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Abstract

Advances in high-throughput DNA sequencing methods reveal the vast diversity of marine protists.
Amplicon sequencing of “barcode” genes, such as the 18S small subunit ribosomal RNA gene (henceforth, 185
gene), is a cost-effective and widely used genetic method for assessing the composition of marine protist com-
munities. This method is now being applied from local to global scales to interrogate the causes and conse-
quences of protist community variations. Significant efforts have been made to validate amplicon methods
targeting prokaryotes, but the precision, accuracy, and quantitative potential of 18S gene amplicon sequencing
methods for marine protists remain unclear. Here, we use artificial (mock) communities and environmental
samples collected from the Santa Barbara Channel, CA to evaluate the precision and accuracy in an amplicon
workflow targeting the V9 hypervariable region of the 18S gene for marine protists. Overall, we find that this
amplicon workflow has high precision and reasonable accuracy, but the magnitude of analytical uncertainty
can increase significantly unless certain procedural issues are avoided. Finally, we demonstrate the value of posi-
tive and negative controls in, and the quantitative potential of, amplicon sequencing assessments of marine

protist communities.

Marine protists (defined here as unicellular eukaryotes
excluding fungi and macroalgae) play a critical role in marine
ecosystems and global biogeochemical cycles, with marine
phytoplankton accounting for almost half of the 105 Pt C yr™!
global net primary production (Field et al. 1998) and protist
grazers modulating the flow of primary and secondary produc-
tion through the pelagic food web (Sherr and Sherr 1994;
Worden et al. 2015). Recent developments in high-throughput
nucleic acid sequencing (HTS) offer unprecedented resolution
of the vast diversity of marine protist communities (Amaral-
Zettler et al. 2009; De Vargas et al. 2015) and in turn, an
improved understanding of the impact of protist diversity and
community composition on the structure and function of
marine ecosystems (Lima-Mendez et al. 2015; Guidi et al.
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2016; Caputi et al. 2018; Wang et al. 2018). The size and com-
plexity of marine protist genomes often precludes meta-
genomic analysis of environmental samples in which these
organisms are abundant (Keeling and del Campo 2017). How-
ever, amplicon sequencing of widely conserved “barcode”
genes (e.g., the 18S gene in protists) from an environmental
DNA sample is a powerful and widely used tool for characteriz-
ing protist diversity and community composition.

Standard amplicon sequencing workflows include sampling
the community of interest, extracting genomic DNA, and
amplifying the barcode gene of interest by polymerase chain
reaction (PCR; Hugerth and Andersson 2017). Sequencing
adapters and sample-specific index sequences, the latter of
which are used for multiplexing multiple samples into a single
sequencing run, can be attached during amplification of the
barcode gene (a “1-step PCR” approach; Kozich et al. 2013) or
in a second PCR or ligation reaction (a “2-step PCR” approach;
Gohl et al. 2016; O’Donnell et al. 2016). Amplicons from each
sample are then purified, pooled in equimolar concentrations,
and sequenced. This workflow culminates in millions of
sequence reads representing tens of thousands of unique
sequences. Various bioinformatic algorithms have been
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developed to classify these sequences into either operational
taxonomic units (OTUs) or amplicon sequence variants (ASVs;
e.g., Callahan et al. 2016, 2017). Despite differences in their
computational formulations and biological significance, OTUs
or ASVs generally serve as proxies for biological species, and
proportional sequence counts of each ASV within a sample are
frequently used as a proxy for each species’ relative abun-
dance. Among protists, interspecific variance in 18S gene copy
numbers obscures the relationship between sequence counts
and cell abundances; however, the high correlation between
18S gene copy number and cell biovolume (Zhu et al. 2005;
Godhe et al. 2008) suggests that amplicon sequencing assess-
ments of marine protists may provide ecologically and bio-
geochemically powerful indices of community composition.

Uncertainties can be introduced at each step of the
amplicon workflow (e.g., Bradley et al. 2016; Gohl et al. 2016;
see Balint et al. 2016 and Hugerth and Andersson 2017, for
reviews). In addition to the uncertainty inherent in biological
sampling, interspecific variability in cell lysis efficiencies cau-
sed by differences in the robustness of extracellular structures
can introduce taxon-specific biases at the DNA extraction step.
Rigorous cell lysis procedures (e.g., bead-beating and enzy-
matic methods) prior to extraction of genomic DNA reduce
this bias (Yuan et al. 2015; Djurhuus et al. 2017). PCR is con-
sidered the most critical step in the amplicon sequencing
workflow as the choice of hypervariable region, PCR primers,
reaction conditions, and many other factors can alter results
of downstream analysis and the detection of specific lineages
(Stoeck et al. 2010; Hu et al. 2015; Bradley et al. 2016; Parada
et al. 2016). PCR can introduce biases in observed relative
sequence abundances as large as 10-fold from those expected
for specific OTUs, particularly when primer mismatches are
observed (Bradley et al. 2016; Parada et al. 2016; Wear et al.
2018). The choice of bioinformatic pipeline and other data
preprocessing procedures can introduce additional uncertainty
(Bokulich et al. 2013; McMurdie and Holmes 2014), although
recent advances in inferring exact ASVs dramatically reduce
the impact of analytical artifacts in amplicon data and are
poised to facilitate methodological improvements, cross-study
comparisons, and meta-analyses (Callahan et al. 2016, 2017).
Despite these numerous sources of uncertainty, attempts to
validate and/or quality-control amplicon methods are often
not considered and only rarely published.

For studies of marine protist communities, the V4 and V9
hypervariable regions of the 18S gene offer the most complete
picture of marine protist diversity at present, and various
workflows and primer sets have been proposed and employed
to target these regions (Amaral-Zettler et al. 2009; Stoeck et al.
2010; Hugerth et al. 2014; Hu et al. 2015; Bradley et al. 2016).
The major benefit of targeting the V4 rather than the V9
region is the increased phylogenetic and taxonomic resolution
enabled by the increased amplicon length (Hu et al. 2015).
However, recent work demonstrated reduced accuracy in com-
munity composition for the V4 relative to the (V8-)V9 region
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for eukaryotic phytoplankton communities, and attributed
these differences in part to the longer, lower fidelity sequenc-
ing reads required for the V4 region (Bradley et al. 2016). The
shorter read lengths required for the V9 region also enable
more cost-effective large-scale analyses (e.g., De Vargas et al.
2015). Taken together, these factors suggest that the V9 region
may be better suited for large-scale investigations (e.g., long
time series, global-scale analysis) requiring increased quantita-
tive power. Further investigation of the bias and uncertainty
in amplicon workflows targeting the V9 and surrounding
regions of the 18S gene are thus needed to constrain the quan-
titative potential of amplicon sequencing assessments of
marine protist communities and identify workflows suitable
for linking community variations with environmental, biogeo-
chemical, and other biotic parameters. Such investigations will
enable comparisons to well-validated methods for characteriz-
ing marine microbial eukaryotic communities (e.g., high-
performance liquid chromatography [HPLC] phytoplankton
pigment determinations; Hooker et al. 2010) and help estab-
lish methods best-suited for large-scale quantification of
plankton functional types (e.g., Quere et al. 2005).

Here, we use a combination of mock communities and
environmental samples to evaluate analytical uncertainty at
different stages of an amplicon sequencing workflow using a
one-step PCR approach to target the V9 hypervariable region
of the 18S gene for marine protist communities. We provide
estimates of precision and accuracy at different steps of our
workflow, from sampling and DNA extraction to PCR and
sequencing, and examine the effects of procedural modifica-
tions on downstream results, including different DNA extrac-
tion methods and PCR protocols. Our analysis provides strong
support for the continued use of positive and negative con-
trols in amplicon sequencing analysis. Finally, we show that
validations of amplicon workflows employing a single primer
set are an often overlooked yet imperative first step in more
general comparisons of different primer sets and hypervariable
regions, as well as for conducting quantitative downstream
analyses of these data.

