the 3’ end of the reverse primers (Fig. 2a). On the other hand, the V4F/V4RB 

(Balzano et al., 2015) primers that do not have any mismatches overestimated 



Prymnesiales (haptophyta) by ~4-fold (Fig. 2b) while the 515Y/926R primers produced 

a community composition similar to that expected (Fig. 2c). 

For 18S staggered mock communities, similar results were found. V4F/V4R 

underestimated Prymnesiales (haptophyta) by ~5-fold (Fig. 3a), and V4F/V4RB 

overestimated Prymnesiales (haptophyta) by ~3-fold (Fig. 3b). 515Y/926R 

underestimated three Dinophyta species (with single primer mismatches) to varying 

degrees (Lingulodinium, ~8-fold; Dino-Group-II_b, ~3-fold; Gymnodinium, ~4-fold) (Fig. 

3c). However, there was no relationship between degree of underestimation and 

locations of primer mismatch (Lingulodinium, -11 bases from the 3’ end; Dino-Group-

II_b, -12 bases from the 3’ end; Gymnodinium, -2 bases from the 3’ end). 

Overall, the observed 18S mock community composition was more similar to the 

expected with 515Y/926R (slope=0.88, r2=0.76), especially after removing three 

mismatched Dinophyta species (slope=0.97, r2=0.97), followed by V4F/V4RB 

(slope=0.79, r2=0.87) and V4F/V4R (slope=0.67, r2=0.65) (Fig. 4). With mixed mock 

communities, 16S and 18S mock communities were also recovered accurately (Fig. S1). 

These findings, together with the results of Parada et al. (2016), indicate that 

515Y/926R primers recover both 16S and 18S mock communities quantitatively 

regardless of whether examined as separate or in combination. 

In addition, our results indicated a 3-8 fold underestimation when there was a 

primer mismatch. The same issue was previously found with the original EMP primers 

(515C/806R, V4) that underestimated SAR11 by 8-fold (Apprill et al., 2015). Bru et al. 

(2008) found that underestimation generally increased as mismatches were closer to 

the 3’ end of the primer, yet there was no predictable relationship between the position 

of mismatch and the degree of underestimation, which is consistent with our findings. 

The worst mismatches are at the 3’ end of the primers, as occurs with the V4R primer 



(Stoeck et al., 2010) for many common haptophytes. This observation was the rationale 

for the creation of the V4RB primer with a 3’ degeneracy (Balzano et al., 2015) that 

greatly improves recovery of haptophytes that are often dominant in seawater (Berdjeb 

et al., 2018). However, we found that, instead of recovering 18S mock communities as 

expected, V4F/V4RB overestimated haptophytes by 3-4 fold. Since there was no primer 

mismatch bias and all the amplicons were analyzed in the same sequencing run, a 

possible source of such bias might be differences in PCR protocols (1-step PCR with 

515Y/926R vs. 2-step PCR with V4F/V4RB), but it is not understood why such a strong 

positive bias would occur with haptophytes and not the other taxa we examined.  

 

Estimation of PCR and sequencing bias against 18S amplicons using mixed mock 

communities 

To test for length-based PCR bias against longer 18S reads, 18S mock 

communities were mixed with 16S mock communities in equimolar amounts prior to 

PCR amplification. The mixed mock communities were then PCR amplified, products 

analyzed on an Agilent 2100 Bioanalyzer, and then sequenced (Fig. 1). Based on 

bioanalyzer traces that separately quantify the abundance of 16S and 18S amplicons, 

there was little systematic PCR bias (about 0.7-1.3-fold) against 18S PCR products when 

using the 18S even mock communities that have no primer mismatches to 515Y/926R 

(Fig. 5, circle and asterisk dots, x axis only). When the 18S staggered mocks were 

included (with three Dinophyta species that have one mismatch to the reverse primer, 

926R), there was considerably more PCR bias, up to 3-fold (Fig. 5, triangle and square 

dots, x axis only). The mixed amplicons were then sequenced and split into 16S and 18S 

reads pools by an in silico sorting step. By comparing ratios in the bioanalyzer outputs 

and the raw read counts after in silico sorting, we observed that there was typically a 2-



fold sequencing discrimination against 18S reads (Fig. 5), which is consistent regardless 

of community types (even, staggered) and sequencing runs. That suggests sequencing 

bias due to length differences is a consistent property of the Illumina sequencing 

platform, yet PCR bias due to primer mismatches is much less predictable. Thus, an 

evaluation of primer coverage across three domains, in actual field samples, may help 

better account for the PCR bias. Parada et al. (2016) found that 515Y/926R perfectly 

matches 86% of eukaryotes, 87.9% of bacteria, and 83.9% of archaea in the SILVA 

database, but we note that in actual practice the extent of mismatches in field samples 

depends on the particular taxa present and their proportions (McNichol et al., 2020). 

