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ABSTRACT

The use of high-throughput sequencing technologies with the 16S rRNA gene for characterization of bacterial and archaeal com-
munities has become routine. However, the adoption of sequencing methods for eukaryotes has been slow, despite their signifi-
cance to natural and engineered systems. There are large variations among the target genes used for amplicon sequencing, and
for the 18S rRNA gene, there is no consensus on which hypervariable region provides the most suitable representation of diver-
sity. Additionally, it is unclear how much PCR/sequencing bias affects the depiction of community structure using current prim-
ers. The present study amplified the V4 and V8-V9 regions from seven microalgal mock communities as well as eukaryotic com-
munities from freshwater, coastal, and wastewater samples to examine the effect of PCR/sequencing bias on community
structure and membership. We found that degeneracies on the 3’ end of the current V4-specific primers impact read length and
mean relative abundance. Furthermore, the PCR/sequencing error is markedly higher for GC-rich members than for communi-
ties with balanced GC content. Importantly, the V4 region failed to reliably capture 2 of the 12 mock community members, and
the V8-V9 hypervariable region more accurately represents mean relative abundance and alpha and beta diversity. Overall, the
V4 and V8-V9 regions show similar community representations over freshwater, coastal, and wastewater environments, but spe-
cific samples show markedly different communities. These results indicate that multiple primer sets may be advantageous for
gaining a more complete understanding of community structure and highlight the importance of including mock communities
composed of species of interest.

IMPORTANCE

The quantification of error associated with community representation by amplicon sequencing is a critical challenge that is often
ignored. When target genes are amplified using currently available primers, differential amplification efficiencies result in inac-
curate estimates of community structure. The extent to which amplification bias affects community representation and the accu-
racy with which different gene targets represent community structure are not known. As a result, there is no consensus on which
region provides the most suitable representation of diversity for eukaryotes. This study determined the accuracy with which
commonly used 18S rRNA gene primer sets represent community structure and identified particular biases related to PCR am-

plification and Illumina MiSeq sequencing in order to more accurately study eukaryotic microbial communities.

he use of high-throughput sequencing technologies (1, 2) has

transformed the field of microbial ecology by contributing to a
significant body of work that has changed our understanding of
microbially diverse populations in a range of ecosystems. This is
particularly true for investigations of bacterial and archaeal com-
munities that target the 16S rRNA gene (1, 3-5). However, ampli-
con sequencing approaches for eukaryotes have lagged behind,
due in part to the large variation in copy numbers of target genes
among species (1 to >25,000 for the 18S rRNA gene) (6) and
multiple hypervariable regions that are typically longer than early
DNA sequencing platforms could sequence (7). The use of ampli-
con sequencing is of particular interest with respect to eukaryotic
microalgae or phytoplankton due to their role in natural and en-
gineered ecosystems (e.g., contribution to global carbon fixation
[8], eutrophication of waterways [9, 10], treatment of nutrients
and heavy metals in wastewater [11], and the production of bio-
fuels [12], among others).

In engineered systems, microalgal technologies are uniquely
positioned to provide solutions for both wastewater and energy
industries by recovering nutrients (i.e., nitrogen [N] and phos-
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phorus [P] via assimilation) and generating carbon-rich algal
feedstock for downstream processing. Indeed, there is a growing
consensus in the algal biofuel industry that wastewater should be
leveraged to make algal biofuels environmentally and economi-
cally viable (13—15). Elucidating the relationship between system
function (i.e., nutrient and carbon assimilation), operating pa-
rameters, and community composition requires a comprehensive
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examination of microalgal community structure (i.e., member-
ship and relative abundance) and dynamics, the molecular tools
for which are currently underdeveloped.

Although the wastewater field has used 16S rRNA amplicon
sequencing to evaluate a wide range of bacterial communities
(e.g., references 16 to 19), the use of high-throughput sequencing
technologies with eukaryotic microalgae is virtually nonexistent,
and the field relies heavily on microscopy for species identifica-
tion. Sequencing offers the rapid detection of algal species without
many of the problems associated with microscopy: (i) identifica-
tion is not limited to those organisms with well-identified mor-
phological markers; (ii) fewer personnel and less time are required
(20); and (iii) hundreds of samples can be processed simultane-
ously by leveraging massively parallel approaches afforded by
high-throughput sequencing. Furthermore, examining the com-
munity using amplicon sequencing allows us to take an in-depth
look at the community structure of the organisms present. When
coupled with other techniques, such as transcriptional analysis of
a particular functional gene and/or statistical approaches to cor-
relate reactor performance with the algal community, high-
throughput sequencing may allow us to relate community struc-
ture to community function (21).