Materials and procedures

DNA extraction method comparisons

To evaluate the effects of DNA extraction method on esti-
mates of protist community composition, triplicate samples of
natural marine protist communities were collected during
Plumes and Blooms (PnB) cruises in the Santa Barbara Channel
(CA, US.A) in May and August 2017. The first cruise occurred
on 09 May 2017, and samples were collected at PnB Sta. 5 dur-
ing an abnormally large bloom of pennate diatoms (Supporting
Information Fig. S1). The second took place on 17 August 2017
and samples were collected at PnB Sta. 3 where low chlorophyll
concentrations were observed (Supporting Information Fig. S1).
During each cruise, three replicate 2 L surface-water samples
were collected from Niskin bottles deployed on a CTD rosette
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and returned to the laboratory. One-liter aliquots were filtered
through a 47 mm 1.2 ym mixed cellulose esters membrane fil-
ter using positive pressure (~ 5 psi) and stored frozen in 5 mL
cryovials at —80°C. These two batches of samples are referred to
as “May” and “August” samples. Details regarding PnB station
locations and data products are available at https://seabass.gsfc.
nasa.gov/experiment/Plumes_and_Blooms/. Relevant PnB ana-
Iytical methods are described in Catlett and Siegel (2018), and
briefly in Supporting Information Text S1.

The May and August samples were used to compare two
DNA extraction methods, both of which included mechani-
cal (via bead-beating) and enzymatic lysis procedures. Prior
to DNA extraction, each filter was cut in half and each half-
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filter was subjected to one of two DNA extraction procedures.
DNA was extracted from one half-filter using the DNeasy
PowerWater DNA extraction kit (Qiagen; the PW method)
following the manufacturer’s instructions, including an addi-
tional 10 min incubation at 65°C to enhance cell lysis as rec-
ommended by the manufacturer. The remaining half-filter
was returned to the cryovial, to which 1.8 mL of sucrose
lysis buffer (750 mmol L™! sucrose, 20 mmol L™' EDTA,
400 mmol L™! NaCl, 50 mmol L' Tris-HCl; pH 8.0) was
added. These half-filters were stored at —80°C until DNA
extractions using a “custom” lysis (see below; Countway
et al. 2007) and phenol-chloroform extraction protocol
(Giovannoni et al. 1990; the PC method) were conducted.
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Fig. 1. Results of DNA extraction method comparisons. The DNA extraction methods compared were the DNeasy PowerWater DNA extraction kit
(PW) and a phenol-chloroform method (PC; see text for details). (A, B) Results of hierarchical cluster analyses using Bray-Curtis dissimilarity (BCD) and
the average linkage method on the three replicated environmental samples from May and August cruises in the Santa Barbara Channel. Analyses consider
(A) all ASVs and (B) ASVs comprising > 1% of sequences in at least one sample. (C) The magnitude of BCD (mean + SD) among biological replicates
extracted with a single method (within-PC and within-PW; n = 3 for each bar), among the same samples extracted by different DNA extraction methods
(PW vs. PC; n = 3 for each bar), and that present between May and August samples for the PC and PW method. (D) considers ASVs comprising > 1% of
sequence reads in at least one sample from the May cruise, and shows the mean relative abundances of the dominant Classes in May samples extracted
with either the PC (red) or PW (blue) method. Individual ASVs within each class are delineated with a horizontal black line.
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Lysis for the PC extraction method consisted of three rounds
of bead beating with 0.4 mm Zirconium beads (Molecular Biol-
ogy Grade, OPS Diagnostics, U.S.A.) for 1 min followed by incu-
bation at 70°C for 5 min. For bead-beating, up to 10 sample tubes
were secured horizontally to a Fisherbrand Scientific Vortex
Mixer, and bead-beating was carried out at maximum speed
(~ 3200 rpm). Next, 200 uL of sodium dodecyl sulfate (SDS) (10%
w/v) and 20 uL of proteinase K (20 mg mL™") were added and the
samples were incubated at 55°C with gentle rotational mixing for
1 h. Genomic DNA was extracted from 1 mL of lysate using an
equal volume of phenol-chloroform-isoamyl alcohol (25:24:1,
pH 8.0), followed immediately by two additional extractions
with equal volumes of chloroform-isoamyl alcohol (24:1). DNA
was precipitated with 7.5 mol L' NH4OAc and 100% iso-
propanol for 3 h in the dark at room temperature, washed with
70% ethanol, and resuspended in 1 mol L~* Tris-HCI (pH 8.0)
overnight at 4°C before being stored at —20°C. Triplicate DNA
extraction blanks were included for each method by subjecting
unused filters to the procedures described above. Results from
additional DNA extraction blanks using the PC method are also
considered.

Mock community construction

Mock communities were composed of 22 unique, full-
length 18S gene amplicons isolated from marine protist spe-
cies spanning seven major eukaryotic phyla (Table 1). Many of
the species included in mock communities are widely distrib-
uted and often abundant in the global surface ocean and in
the Santa Barbara Channel (CA, U.S.A.) where our amplicon
workflow has been applied toward a time series of surface
ocean samples of marine protist communities (Catlett et al.
unpubl. data). Genetic material for mock communities was
generated from marine phytoplankton cultures. Isolates were
acquired from several different collections, including UC Santa
Barbara, Moss Landing Marine Laboratory, University of
Southern California, Monterey Bay Aquarium Research Insti-
tute, and the National Center for Marine Algae. Batch cultures
were maintained under conditions most suitable for growth,
in either f/2 + Si, f/2 — Si, or modified f/25 — Si culture media
(Guillard 1975) under a 12:12 light:dark cycle at either 15°C
or 22°C.

Samples from single phytoplankton cultures were filtered
onto either 0.2 ym pore size, 47 mm diameter Supor poly-
ethersulfone filters or 1.2 ym pore size, 47 mm diameter mixed
cellulose ester filters under gentle vacuum and stored frozen at
—80°C. Genomic DNA was extracted from each filter using a
PowerSoil DNA extraction kit (MoBio, U.S.A.) following the
manufacturer’s instructions. Full-length 18S genes were ampli-
fied from genomic DNA extracts using the primers EukA and
EukB (Medlin et al. 1988; see Supporting Information Table S1
for all primer names, sequences, and sources used in the pre-
sent analysis). These PCRs used 0.8x KAPA2G Robust HotStart
ReadyMix (KAPA Biosystems), 0.4 ymol L™ each primer, and
2 uL template with thermal cycling as follows: 95°C for 2 min;
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35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 2.5 min; and
72°C for 7 min. PCR products were cloned using the pGEM®-T
Easy Vector system (Promega, U.S.A.) following manufacturer
instructions. Unique full-length 18S genes were amplified
directly from clonal cultures in 25 uL reactions using 1x
KAPA2G Robust HotStart ReadyMix, 0.5 ymol L™ each M13F
and M13R primers (Supporting Information Table S1), and
1 uL clonal culture as template, with the following thermal
cycling settings: 95°C for 5 min; 35 cycles of 95°C for 15,
65°C for 15 s, 72°C for 2.5 min; and 72°C for 7 min. PCR prod-
ucts were purified using the Qiagen QIAquick Gel Extraction
kit following manufacturer’s instructions, and submitted to the
DNA Sequencing Facility at UC Berkeley for Sanger sequencing
using the M13F, 563F, and M13R primers (Messing 1983;
Hugerth et al. 2014; Bradley et al. 2016; Supporting
Information Table S1). Sanger sequences were merged and ini-
tial taxonomic identities were assigned by analysis of BLASTN
searches against the Protist Ribosomal Reference database (PR2;
v4.11.1; Guillou et al. 2012) using MEGAN’s Lowest Common
Ancestor Algorithm (LCA; Altschul et al. 1990; Huson et al.
2007; see Table 1 for initial taxonomic assignments).