We should also note that our 18S mock communities are very rich in alveolates such as 

dinoflagellates (3 of 10 in even, 7 of 16 in staggered) that tend to have mismatches to 

the 515Y/926R primers; hence they probably overestimate the biases expected in most 

field samples.  

 

Comparison of universal primers (515C/926R) and eukaryote-specific primers 

(V4F/V4RB) with field samples 

  A previously published daily time series was used to compare outcomes with 

different primers amplifying either 16S+18S or 18S alone from the same DNA extracts 

(Needham & Fuhrman, 2016, Berdjeb et al., 2018). This time series covered a spring 

bloom through summer at the San Pedro Ocean Time-Series off of Southern California, 

thus the comparison was evaluated under a wide range of environmental conditions 

and biological diversity.  

We note that the universal primer in that paper (515C) was slightly different 

from that tested here with 18S mock communities (the 4th base on the 5’ end of the 

forward primer was C instead of Y, where Y is a mixture of C and T). We thus used a 



recently reported dataset (McNichol et al., 2020) to compare the primer coverage. 

McNichol et al. (2020) have compared 515Y with SSU rRNA sequences retrieved from 

several marine metagenomic datasets (BioGEOTRACES, Malaspina, MBARI, and TARA). 

Their results showed that 88% of eukaryotic 18S rRNA sequences and 99% of 

cyanobacteria and chloroplast 16S rRNA sequences perfectly matched 515Y. We further 

examined where these sequences perfectly matched 515C or 515T. The results showed 

that >97% of the sequences perfectly matched 515C, and the incremental improvement 

of also considering a T at that position only yielded 0 to 0.1% additional perfect matches 

(Table S3), suggesting the results from both primers should be comparable. Note that 

the 515Y primer simply adds a single degeneracy (primer versions with a C and T at 

that position are equally present), so will perfectly match better than 515C alone. 

To examine how alpha diversity differed with primer sets, we first rarefied 

sequences to the sample with fewest 18S sequences (1155 reads) and repeated this 100 

times for each primer set. The mean rarefied richness (i.e., number of observed ASVs) of 

the samples amplified with V4F/V4RB was significantly higher than those amplified 

with 515C/926R (Welch's t-test, p<0.001; 30-217 for 515C/926R vs. 104-318 for 

V4F/V4RB; Fig. 6). The mean rarefied Shannon index values, however, were similar 

between these primer sets (Welch’s t-test, p>0.05; 0.97-4.79 for 515C/926R vs. 1.70-

5.05 for V4F/V4RB; Fig. 6). We next evaluated the primer effects on beta diversity; 

cluster analysis showed that 515C/926R and V4F/V4RB detected a significantly similar 

temporal variation (Mantel test, r=0.95, p<0.001), i.e., similar overall clustering, in 

community composition. starting from spring bloom in early March, followed by a post-

bloom period in late March, a transition during April and May to summer in July (Fig. 7).  

To test the extent that these two primer sets (515C/926R and V4F/V4RB) 

amplify similar communities at the ASV level, the 220 bp overlapping region of the 



forward reads was used for detailed examination (noting the forward primers are offset 

by 4 bases, with V4F going 4 bases further towards the 3’ end vs. 515C). After rarefying 

samples amplified with 515C/926R and V4F/V4RB to the sample with fewest 18S reads 