Despite recent studies that have developed broad eukaryotic
primers (22, 23) using the small subunit (SSU) 18S rRNA gene,
there is no widely accepted target gene used to sequence microal-
gae. Previous studies have targeted various regions of the rrn
operon (e.g., 5.8S plus internal transcribed spacer 2 [ITS-2] [24,
25], 18S [8, 26-29], and 23S [30] regions), mitochondrial genes
(e.g., cytochrome ¢ oxidase 1 [COI] [31]), and chloroplast genes
(e.g., the rbcL gene which encodes the large subunit for ribulose-
1,5-bisphosphate carboxylase/oxygenase [RuBisCO] [32-34] and
the 16S rRNA gene [35]), but these studies have been predomi-
nately limited to marine phytoplankton (e.g., references 29, 36,
37) and occasionally focused on freshwater phytoplankton (e.g.,
reference 38). The 18S rRNA gene is commonly amplified and
offers the advantage of numerous alternating hypervariable (V1 to
V9) and conserved regions. Within the 18S rRNA gene, multiple
studies have used different variable regions for amplification, in-
cluding the V1-V2 (39), V3 (40), V4 (41-43), and V9 (37, 41, 42)
regions, with the V4 and V9 regions often being used together
(e.g., references 41 and 42). A number of recent studies have com-
pared variable regions along the entire 18S rRNA gene for all eu-
karyotes (22, 23) and eukaryotic plankton (44) and highlighted
conserved regions that may be best suited for amplifying hyper-
variable regions. These studies identified primer combinations us-
ing in silico sequence database coverage and taxonomic resolution
and confirmed their feasibility with environmental surveys. How-
ever, many of the regions identified by these studies are too long
(>500 nucleotides [nt]) to allow for overlaps between the forward
and reverse reads using the Illumina MiSeq platform (250- to
300-nt single read length, resulting in ~450- to 500-nt-long com-
bined reads with 50- to 150-bp overlap).

Additionally, a critical challenge that must be addressed is the
quantification of errors associated with gene-based amplification
(i.e., PCR bias) of these primer sets. There are several well-docu-
mented problems associated with the amplicon sequencing ap-
proach: (i) sequencing errors and chimeras may be formed during
DNA amplification (45); (ii) primer coverage may not capture the
desired microbially diverse populations (46); (iii) differential am-
plification efficiencies among the target gene may skew opera-
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tional taxonomic unit (OTU) relative abundance (47, 48); and (iv)
gene copy number variation may affect interpretations based on
OTU relative abundance (49-51). The first issue has been the tar-
get of much research, particularly with respect to 16S rRNA gene
sequencing (e.g., references 49 to 51), while previous research ex-
amining the coverage of 18S rRNA hypervariable regions (e.g.,
references 22, 23, and 44) provides insight into the second. Al-
though PCR bias has been studied using 16S rRNA genes (e.g.,
references 52 and 53), the effect that it has on interpreting com-
munity structure has not been robustly addressed for the 18S
rRNA gene.

This study seeks to address the effect of primer selection and
resultant PCR/sequencing bias on the evaluation of eukaryotic
microalgae (i.e., microalgae or phytoplankton) using 18S rRNA
gene sequencing. In addition to identifying bias, we offer a rede-
signed primer set that solves problems associated with commonly
used primers and more accurately represents microalgal commu-
nities in terms of coverage and relative abundance. Specifically,
PCR/sequencing bias was examined by the following: (i) sequenc-
ing seven microalgal mock communities with different relative
abundance constructs using 18S rRNA primers targeting the V4
and V8-V9 hypervariable regions, (ii) examining the variations in
the detected community structure compared to the theoretical
community structure by each primer set, (iii) quantifying the er-
ror in OTU mean relative abundance and its effect on alpha- and
beta-diversity measurements, (iv) correlating the error in mean
relative abundance to specific biases related to the PCR amplifica-
tion process, and (v) testing improved primers on environmental
samples for validation. In particular, we find that a commonly
used V4 primer has critical shortcomings when applied to our
mock community due to nucleotide mismatches on the 3" end.
The redesigned primer more accurately captures community
structure and represents freshwater species with high accuracy,
while the V8-V9 region offers good representation of all freshwa-
ter and marine species tested in this study.

MATERIALS AND METHODS

Primer design and evaluation. Primers were chosen by first examining
the 18S rRNA gene through in silico testing. Database sequences for all
eukaryotes were obtained from the SILVA database v119 (www.arb-silva
.de, curated by mothur [54]), and trimmed to the S. cerevisiae reference
sequence (accession number Z75578.1) using pcr.seqs in mothur v.1.34.0
(54). Shannon entropy was calculated according to the alignment position
for all sequences (55) using the method of Shannon and the equation
E= — Ep(xj) log, [p(x]-)] for each of the nucleotides present at a given
location, where p(x;) was the frequency of the nucleotide x; at that align-
ment position (j). Following Shannon entropy calculations, conserved
regions with alignment positions containing less than 0.2 entropy were
identified (Fig. 1A).