Amplicon concentrations were quantified in triplicate with
the Qubit 3.0 dsDNA High Sensitivity Assay kit (ThermoFisher
Scientific, U.S.A.) prior to addition to each mock community.
Expected relative mass abundances were determined using the
average of the three independent quantifications and were
converted to molar ratios based on the lengths of the Sanger
sequences of each full-length 18S amplicon (EukA to EukB primer
binding regions, plus the remaining plasmid sequence from the
PGEM-T Easy Vector according to the manufacturer’s documen-
tation) and an average molecular weight of 617.96 ¢ mol bp™.
Eight unique mock communities, or amplicon assemblages
(AAs), were created with varying community composition. The
identities, sequence characteristics, and relative abundances of
each amplicon included in each AA sample are summarized in
Table 1. Target compositions were an even representation of all
22 amplicons (AAl), an even representation of a subset of
12 amplicons (AAS), dominance by several diatom or dinoflagel-
late amplicons (AA2 and AA3, respectively), “mixed dominance”
by a diverse collection of amplicons (AA4), and dominance by a
single haptophyte amplicon (AA6), dinoflagellate amplicon
(AA7), or prasinophyte amplicon (AAS).

Assessments of PCR precision and accuracy

The eight AAs, along with genomic DNA extracts from nat-
ural marine protist communities, were used to assess the preci-
sion and accuracy of PCR and sequencing. The AAs allowed
for assessments of both accuracy and precision, and the envi-
ronmental samples allowed for assessments of precision for
natural, more diverse protist communities. In addition to the
environmental samples collected for comparisons of DNA
extraction methods, we considered 94 environmental samples
collected on PnB cruises between June 2011 and September
2014 as described in Wear et al. (2018). All samples considered
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Table 2. Terms and abbreviations and their use in this article.

Marine protist amplicon method evaluation

Term

Definition

General terms and abbreviations for
method and results descriptions

PC

PW

PCRx1

EMP

MB

Taxonomy array

Taxonomy

ASVs detected in AA and blank samples Spurious ASV

Contaminant ASV

Artifact ASV

Unknown ASV

Target ASV

Amplicon assemblage, a term used to describe samples of
artificial protist communities composed of full-length
amplicons isolated from individual protist species. When
followed by a number from 1 to 8, denotes a mock
community of a particular composition (Table 1).

Samples where genomic DNA was extracted using a
“custom” phenol-chloroform method.

Samples where genomic DNA was extracted using the
DNeasy PowerWater DNA extraction kit.

Samples that were amplified in a single PCR. All other
samples were amplified in triplicate PCRs which were then
pooled prior to PCR product purification and quantitation,
sample pooling, and sequencing.

Samples that were amplified with a modified thermal cycling
routine relative to all other samples (see text for detail).

Samples that were amplified in the presence of a mammal
blocking primer.

An array of ASV sequences and their corresponding
taxonomic assignments generated by a single taxonomic
assignment algorithm applied to a single reference
database, or a combination of assignment algorithms and
reference databases employing a single taxonomy.

A general term used to describe a taxonomic naming and
ranking framework employed by one of the reference
databases considered in the present study.

Any false positive ASV detected in positive (AAs) or negative
(blanks) control samples.

Spurious ASVs detected in any noncontrol sample amplified
and/or sequenced alongside the control sample. For
spurious ASVs detected in blank samples, these also include
target ASVs.

Spurious ASVs detected in AA samples that were >95%
similar to a target ASV sequence in that AA and not
detected in any environmental samples amplified and/or
sequenced alongside the AA sample.

Spurious ASVs that could not be classified as contaminant or
artifact ASVs.

One of the 22 ASVs intentionally included in AA samples (see
Table 1).

in these analyses and their experimental data are detailed in
Supporting Information File S1. Table 2 provides a quick refer-
ence for the abbreviations used to denote sample names and
characteristics, procedural variations employed, and other
terms with definitions specific to the present analysis.

In all PCR reactions, the V9 hypervariable region of the 18S
gene was amplified with a one-step PCR using custom dual-
indexed primers (Kozich et al. 2013) designed from the 1391F
and FEukB primers (Stoeck et al. 2010; Supporting
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Information Table S1). Reactions were carried out using
0.4 ygmol L™! of each primer and 1x KAPA2G Robust HotStart
ReadyMix (KAPA Biosystems). Thermal cycling conditions
were: 94°C for 3 min; 35 cycles of 94°C for 45 s, 65°C for 155,
57°C for 30s, and 72°C for 90's; 72°C for 10 min; 4°C until
being stored frozen at —20°C or continuing with clean-up and
normalization. For field and blank samples, 1 xL of genomic
DNA template was used in each reaction, regardless of the
DNA concentration (all blank samples had DNA
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concentrations below detection limits of the Qubit 3.0 Fluo-
rometer dsDNA High Sensitivity Kit). AA samples used 20 pg
of template DNA in each PCR reaction unless otherwise noted.
For each sequencing library, at least one no-template control
using 1 uL PCR-grade water as template per 25 uL reaction was
also amplified and included in all subsequent purification and
sequencing steps. Unless otherwise noted (see below), samples
were amplified in triplicate 25 uL reactions and products were
pooled before proceeding with Ilumina library preparation
and sequencing.

We assessed the impacts of modifications to the above PCR
protocol (referred to as the “Standard” protocol) on the preci-
sion and accuracy of sequencing results in order to inform the
potential for standardization and meta-analyses of amplicon
sequencing data employing the same primer set with different
PCR protocols. All of the PCR protocols are derived from the
Earth Microbiome Project (Thompson et al. 2017), with slight
modifications. Under the assumption that the unique 8-nt
index sequences included on the dual-indexed 1391F and
EukB primers have negligible effects on downstream sequenc-
ing results (this was not a valid assumption; see “PCR/
Sequencing Method Comparisons” section), each procedural
modification was tested with at least one AA sample and the
Augl_PC sample (Fig. 1) amplified and sequenced in triplicate.
PCR protocols were modified relative to the Standard protocol
as follows:

1. Rather than pooling the products of triplicate PCRs prior to
clean-up and normalization, some samples were amplified
in a single 25 uL. PCR with identical reaction conditions.
This method is referred to as the “PCRx1 method.”

2. Some samples were amplified with a modified thermal
cycling protocol, with a single annealing step of 57°C for
60 s rather than two annealing steps of 65°C for 15 s, 57°C
for 30 s. This method is referred to as the “EMP method.”

3. Some samples were amplified in the presence of a mammal
blocking primer as suggested by Vestheim and Jarman (2008;
Mammal_block_I-short_1391F; Supporting Information -
Table S1). For these samples, each 25 uL. PCR reaction con-
sisted of 1x KAPA2G Robust HotStart ReadyMix, 0.4 ymol L™!
forward and reverse primer, and 1.6 ymol L~! mammal block-
ing primer, and thermal cycling was consistent with the Stan-
dard method. This method is referred to as the “MB method.”

Illumina library preparation and sequencing

For most sequencing runs, PCR products were purified and
normalized using the SequalPrep Normalization Plate Kit
(Applied Biosystems), pooled into a single library, concentrated
with Amicon Ultra-0.5 Centrifugal Filter Devices (Millipore), gel
extracted using the Qiagen QIAquick Gel Extraction kit, and con-
centrated again with an Amicon Ultra-0.5 Centrifugal Filter
Device. Library sequencing was performed using a MiSeq PE150
v2 kit (Illumina) at the DNA Technologies Core of the UC Davis
Genome Center. An additional MiSeq PE150 Micro sequencing
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run and MiSeq PE150 Nano run were performed at UC Davis and
at the California NanoSystems Institute at UC Santa Barbara,
respectively. For these two sequencing runs, PCR products were
purified using the Qiagen QIAquick Gel Extraction kit, quantified
using the Qubit 3.0 dsDNA High Sensitivity kit, and pooled in
equal concentrations before sending to the sequencing facility.
The data presented here come from a total of nine sequencing
runs. Each sequencing run included technical PCR/sequencing
triplicates of AA1, as well as at least one PCR blank, and often
multiple DNA extraction blanks, as negative controls.