(1681 reads) 100 times, on average 2741 ASVs were detected across the time series, 

and 1131 ASVs were shared between the primer sets (Fig. S2). These shared ASVs 

contributed to 80-100% of the total sequences in the communities amplified with 

515C/926R and 87-97% of sequences in communities amplified with V4F/V4RB. A total 

of 254 ASVs were unique to the samples amplified with 515C/926R, and 1412 ASVs 

were only found in the samples amplified with V4F/V4RB (Fig. S2). A direct comparison 

showed 515C/926R and V4F/V4RB detected the same abundant ASVs with similar 

relative abundances, while there were more differences in rare ASVs, with the 

V4F/V4RB typically detecting more of these taxa (Fig. 8 and Fig. S3). The relative 

abundances of ASVs missed by 515C/926R were all found to be rare (less than 1.5%) by 

V4F/V4RB, whereas the relative abundances of some ASVs missed by V4F/V4RB were 

more abundant (more than 5%) by 515C/926R (Fig. 8). A taxonomic comparison shows 

that under the same sampling effort, there were differences at the order level between 

primer sets (Fig. S2). Three orders (Cryptomonas, Discicristata, MAST-6) were uniquely 

found in the samples amplified with 515C/926R, and 2 orders (Coccolithales, 

Hemiselmis) were unique to the samples amplified with V4F/V4RB. Thus, while the V4 

primers tended to yield more of the rarer ASVs, neither primer set was much more 

comprehensive taxonomically than the other, and the two together yielded a broader 

overall diversity than either alone.  

Clustering of all these overlapping sequences analyzed together showed a similar 

spring-summer transition (Fig. S4), with samples usually clustering by date rather than 

by primer pair. However, individual dates typically had a 30-50% Bray-Curtis distance 



between data analyzed by the two primers, indicating significant differences in 

quantitative composition. While lacking independent knowledge of the actual taxa 

distribution, we note observed distributions within mock communities more closely 

matched the expected outcome when using the universal primers, especially for 

sequences with no mismatches (Fig. 4).  

Our results indicated that beta diversity may be less sensitive to primer bias than 

alpha diversity, which has been previously reported (Caporaso et al., 2012, He et al., 

2013, Tremblay et al., 2015). Comparing the 220 bp overlapping region amplified by 

both primer sets demonstrated that the variation in community composition due to 

primer sets comes mostly from the rare taxa, perhaps in part from PCR and/or 

sequencing errors (He et al., 2013). Notably, the V4F/V4RB amplification requires a 

two-step PCR amplification, with more opportunities for errors and/or biases (Yu et al., 

2015).  

 

The application of universal primers (515Y/926R) to three-domain amplicon 

analysis 

Quantitative 16S/18S biases determined by mixed mock community analyses 

was “corrected” in field samples to make current best-guess estimates of the true 

relative proportions of 18S, chloroplast, and prokaryotic gene abundances. With the 

mock communities, we found an overall 2-fold bias against 18S at the sequencing step, 

and we can use that as a starting point for making corrections. Applying this 2-fold bias, 

data from the protist-enriched 1.2-80 µm fraction of the spring-summer SPOT time 

series samples would yield an average of 35% 18S, 28% chloroplast 16S and 37% 

prokaryote 16S rRNA gene amplicons (Fig. S5) — in other words, an almost even split in 

these three categories. Future work will help determine to what extent the 2-fold bias 



applies in general, but because some 18S sequences are much longer than others (Obiol 

et al., 2020); it is quite possible the biases are worse in some samples and for some taxa, 

compared to others. A direct measure of average biases from each sample should be 

possible by quantifying DNA in the 16S and 18S amplicons before sequencing and then 

comparing the actual 16S and 18S sequences in the final outputs. The read composition 

(Fig. S5) and rarefaction curves (Fig. S6) constructed for each field sample together 

indicated that for the 1.2-80 µm size fraction collected from the SPOT location, about 

15,000-70,000 total sequences are required to effectively sample the true richness of 

marine planktonic prokaryotes, phytoplankton, and heterotrophic eukaryotes in a 

single PCR reaction (Fig. S6, detailed calculation is described in figure legend). For 

studies collecting whole seawater (>0.2 µm) that include a larger fraction of 

prokaryotes, we also estimated the required sequencing depth using a previously 

reported dataset from the BioGEOTRACES GA03 trans-Atlantic expedition (Biller et al., 

2018, McNichol et al., 2020). The McNichol et al. study amplified DNA collected from 

100ml of whole seawater using the universal primers (515Y/926R), analyzed using 

DADA2. With the read composition and the rarefaction curves of the Atlantic euphotic 

seawater samples, we calculated that about 28,000-110,000 total sequences are 

required to capture the diversity of prokaryotes and eukaryotes (Fig. S7, detailed 

calculation is described in figure legend). However, the number would vary with 

different locations, size fractions, sampling volumes, extraction methods, and analysis 

pipelines. 