Bioinformatics

Demultiplexed Illumina data were processed using the
DADA2 pipeline (Callahan et al. 2016). Reads 1 and 2 were
trimmed to 140 nt and 120 nt, respectively, filtered (maxEE =2,
truncQ = 2), and denoised using the DADA algorithm. The
DADA error model was parameterized for each MiSeq run
using at least 10® bases. Following error correction, paired
reads were merged and overhanging sequences (due to the
sequencer reading through primer sequences at the 3’ end of
the amplicon) were trimmed. Chimeras were removed simulta-
neously from all nine sequencing libraries using the “consen-
sus” method. Initial taxonomic assignment was performed
with a Bayesian classifier algorithm (Wang et al. 2007) with a
minimum bootstrap confidence of 80% using the training set
file for the Protist Ribosomal Reference (PR2; Guillou et al.
2012) database (v4.11.1) and the Silva SSU reference database
(v132; Quast et al. 2012) available for the DADA2 pipeline
(https://benjjneb.github.io/dada2/training.html). The Silva
database was used to identify prokaryotic sequences while the
PR2 database was used for all other assignments due to the
Bayesian classifier's propensity to “over-classify” sequences to
the Kingdom FEukaryota when used only with the PR2
database.

Secondary taxonomic assignments and generation of a
merged taxonomy array

Following initial taxonomic assignment, many ASVs were
unable to be unambiguously identified as protists (defined
here as unicellular eukaryotes, excluding fungi and macro-
algae; (Adl et al. 2012; Guillou et al. 2012). These sequences
(lacking classification at the Kingdom level with Silva, or
sequences unclassified beyond the Kingdom level or the
Supergroups Opisthokonta or Archaeplastida with PR2) were
reclassified via analysis of BLASTN searches against the Silva
and PR2 databases using LCA in MEGANG6 (Altschul et al.
1990; Huson et al. 2007). This resulted in four unique taxon-
omy arrays for our data set. According to the method of taxo-
nomic assignment and the database used, we call these four
taxonomy arrays Bayesian-pr2, Bayesian-silva, LCA-pr2, and
LCA-silva.

The three taxonomies (PR2, Silva, and LCA, the latter of
which is mapped to the NCBI taxonomy) are not consistent in
their naming or ranking conventions. We thus sought to map
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the three taxonomies onto a common taxonomy and generate
a single “merged” taxonomy array for our data set, with the
goal of preserving the true protist diversity present in our data
while adequately controlling for ASVs of nonprotist origin.
Since the LCA-pr2 and LCA-Silva assignments are mapped to a
common taxonomy, we first merged the two LCA taxonomy
arrays (henceforth, LCA-merged) with sequences assigned to
either LCA-pr2 or LCA-silva according to the following rules:

1. If no hits were assigned by both databases, the sequence
remained unassigned.

2. If one database provided a taxonomic assignment while the
other had no hits assigned, the former was used.

3. If both databases agreed in their assignments but not in
their resolution, the more finely resolved taxonomy
was used.

4. If the two databases disagreed at the Kingdom rank, the
LCA-silva classification was used.

5. Inall other disagreements, the LCA-pr2 assignment was used.

Next, we mapped the LCA and Silva taxonomies to the PR2
taxonomy. Since PR2 does not include bacterial or archaeal
sequences, sequences assigned to either of these domains with
the Silva database retained these assignments at the “Kingdom”
rank when mapped onto PR2 (see Supporting Information Files
S2, 83). We first collected all unique taxonomic assignments
observed in our data set from the four highest taxonomic ranks
of the Bayesian-silva, Bayesian-pr2, and LCA-merged taxon-
omies. We then mapped those from the Bayesian-silva and
LCA-merged taxonomies to those in the Bayesian-pr2 taxon-
omy. Mapping files were generated by first manually searching
for identical taxonomic names, regardless of rank, between the
Bayesian-silva and LCA-merged taxonomies and the Bayesian-
pr2 taxonomy. If an identical taxonomic name was found in the
Bayesian-pr2 taxonomy, the taxonomy was mapped to the rank
at which the identical taxonomic name was found, and the
remaining ranks were left unclassified. If an identical taxonomic
name was not found in the Bayesian-pr2 taxonomy, we
searched for synonyms in Adl et al. (2012). If a synonym with a
corresponding entry in the Bayesian-pr2 taxonomy was found,
this taxonomy was mapped as above. Otherwise, the taxonomic
name was left unmapped.

After executing the taxonomic mapping, we created a mer-
ged taxonomy array taking into account assignments from the
Bayesian-pr2 taxonomy array and the mapped Bayesian-silva
and LCA-merged taxonomy arrays as needed in order to deter-
mine whether each sequence was of protist origin. Each
sequence was assigned as follows:

1. If the Bayesian-pr2 assignment included an assignment at the
Division rank, or if it was assigned to an unambiguous protist
Supergroup (not Opisthokonta or Archaeplastida) it was used.

2. If the Bayesian-pr2 assignment did not satisfy the condi-
tions of (1), but the mapped Bayesian-silva assignment did,
the Bayesian-silva annotation was used.
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3. If (1) and (2) were not satisfied and the mapped Bayesian-
silva assignment was a prokaryote, the Bayesian-silva
assignment was used.

4. If (1), (2), and (3) were not satisfied and the mapped LCA-
merged taxonomy could delineate sequences of protist ori-
gin (e.g., satisfied any of the above conditions), the mapped
LCA-merged annotation was assigned.

5. In all other scenarios, the Bayesian-pr2 assignment was retained.

This merged taxonomy array was used to remove
nonprotist ASVs at the data preprocessing step, and is used in
all downstream analyses presented in this study.

Additional preprocessing

ASVs less than 90 nt or greater than 180 nt in length (target
amplicon is 120-130 nt) were discarded. ASVs assigned as Bacteria,
Archaea, Metazoa, Fungi, Streptophyta, Rhodophyta, or Ulvophyceae
were removed. ASVs that remained unassigned at the Kingdom or
Supergroup rank, or that were assigned to the Supergroups
Opisthokonta or Archaeplastida but not assigned to a Division, were
also discarded. We note that some valid protist ASVs may have
been discarded using this strategy, but for all samples considered
in the present analysis, we typically discarded less than 30 ASVs
composing a summed total of less than 1% of reads in each sam-
ple (with some exceptions; Supporting Information Files S4, S5).
We also note that we assume ASVs unclassified beyond the divi-
sion Chlorophyta are protists, though they may still include uni-
dentified Ulvophyceae ASVs. Ulvophyceae ASVs were rare in our
data set and are expected to be less common at the stations occu-
pied by PnB.

Following removal of nonprotist ASVs, ASV abundances in
each sample were normalized by the remaining total reads in
each sample. Unless otherwise noted, analyses of environmental
samples rely on these normalized data. In AA samples, spurious
ASVs (those that were not exact matches to the 22 target ASVs)
were often detected at low relative abundance (see Table 3 in
“Accuracy of ASV Detection in AA and Blank Samples”). For most
AA analyses, the 22 target ASVs were computationally isolated
from each sample and relative abundances were calculated only
considering reads attributable to target ASVs. However, we also
investigated the effects of spurious ASVs on downstream analyses
and note these in the “Assessment” section.

Assessment

DNA extraction method comparisons

Surface ocean samples collected during May and August from
the Santa Barbara Channel (CA, U.S.A.) were used to assess uncer-
tainty in protist community composition introduced by different
DNA extraction methods and compare this uncertainty to that
present among sampling/biological replicates (Fig. 1). In May, an
abnormally large bloom of pennate diatoms was sampled, while
August samples were collected during relatively low biomass con-
ditions (Supporting Information Fig. S1). We evaluated differ-
ences between a phenol-chloroform DNA extraction method
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employing mechanical and enzymatic lysis procedures (adapted
from Giovannoni et al. 1990 and Countway et al. 2007; the PC
method) and the Qiagen DNeasy PowerWater DNA extraction kit
(henceforth, the PW method).

Large differences in protist community composition were
observed between the May and August samples, regardless of the
DNA extraction method employed (Fig. 1). Triplicate DNA extrac-
tion blanks (negative controls) were also included for each
method (see Table 3 below). While protist ASVs were observed in
all DNA extraction blanks using both methods, five or less “con-
taminant” ASVs (see Table 2 and “Accuracy of ASV detection in
AA and blank samples” section for definitions) were found in
each blank sample. Given that > 200 ASVs were detected in all
May and August samples and the standard deviations (SDs) of
observed ASVs across sampling replicates were > 20, we conclude
that contamination was minimized for both methods and is
unlikely to influence the results of these comparisons.

The variability introduced by different DNA extraction
methods depended on the community sampled (Fig. 1). When
considering all protist ASVs, samples clustered according to
extraction method in May, and according to sampling repli-
cates in August (Fig. 1A). This clustering pattern remained
robust when only considering ASVs found at > 1% relative
abundance in at least one sample (Fig. 1B), indicating these
results were not driven by rare ASVs. In August, the magnitude
of Bray-Curtis dissimilarities (BCD) among sampling replicates
(within-PC and within-PW) was not significantly larger than
that observed across extraction methods (PC vs. PW; Fig. 1C;
Tukey’s HSD test, p > 0.8). Conversely, in May, significantly
higher BCDs were observed between samples extracted by dif-
ferent DNA extraction methods (Tukey’s HSD test, p < 0.015),
while BCDs among sampling replicates remained comparable
to those observed in August (Fig. 1C; Tukey’s HSD test, p > 0.7).

The differences observed between the two DNA extraction
methods in the May samples were primarily driven by differ-
ences in the relative abundances of dinoflagellates, cercozoans,
and diatoms (Classes Dinophyceae, Filosa-thecofilosea, and
Bacillariophyta, respectively; Fig. 1D). May samples extracted
with the PC method showed higher relative abundances of dia-
toms, while PW samples showed higher abundances of dinofla-
gellates and cercozoans (Fig. 1D). The May samples were
collected during a large diatom (Pseudo-nitzschia sp.) bloom in
the Santa Barbara Channel, and biomarker pigment and cell
count data indicated that diatoms dominated the community
(Supporting Information Fig. S1). In addition to the observed
dominance of diatoms in PC samples, more ASVs (mean + SD)
were detected in May PC samples (335 £ 43) than in the May
PW samples (248 + 29). These differences in ASV richness were
not statistically significant (paired t-test, p = 0.13), though rare-
faction analysis (Supporting Information Fig. S2) suggested that
differences in sequencing depth did not confound comparisons
of ASV richness or alpha diversity. This suggests the more rigor-
ous lysis employed by the PC method yields greater accuracy in
observed diversity and community composition.
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PCR/sequencing method comparisons

The AAs, along with genomic DNA extracts from natural
marine protist communities, were used to assess precision at
the PCR and sequencing steps of the workflow. Principal coor-
dinate analyses of all AA1 replicates (39 total across nine
MiSeq runs) and Augl_PC replicates (19 total across three
MiSeq runs) showed clear outliers (Fig. 2A,C,E). No single pro-
cedural modification (MB, EMP, or PCRx1) was able to explain
these outliers, nor were they exclusive to a single MiSeq run
(Figs. 2, 3). Further analysis revealed that two specific indexed
forward primers (SA501 and SA50S; Supporting Information -
Table S1) produced estimates of community composition that
were qualitatively and quantitatively dissimilar from the other
eight forward indexed primers used (Figs. 2, 3), demonstrating
the importance of mock communities as a diagnostic tool for
ground-truthing methods.

Mean BCDs among AA1 and Augl_PC PCR/sequencing repli-
cates are shown in Fig. 3A,B. For these analyses, mean BCDs were
calculated across all replicates (including those amplified with
modified PCR protocols) amplified and sequenced with or with-
out the SA501 or SAS50S primers. BCDs across other duplicated
environmental samples (Fig. 3C) represent the average across all
pairs of duplicates partitioned according to the pair of forward
indexed primers used. Across all sample types and experimental
treatments, BCDs were inflated two to threefold on average when
replicates that were amplified with either SAS01 or SAS05 were
included in the calculation relative to when they were not. This
pattern was consistent both within each MiSeq run and across all
nine MiSeq runs. We inspected sequence alignments of the for-
ward indexed primers with the corresponding 18S gene regions
of the AA ASVs and calculated various biochemical properties
of each forward indexed primer (using the Integrated DNA
Technologies OligoAnalyzer tool; https://www.idtdna.com/; see
Supporting Information File S6), but were unable to identify sys-
tematic patterns to explain these differences.

Ignoring the variance introduced by certain indexed primers,
the MB method (including a mammal blocking primer in the
PCR) was the most dissimilar to all other experimental treat-
ments (Fig. 2B,D,F) and consistently failed to detect one of the
22 target ASVs in both AAl and AA2 (see Table 3 and
Supporting Information Table S2 below). The PCRx1 and EMP
methods produced results indistinguishable from the Standard
method (Fig. 2).

Precision of relative sequence abundances

The relative sequence abundances of specitic ASVs or OTUs
are often analyzed directly to assess the impacts of a biotic or abi-
otic forcing on the dynamics of a particular population, or to
derive correlation networks that are subsequently used to define
the dynamics of specific subcommunities (e.g., Guidi et al. 2016;
Needham and Fuhrman 2016; Wang et al. 2018). Such correlative
analyses implicitly assume that relative sequence abundances
are reasonably precise and accurate, though very few empirical
estimates of the precision of relative sequence abundances are
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Fig. 2. Principal coordinate analyses of (A, B, C, D) all PCR/sequencing replicates of the Aug1_PC sample considering (A, B) all ASVs and (C, D) only
ASVs that account for more than 1% of sequence reads in at least one PCR/sequencing replicate, and of (E, F) all PCR/sequencing replicates of AA1 con-
sidering only the 22 target ASVs included in mock communities with (A, C, E) and without (B, D, F) the SA501 and SA505 indexed forward primers. Each
point represents a PCR/sequencing replicate, its color shows the forward indexed primer used in PCR/sequencing, and its shape shows the PCR protocol
used. The percent variance explained by each axis of the ordination is printed next to the axis name.

available in the literature. The May and August environmental
samples described above (Fig. 1) can be used to quantify the
precision of relative sequence abundances for complex natural
samples of marine protists across biological/sampling and
PCR/sequencing replicates. Here, we seek to place constraints on
the precision that can be expected for the relative abundances of
specific protist ASVs or lineages in complex environmental
samples.

The coefficient of variation (CV) is a widely used estimate of
experimental precision. CV values are calculated here as the
ratio of the SD to the mean and are expressed as a percentage.
Figure 4 shows the CVs for relative sequence abundances among
the May_PC (Fig. 4A,B) and Aug_PC (Fig. 4C,D) sampling repli-
cates, and among PCR/sequencing replicates of the Augl _PC
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sample (Fig. 4E,F). CVs were calculated for the relative abun-
dances of individual ASVs (only the most abundant 250; Fig. 4A,
C,E), and for summed abundances of ASVs within each taxo-
nomic Class (Fig. 4B,D,F), and were sorted by rank abundance
along the x-axis. Notably, the Augl_PC PCR/sequencing repli-
cates included those amplified with the EMP and PCRx1 proto-
cols and excluded those amplified with the MB protocol and
with the SA501 or SAS0S primers. Variations in sequencing
depth across the Augl PC PCR/sequencing replicates consid-
ered here were as large as fivefold (14,447-73,647 reads per repli-
cate) and differences in the number of ASVs observed were
greater than twofold (293-593 ASVs per sample). Thus, the esti-
mates of precision for the PCR/sequencing step provided by this
analysis are conservative.
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(€) Mean BCD = SD for all pairs of environmental samples amplified and sequenced in duplicate across different sequencing runs. Pairs of duplicate sam-
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SA505 and another forward indexed primer (except for SA501; “With SA505”), or with any combination of forward indexed primers excluding SA501
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Fig. 4. Coefficients of variation of relative abundances in the environmental samples used in DNA extraction method comparisons. (A-C) Individual ASVs
and (D-F) ASVs agglomerated according to their taxonomic Class are sorted from left to right according to their mean relative abundance in each set of
samples (May_PC, Aug_PC, or Aug1_PC). For (A, B, D, E), n= 3 and for (C, F), n=9. Bars are colored according to taxonomic Division.