 

Conclusions and Future Prospects  

This study shows that the three-domain universal primer (515Y/926R) can 

resolve community composition for 16S and 18S rRNA in a single PCR reaction, with 



biases we could quantify and manage. We were able to investigate the biases relevant to 

the use of these primers in a natural setting through the use of 18S mock communities, 

separately and in concert with 16S mocks. With field samples, the universal primers 

(515C/926R) detected similar community composition and beta-diversity patterns as 

commonly-used eukaryote-specific primers (V4F/V4RB). However, the abundance of 

several taxa varied with primer set (notably with the V4F/V4RB primers yielding more 

rare eukaryotic taxa), though without independent data, we cannot assume that 

reporting more taxa is necessarily more accurate. 

Comprehensive simultaneous three domain analysis has three potential 

advantages over single domain analyses for determining microbial community 

composition. First, there is the obvious advantage of directly comparing 16S and 18S 

sequence abundances, which can now be corrected (to some extent) for biases as we 

have described. Even without absolute corrected gene counts, results allow for 

consistent comparisons of ratios between all taxa, across samples and even sample 

types;  i.e. even without bias corrections, the relative ratios are robust (McLaren et al., 

2019).  Second, it provides an independent analysis of phototrophic protists. As 

chloroplast 16S rRNA gene databases are constantly growing, the chloroplast 16S genes 

amplified with 515Y/926R can help identify (or verify the identities of) phototrophic 

eukaryotes, providing a way to characterize phytoplankton communities independent 

of 18S and known wide variability in 18S per-cell copy number variations, which range 

over 10,000 fold (see also Needham &  Fuhrman (2016)).  Chloroplast 16S data may 

more closely reflect phytoplankton biomass distributions than do 18S data, and are 

being increasingly used in biological oceanographic studies, sometimes with higher 

phylogenetic resolution than 18S (Needham & Fuhrman, 2016, Bennke et al., 2018, 

Bolaños et al., 2020, Choi et al., 2020). Lastly, a single universal amplification reduces 



some major costs associated with amplicon analysis. As sequencing continues to drop in 

price per base, the major expense per sample comes from PCR enzymes, clean-up beads, 

and labor required for quantification, dilution, gel imaging, etc. Compared with single-

PCR 16S and 18S rRNA community analysis, using separate primers for 16S and 18S 

assays (noting V4 18S needs 2-step PCR) increases amplicon library preparation costs 

2-3 fold, which can exceed the costs of increased coverage in a single universal assay to 

yield the desired number of 18S sequences. Overall, this method provides a feasible 

path for making quantitative rRNA gene-based assessments of microbial communities 

across three domains using amplicon data, when proper validation such as from mock 

communities is employed.  

 

Materials and methods 

Mock community preparation 

 For 16S mock communities, nearly full-length marine 16S rRNA genes were 

prepared as previously described (Parada et al., 2016, Yeh et al., 2018). For 18S mock 

communities, nearly full-length 18S rRNA clone libraries were prepared from the large 

size fraction (1.2-80 µm) of seawater sample collected from the SPOT location. The 

detailed preparation is described in the supplementary information. To mimic natural 

marine communities consisting of both eukaryotes and prokaryotes, 16S and 18S mock 

communities were mixed in four combinations (Fig. 1). Each mixed mock community 

was pooled at equal molarity after taking lengths into account; the average length of 16S 

mocks is 1425 bp, and the average length of 18S mocks is 1770 bp, so resulting 

amplicons are internal to these lengths and therefore shorter. 

 

Field samples 



 A daily-to-weekly time series used samples collected from the 5m depth at the 

San Pedro Ocean Time-series (SPOT) location from March 12 to July 26 in 2011. The 

methods and sequencing data have been previously published under accession numbers 

PRJEB12215 (universal primers) and PRJEB10834 (18S  primers) (Needham & 

Fuhrman, 2016, Berdjeb et al., 2018).  