30

85USD17 SUOWILLIOD dAIER.D 3|qedtdde 3y} A paueA0B a8 SSIe YO 98N JO SN 10J Akeug 1 8UlUO AS|IAM UO (SUORIPUOD-PLE-SLUBH WD A8 | 1M Ale.q 1 pul|uo//SdNnY) SUORIPUOD PUe SWiB L 84} 89S *[7202/90/90] U0 Afeiqi auluo A3|IM ‘EFE0T EWO|/Z00T OT/I0p/wod A5 1M Akeid putjuo sgndose//sdny oy papeojumoq ‘T ‘0202 ‘9S8STYST



Catlett et al.

For all three sample sets, the relative abundances of the most
abundant ~50 ASVs and ~30 Classes were reasonably precise
(CVs < ~50%), with some exceptions. Precision was reduced for
less abundant ASVs regardless of whether sampling variability
was considered, demonstrating that caution should be applied
when interpreting abundances of rare ASVs (Fig. 4A,C,E). Nota-
ble differences in precision were observed between the Aug_PC
and May_PC sampling replicates, which may be attributable to
the differences in observed community composition for these
two sets of samples (Figs. 1D, 4B,D). The precision for ASV rela-
tive abundances was worse in the May_PC samples than in the
Aug_PC samples, with CV’s of the most abundant 50 ASVs often
exceeding 20% in the May_PC samples. Relative abundances of
the most abundant 50 ASVs and 20 Classes in the Aug PC sam-
pling replicates showed high precision overall (CVs
generally < 20%), while only ~10 Classes were quantified with
high precision in the May_PC sampling replicates.

As expected, ASV and Class relative abundances were most
precise in the absence of sampling variability (Fig. 4E,F). CVs
across the Augl_PC samples were consistently less than 20% for
the most abundant 50 ASVs and 25 Classes (Fig. 4E,F). The
Augl_PCreplicates considered in these analyses incorporate ana-
lytical uncertainty associated with variations in indexed primers,
PCR protocols, sequencing depth, and ASV richness. Taken
together, these results indicate that if sampling/biological vari-
ability is ignored or reduced relative to that observed here, the
abundances of the most abundant ~50 ASVs and ~30 Classes
within a sample are likely robust and reproducible. If biological/
sampling variability is expected to be significant, the abundances
of specific ASVs should be interpreted with caution, but grouping
ASVs to a coarser taxonomic rank can mask this biological vari-
ability and allow for more robust interpretations of the abun-
dances of specific taxonomic groups (e.g., Classes).

Accuracy of ASV detection in AA and blank samples

Overall, the primer set and PCR protocol evaluated here coupled
with the DADA2 pipeline were exceptionally effective in detecting
all 22 target ASVs included in AA samples, with each ASV perfectly
matching Sanger sequences of the cloned 18S amplicons (Table 3
and Supporting Information Table S2). Notably, DADA2 was able
to accurately distinguish two haptophyte ASVs (ASVs 11 and 12;
Table 1) that differed by a single nt. However, spurious ASVs were
often detected in AA and blank samples. These are frequently
observed in mock community studies and can arise due to PCR and
sequencing errors that escape bioinformatic correction, “tag-
jumping” or “cross-talk,” or contamination (Schnell et al. 2015;
Callahan et al. 2016; Edgar 2016; Minich et al. 2019). Spurious
ASVs can confound downstream comparisons of diversity, and
alter the relative abundance of ASVs of biological interest due to
the compositional nature of HTS data.

We attempted to classify spurious ASVs in AA and blank sam-
ples to better understand the contributions of the above different
sources of error to our workflow (see Table 2 for definitions). Spu-
rious ASVs were labeled “contaminants” if they were detected in
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any noncontrol sample (and for blank samples, any AA sample)
amplified and/or sequenced simultaneously with the control
sample, “artifacts” if they were detected only in AA samples and
were > 95% similar to a target ASV sequence in that sample, and
“unknown” if neither of the above conditions was satisfied
(Table 3 and Supporting Information Table S2). Thus, the con-
taminant classification includes cross talk in addition to true con-
taminants. The artifact classification includes spurious ASVs that
are derived from a true ASV but escaped bioinformatic correction.
The unknown classification includes additional analytical arti-
facts (e.g., chimeras that escaped bioinformatic correction, highly
aberrant PCR/sequencing errors, etc.) and other contaminants
that are not sufficiently abundant relative to the target ASVs
found in noncontrol samples to be detected.

With the exception of a single PCR blank that appeared
contaminated (PCR_blank_Run8; Table 3), less than 15 spuri-
ous ASVs and less than five contaminant ASVs were typically
detected in PCR blanks. The contaminated PCR blank was
amplified and sequenced alongside an AA sample that also
appeared contaminated (MB_AA1A_Run8) with 19 spurious
ASVs detected, 14 of which were classified as contaminants
(Table 3). These contaminated samples were amplified and
sequenced in the presence of a single environmental sample
that was clearly the source of cross-sample contamination.
Interestingly, the other blank and AA samples amplified and
sequenced in this batch did not show signs of unusually high
contamination (sample names ending in “Run8”; Table 3 and
Supporting Information Table S2). Less than 30 ASVs were
generally detected in DNA extraction blanks, and less than
10 of these were typically classified as contaminants. When
the same DNA extraction blank was amplified and sequenced
on different MiSeq runs, the number of ASVs and the relative
contributions of contaminant and unknown ASVs often var-
ied across runs. Systematic increases were not observed in
sequential MiSeq runs, suggesting that these variations were
introduced by reaction-specific variations in cross-sample con-
tamination, cross talk, and/or artifact formation rather than
contamination of the sample itself.

ASV richness in AA samples was generally robust to false nega-
tives using the standard, EMP, and PCRx1 PCR protocols (see
Table 2 for definitions), while one target ASV (ASV 11, within the
Division Haptophyta) was consistently undetected in AA samples
amplified with the MB protocol and with certain indexed primers
(SAS01 and SA50S5; Table 3 and Supporting Information Table S2)
that were determined to significantly reduce accuracy and preci-
sion in our workflow (Figs. 2, 3). Accuracy in ASV richness was
more heavily skewed by false positives. Typically, we detected
fewer than five spurious ASVs in each AA sample, with summed
relative abundances generally less than 1% of sequence reads
(Table 2 and Supporting Information Table S2). Most spurious
ASVs in AA samples were classified as contaminants (e.g., were
also present in non-control samples), although occasionally arti-
fact or unknown ASVs were detected. The only instance in which
artifact ASVs became highly significant were in samples of AA2
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using template concentrations diluted 100-fold from standard Accuracy of relative sequence abundances in AA samples

AA samples (AA2lowA, B, and C; Table 3 and Supporting The AA samples can be used to derive estimates of the accu-
Information Table S2). In these samples, 24, 53, and 3 artifact racy of relative sequence abundances in representing the rela-
ASVs were detected, but these samples also had high sequencing tive abundances of 18S gene copies in a mixed assemblage

depth (Supporting Information File S4). (Fig. 5). All estimates of accuracy consider only target ASVs in
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Fig. 5. Accuracy estimates for AAs. (A) Linear and (B) logyo-transformed expected vs. observed relative abundances. Solid lines show a 1:1 relationship,
and dashed lines are the lines of best fit. All observed abundances are a mean of PCR/sequencing replicates (n = 3). The colors of points correspond to
taxonomic Divisions and the shapes correspond to the AA sample. (C-F) show indices of accuracy in observed vs. expected abundances calculated for
each AA, including the coefficient of determination in (C) linear and (D) logjo-transformed space, (E) Spearman’s rank correlation coefficient, and (F)
RMSE. In (C€-F), bar colors correspond to the AA sample, and bars show the mean £ SD of the statistic of interest for three PCR/sequencing replicates.
Samples amplified and sequenced with the SA501 or SA505 primers were omitted.
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each mock community. A “pseudocount” of 0.0001 was added
to all relative abundances for analyses relying on log-
transformations to prevent undefined values when taking the
logarithm of 0. Most of the results presented are robust to the
effects of spurious ASVs, though analyses employing a log-
transformation are highly sensitive to the magnitude of the
pseudocount used (Supporting Information Fig. S3).

Across the six different AAs that included all 22 target ASVs
with varied relative abundances, observed relative abun-
dances of the target ASVs were highly correlated with those
expected in both linear and log-transformed space (Fig. 5A,B).
Coefficients of determination between observed and expected
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abundances calculated for each AA individually were also gen-
erally high (R? > 0.8) in both linear and log space (Fig. 5C,D).
In linear space, these were reduced in the presence of highly
abundant outliers (see AA4, R><0.75 and AA6 R?><0.5;
Fig. 5C), and in log space decreased when an ASV was
undetected (in MB_AA2; Fig. 5D). Values of Spearman’s rank
correlation coefficient between observed and expected com-
munity compositions were also high (p > 0.75) for these AA
samples (Fig. SE), and were more robust to outliers and varia-
tions in community composition and PCR protocols. Finally,
root mean square error (RMSE; Fig. 5F) between observed and
expected abundances was consistently < 0.02, but increased
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Fig. 6. ASV-specific bias in AA samples. The base 2 logarithm of observed divided by expected relative abundances is shown for each of the 22 amplicons
included in AAs. (A, C, E, G) show the bias for each ASV (ASV numbers on the x-axis were assigned arbitrarily and correspond to those used in Table 1)
and (B, D, F, H) show the relationship of bias with amplicon GC content. Bars and points are colored according to taxonomic Division, and represent an
average fold-change + SD calculated across three PCR/sequencing replicates. Dashed lines show a twofold change. Only samples amplified with the Stan-

dard protocol and without the SA501 or SA505 primers are considered.
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for some communities, most notably AAS and AA6 due to sig-
nificant bias against highly abundant ASVs.

The magnitude of bias introduced by PCR and sequencing can
be quantified as the base-two logarithm of the fold-change in
observed abundances relative to those expected (e.g., Parada et al.
2016; Wear et al. 2018; Fig. 6 and Supporting Information Fig. $4).
In most AA samples, the magnitude of bias was less than twofold
for most ASVs, though in some instances was greater than four-
fold (Fig. 6). Many sources of PCR and sequencing bias are
known: variations in taxon-specific primer affinities, template
sequence characteristics, template abundance, et al (Suzuki and
Giovannoni 1996; Polz and Cavanaugh 1998; Aird et al. 2011;
Gohl et al. 2016; Parada et al. 2016; Laursen et al. 2017). Primer
mismatches are considered the largest source of PCR/sequencing
bias (Gohl et al. 2016; Parada et al. 2016; Wear et al. 2018). In the
AA samples analyzed here however, amplicon GC content
appeared to be the primary source of PCR/sequencing bias
(Fig. 6). The V9 primer set evaluated here exhibited single nucleo-
tide mismatches between the forward primer (1391F) and ASVs
11 and 20 at primer positions 8 and 7, respectively (Table 1). ASV
11 was underrepresented in all AAs, but also had the highest GC
content of any target ASV (Fig. 6 and Supporting Informa-
tion Fig. S4). ASV 20 was slightly underrepresented in most, but
not all AAs (Fig. 6 and Supporting Information Fig. S4). Primer
mismatch bias can be more significant when mismatches are
observed toward the 3’ end of the primer (Gohl et al. 2016), but
these results suggest single primer mismatches toward the 5’ end
of the primer can be tolerated with minimal bias in our workflow.

Discussion

Implications for meta-analyses and downstream analyses

The results above demonstrate which steps of an amplicon
workflow, excluding the choice of PCR primers and hypervari-
able gene region, introduce the largest uncertainties in amplicon
data sets and, in turn, which steps require empirical evaluations
of accuracy and precision to ensure robust sample analysis and
scientific conclusions. In our workflow, the most significant
sources of analytical variance were differences in biological/sam-
pling replicates, differences in DNA extraction methods (for some
community compositions), and the sample multiplexing strat-
egy. We found that regardless of the community sampled, a base-
line BCD of ~0.2 was present among sampling replicates (Fig. 1).
Although this value is somewhat large (20% of the maximum
theoretical dissimilarity), published estimates of dissimilarities
inherent in biological/sampling replicates are rare, making it dif-
ficult to determine whether modifications to the sampling proce-
dure employed here would reduce this uncertainty or if this is
due to inherent environmental heterogeneity of protist commu-
nities. Regardless, this value provides a useful threshold for deter-
mining the significance of the uncertainties introduced at other
steps in our workflow, and in interpreting downstream results in
our data, where BCDs of ~0.2 or less should not be interpreted as
biological signal distinguishable from analytical noise.
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Previous studies demonstrated that both mechanical and
chemical lysis procedures are needed prior to DNA extraction
to accurately represent protist community composition
(Yuan et al. 2015; Djurhuus et al. 2017). Our comparisons of
DNA extraction methods (Fig. 1), both of which employed
enzymatic and mechanical (bead-beating) lysis procedures,
showed that the composition of the sampled community can
also cause discrepancies in diversity and community compo-
sition estimates from different DNA extraction methods. Spe-
cifically, the PC and PW methods produced comparable
estimates of community composition for dinoflagellate-
dominated communities, but diverged when diatom-
dominated communities were targeted (Fig. 1 and Supporting
Information Fig. S1). Thus, either conservative interpreta-
tions of community dissimilarities (BCDs > ~0.4 in our com-
parisons), or empirical comparisons of different DNA
extraction methods employed across multiple sampled pro-
tist communities, are required for robust meta-analyses of
amplicon data sets employing different DNA extraction
methods. Our analysis also suggests that more rigorous cell
lysis procedures prior to DNA extraction improve the accu-
racy of protist community composition estimates (Fig. 1 and
Supporting Information Fig. S1).

We found that the choice of multiplexing strategy is a criti-
cal procedural consideration that requires rigorous validation
for robust downstream analysis of amplicon data. In
workflows employing one-step PCR such as ours, the use of
certain dual-indexed primers can inflate average BCDs among
PCR/sequencing replicates as much as twofold relative to
BCDs among sampling replicates (Figs. 1, 3). Recent studies
targeting the 16S small subunit ribosomal DNA in human
microbiomes and the mitochondrial 16S DNA in metazoans
suggest that two-step PCR yields greater accuracy and preci-
sion in amplicon data (Gohl et al. 2016; O’Donnell et al.
2016). Although we did not evaluate a two-step PCR protocol
for protists, we expect two-step PCR to enhance precision and
accuracy in amplicon sequencing analysis and recommend
validation of this multiplexing strategy for studies of marine
protists.

If one-step PCR is employed, thorough analysis of the
uncertainty introduced by different indexed primers is critical.
Failure to ensure reproducibility within the workflow should
require conservative interpretations of downstream analyses
and preclude incorporation of the data into meta-analyses.
Clearly, a failure to ensure reproducibility across primer indi-
ces will also confound more general methodological compari-
sons such as empirical comparisons of different 18S primer
sets and/or hypervariable regions (Bradley et al. 2016). Fortu-
nately, the other PCR procedure modifications evaluated here,
including small variations in thermal cycling routines, the
inclusion of a mammal blocking primer, and the pooling of
products from replicate PCRs, do not appear to significantly
alter the precision or accuracy of results (Figs. 2, 3, 5). Overall,
our findings demonstrate high potential for standardization
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and meta-analyses of amplicon data sets assuming they meet
certain procedural requirements, and provide a starting point
for comparing the workflow(s) evaluated here with others.

Quantitative potential of relative sequence abundances

The high correlation between 18S gene copy numbers and
cell biovolume across diverse protist lineages (Zhu et al. 2005;
Godhe et al. 2008) justifies the use of relative sequence abun-
dances as an ecologically and geochemically meaningful proxy
of protist population and community dynamics. Amplicon
sequencing data are thus used in many studies of marine pro-
tist communities to assess the causes and consequences of
community or population variations (Guidi et al. 2016; Need-
ham and Fuhrman 2016; Berdjeb et al. 2018; Wang et al.
2018). Such analyses assume that relative sequence abun-
dances are reasonably precise and accurate, despite a paucity
of empirical estimates of their precision and accuracy available
in the literature. Here, we discuss the quantitative potential of
relative sequence abundances of specific protist ASVs and line-
ages in complex environmental samples of marine protist
communities.