 

PCR and sequencing 

 To pool multiple samples in a single Illumina paired-end sequencing platform, a 

dual-index sequencing strategy was used with forward primer (A-I-NNNN-barcode-loci 

specific forward primer) and reverse primer (A-index-I-loci specific reverse primer), 

where A is the Illumina sequencing adapter, I is the Illumina primer, and barcode and 

index are sample specific tags (5 bp barcode and 6 bp index). A detailed protocol is 

available at doi.org/10.17504/protocols.io.vb7e2rn. To compare 16S/18S universal 

primers with eukaryote-specific primers, mock communities were amplified with 515Y 

(5’-GTGYCAGCMGCCGCGGTAA-3’) and 926R (5’-CCGYCAATTYMTTTRAGTTT-3’), V4F 

(5’-CCAGCASCYGCGGTAATTCC-3’) and V4R (5’-ACTTTCGTTCTTGATYRA-3’), and V4F 

and V4RB (5’-ACTTTCGTTCTTGATYRR-3’) (Stoeck et al., 2010, Balzano et al., 2015, 

Parada et al., 2016). The only difference between V4F/V4R and V4F/V4RB is the last 

base on the 3’ end of the reverse primer (A to R), which corrects a mismatch, allowing 

V4F/V4RB amplify haptophytes and some other taxa better (Balzano et al., 2015). The 

amplification conditions for each primer pair are described in the supplementary 

information. Purified PCR products were quantified with PicoGreen and sequenced on 

Illumina HiSeq 2500 in PE250 mode and MiSeq PE300. 

  

In silico processing of amplicon sequences 



 Sequences were demultiplexed by forward barcodes and reverse indices 

allowing no mismatches using QIIME 1.9.1 split_libraries_fastq.py. The fully 

demultiplexed forward and reverse sequences were then split into per-sample fastq 

files using QIIME 1.9.1 split_sequence_file_on_sample_ids.py and submitted to the EMBL 

database under accession number PRJEB35673. 

Scripts necessary to reproduce the following analysis are available at 

github.com/jcmcnch/eASV-pipeline-for-515Y-926R. Demultiplexed amplicon sequences 

were trimmed with cutadapt, discarding any sequence pairs not containing the forward 

or reverse primer. We allowed an error rate of up to 20% to retain amplicons with 

mismatches to the primer. Similar to the workflow proposed Mike Lee 

(https://astrobiomike.github.io/amplicon/16S_and_18S_mixed), mixed amplicon 

sequences were split into 16S and 18S pools using bbsplit.sh from the bbtools package 

(http://sourceforge.net/projects/bbmap/) against curated 16S/18S databases derived 

from SILVA 132 (Quast et al., 2013) and PR2 (Guillou et al., 2013). The splitting 

databases used are available at https://osf.io/e65rs/. The two amplicon categories 

were then analyzed in parallel using qiime2 (Bolyen et al., 2019) or DADA2 

implemented as the standalone R package (Callahan et al., 2016) as described in the 

supplementary information. The results were all based on DADA2 (QIIME 2) that 

worked best for each type of sequences after comparing several denoising algorithms (a 

detailed comparison is described in the supplementary information). 

 

PCR and sequencing bias estimation 

 16S and 18S mixed mock communities amplified with 515Y/926R were run on 

an Agilent 2100 Bioanalyzer to quantify concentrations of 16S and 18S PCR products in 

each mixed mock community. Amplicons were analyzed with the High-sensitivity DNA 

https://astrobiomike.github.io/amplicon/16S_and_18S_mixed
https://osf.io/e65rs/


assay kit according to the manufacturer’s instructions. Due to the length differences 

between 16S and 18S amplicons, the concentrations of amplicons were measured by 

quantifying peak areas on an Agilent 2100 Bioanalyzer using automatic peak detection 

without altering the instrument-determined baseline. The 16S:18S ratio of molarity was 

used to determine PCR bias. Sequence pre-processing (i.e. bbsplit.sh) split reads into 

16S and 18S pools. The 16S:18S ratio based on the number of reads was used to 

determine sequencing and PCR bias. The slope of the line derived from plotting the 

16S:18S ratio from Bioanalyzer traces against 16S:18S ratio based on the number of 

reads after the bbsplit step was used to define sequencing bias. 
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