All HTS data and especially relative sequence abundances
are compositional. In other words, both biologically and ana-
lytically driven variations in the abundance of one ASV alter
the relative abundances of all other ASVs in that sample or
sequencing run. This, in turn, means that in any single sam-
ple, the relative abundance of an ASV may be skewed by the
detection of spurious ASVs, a failure to detect biological ASVs,
or a significant analytical bias for or against any ASV found
within the community. Our analysis of precision in the May_-
PC and Aug PC sampling replicates and the Augl PC
PCR/sequencing replicates (Fig. 4) addressed many of these
potential analytical issues. These analyses demonstrate that
most of the abundant ASVs within a sample can be quantified
with reasonable precision despite significant variations in
sequencing depth and the number of ASVs detected. Precision
is especially high if sampling/biological variability is ignored
or reduced relative to that observed here (e.g., Fig. 4E,F). How-
ever, sampling/biological uncertainty can dramatically reduce
the precision observed for particular ASVs. This was most obvi-
ous in the Aug_PC sampling replicates, where an ASV (also the
only representative of its Class within those samples; classified
as Division Radiolaria, the blue bar at a rank abundance of 8 in
Fig. 4D) was > 1% abundant in one sampling replicate but
absent from the other two replicates. Grouping ASVs to a
coarser taxonomic rank (assuming there are multiple ASVs pre-
sent within a taxonomic Class) can mask this biological vari-
ability and allow for more robust interpretations of the
abundances of specific Classes.

The precision observed for protist Classes, particularly if
biological/sampling variability is ignored, is comparable to
that observed in HPLC determinations of phytoplankton
pigment concentrations. HPLC pigment determinations are
currently the best standardized and most rigorously
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validated method for quantitative evaluations of marine
phytoplankton communities (Hooker et al. 2010). However,
HPLC pigment determinations only resolve the photosyn-
thetic component of the protist community, are associated
with much greater taxonomic ambiguity than amplicon
data, and only allow for the quantification of a few (~4 or 5)
broad taxonomic groups (e.g., Catlett and Siegel 2018). Thus,
precise quantification of ~30 protist Classes despite varia-
tions in indexed primers and PCR protocols used, sample-
specific sequencing depth, and observed ASV richness, offers
high quantitative potential for amplicon data if reasonable
accuracy is also achieved.

Accuracy is difficult to measure empirically in amplicon
analysis of natural marine protist communities. The analyses
of accuracy in the AA samples demonstrate that significant
analytical bias for or against the dominant ASV(s) in a sample
significantly impacts the accuracy of all relative abundances in
the sample due to the compositional nature of amplicon data
(e.g., AA6). In the absence of such bias, high accuracy can be
obtained (e.g., AA7; Figs. 5, 6). The most likely sources of such
bias are mismatches with the 3’ end of the primer or unusually
high or low amplicon GC content (Fig. 6; Bradley et al. 2016;
Parada et al. 2016; Wear et al. 2018). We fit third order poly-
nomials to the relationships between GC content and log,
fold-change shown in Fig. 6 and Supporting Information Fig. S4
to investigate to what degree PCR/sequencing bias could be
explained by amplicon GC content. For individual AAs, R*
values ranged from 0.27 (AA8) to 0.74 (AA1l), and for global
relationships across all eight AAs, R* was 0.46. This range
in predictability demonstrates the nonlinear nature of
PCR/sequencing bias driven by complex interactions among
multiple sources of bias, and suggests robust corrections of this
bias would be difficult for more complex natural communities.
Further work should thus be devoted to developing computa-
tional approaches to correct PCR/sequencing bias and more
generally, to validating accuracy in amplicon methods applied
to natural samples of protist communities.

However, our results provide a path for making qualitative
assessments of the accuracy of protist community composi-
tion in particular samples. In natural samples of marine pro-
tist communities, GC content of each ASV can be estimated
directly. Primer mismatches for each ASV can be estimated
via alignments to reference sequences, despite the potential
ambiguity in these alignments (e.g., Edgar 2017). Therefore,
if one verifies that abundant (e.g., > ~0.1% abundance) ASVs
within a sample do not exhibit high GC content and/or mis-
matches with the 3’ ends of the PCR primers, it can be
inferred with reasonable confidence that the relative abun-
dances of the dominant ASVs are accurate in that sample.
Overall, our assessments of accuracy and precision in this
amplicon workflow suggest strong quantitative potential for
amplicon data if the procedural recommendations, method
validation, and quality-control procedures outlined above are
employed.
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Benefits of positive and negative controls in amplicon
sequencing analysis

The use of positive and negative controls has been demon-
strated as a valuable means to validate and continuously
quality-control amplicon sequencing analysis (Bradley et al.
2016; Gohl et al. 2016; Parada et al. 2016; Wear et al. 2018;
Yeh et al. 2018). Despite the significant investment required
to account for the many potential sources of uncertainty in
amplicon data, the continued use of positive and negative
controls is critical to ensure high-quality and reproducible
sample analysis, safeguard against invalid scientific conclu-
sions, and move the field toward a consensus on methodologi-
cal best practices.

The use of negative controls is required for robust analyses
of protist diversity and helps control for potential effects of
contaminants, cross talk, and other spurious ASVs in down-
stream analysis. In our analyses, the negative controls allowed
us to identify a sequencing run where some samples appeared
contaminated (Table 3). The negative controls also suggested
that the largest source(s) of spurious ASVs in our workflow
was via cross-sample contamination and/or tag-jumping
(Table 3 and Supporting Information Table S2). This informa-
tion can enable systematic improvements in our workflow by
modifying our multiplexing strategy and/or taking additional
precautions to reduce contamination. Finally, negative con-
trols allowed us to better assess the potential effects of spuri-
ous ASVs in downstream analyses, thus making cross-sample
comparisons of diversity and the presence/absence of specific
ASVs more robust (see comparisons of ASV richness in “DNA
extraction method comparisons” above). While there is no
current consensus on the best practices to account for spuri-
ous ASVs in amplicon analysis, bioinformatic methods are
being developed to address this issue (Edgar 2016; Davis et al.
2018). As bioinformatic tools become more robust and gener-
alized, negative controls will aid in the identification and
removal of spurious ASVs (e.g., Davis et al. 2018).

Positive controls helped determine baseline estimates of
analytical uncertainty in our workflow (Figs. 1, 3-6) and
ensured reproducibility across sequencing runs (Figs. 2, 3, 5),
and thus will be useful in distinguishing true biological sig-
nal from analytical noise in future analyses of our data. Our
continued use of mock community positive controls was
also beneficial in our diagnosis of the lack of precision intro-
duced by specific indexed primers in our workflow; this issue
came to light after eight MiSeq runs, and the inclusion of
multiple positive controls with each run was critical to
ruling out aberrant sequencing runs (Figs. 2, 3; see Yeh et al.
2018). Finally, our results provide baseline uncertainty esti-
mates for other investigators seeking to compare the magni-
tude of uncertainty in their workflow and/or uncertainties
for other 18S gene primer sets and hypervariable regions.
This is currently made difficult by the lack of published
uncertainty estimates for amplicon workflows, but may
prove critical in moving the field toward a consensus on
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methodological best practices and standardizing amplicon
sequencing assessments of marine protist communities.

Conclusions

We compared methodological options and characterized
the accuracy and precision in an amplicon sequencing
workflow for marine protist communities. Notable biases and
uncertainties were introduced by sampling, different DNA
extraction methods for certain community states, and by PCR
bias for specific ASVs. We found that the choice of mul-
tiplexing strategy is critical as certain indexed primers signifi-
cantly inflated BCDs among PCR replicates. Despite these
differences, many methodological variations were comparable
with one another, which bodes well for standardization and
meta-analyses of amplicon data. Our analysis demonstrates
the importance of validation and continued quality-control of
amplicon methods. Finally, we show that quality-controlled
amplicon methods have high quantitative potential for deter-
mining the diversity and composition of marine protist com-
munities and the relative abundances of specific ASVs and
lineages, though further work is needed to validate the accu-
racy in these methods.
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