Conserved regions were targeted as possible primer locations (22, 23,
41), and combinations of conserved/variable regions (i.e., possible ampli-
cons) were plotted against Shannon entropy (Fig. 1B) in order to deter-
mine areas that had the highest entropy and amplicon length suitable for
sequencing on the Illumina MiSeq platform. Conserved regions were then
checked against general eukaryotic primers from the literature (Table 1)
and examined for their suitability in amplifying the 18S rRNA gene. Pri-
ority was given to regions with high entropy and lengths compatible with
current [llumina MiSeq sequencing (250 to 300 bp) to allow for maximal
read overlap, and a primer set was selected from each V4 and V8-V9
region using established primers from the literature (references 41, 7, and
23, respectively) that have been used for numerous studies (37, 44, 56, 57).
Although the V9 region (average 130 bp) (7) has typically been sequenced
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FIG 1 (A) Shannon entropy along the 18S rRNA gene alignment numbered according to corresponding positions in the 18S rRNA gene of Saccharomyces
cerevisiae. (B) Average Shannon entropy per variable region compared to amplicon length with various primer combinations. Dashed lines in panel B indicate
the overlap achievable with Illumina MiSeq v2 chemistry; diamonds indicate the primer sets selected for this study from the V4 (blue; alternative V4 primer sets
are indicated by colored circles) and V8-V9 (red) hypervariable regions; the location of the selected set along the 18S rRNA gene is indicated by the dashed lines
in panel A. The V4 region has the highest entropy within the overlap capabilities of the v2 chemistry, followed by the V8-V9 region. Although multiple primer
sets are possible using the V4 region, we selected a set that has been used in previous studies. The V6 region is not highly variable and often is not included in

discussion of the 18S hypervariable region.

alone (7, 37), the V8 region was included to leverage the longer read
capabilities that were not achievable with early high-throughput sequenc-
ing approaches (7). Selected primers were evaluated for general eu-
karyote- and alga-specific coverage using the SILVA TestPrime tool (58)
(see Fig. S2 in the supplemental material).

Full-length primers containing the adapters for Illumina MiSeq se-
quencing were constructed according to the dual-index method of Kozich
et al. (59). Briefly, each forward and reverse primer consists of a 24- to
29-nucleotide-long Illumina MiSeq adapter to attach the DNA sequence
to the MiSeq flow cell. The adapter is followed by an 8-nucleotide index-
ing sequence, a pad/linker sequence of 12 nucleotides to increase the over-
all melting temperature, and the 18S rRNA gene-specific primer. The
presence of an indexing sequence on both the forward and reverse primers
allows the multiplexed sequencing of a large number of samples with
relatively few primers compared to traditional single-indexing methods
that contain only one index on the forward or reverse primer (2). Based on
the initial sequencing results (see Fig. S3 and S4 in the supplemental ma-
terial), heterogeneity spacers, ranging from 0 to 7 nucleotides, were in-
serted between the indexing sequence and pad/linker region to phase the
sequencing of conserved regions between samples and maximize “se-
quencing entropy” per cycle, similar to the method of Fadrosh et al. (60).
This phasing approach allows better cluster delineation during the Illu-
mina sequencing process, which may be particularly critical for low-di-
versity samples (61). Figure 2 shows the entropy per alignment position of

the V4 and V8-V9 target regions with (Fig. 2B, D, F, and H) and without
(Fig. 2A, C, E, and G) the heterogeneity spacers.

DNA collection and extraction. Axenic cultures for mock communi-
ties were obtained from the Culture Collection of Algae and Protozoa
(CCAP) (Oban, United Kingdom) (see Table S1 in the supplemental ma-
terial), the University of Texas Culture Collection of Algae (UTEX) (Aus-
tin, TX) (see Table S1 in the supplemental material), and the National
Center for Marine Algae and Microbiota (NCMA) (see Table S1). Envi-
ronmental samples for experimental validation were collected from fresh-
water, coastal, and wastewater sources from locations across the United
States (see Table S2). DNA was extracted for all samples using a FastDNA
SPIN extraction kit for soil (MP Biomedicals, Santa Ana, CA) and stored
at —20°C until further processing.

Mock community construction. Mock communities of variable
mean relative abundance were constructed from 12 algal species across 5
major divisions of eukaryotic microalgae of interest to the wastewater and
biofuel field (Thalassiosira pseudonana, Chlorella vulgaris, Scenedesmus
obliquus, Trebouxia sp., Cryptomonas pyrenoidifera, Rhodomonas sp., Het-
erocapsa niei, Symbiodinium microadriaticum, Prymnesium parvum, Iso-
chrysis galbana, Ochromonas sp., and Nannochloropsis oculata) (for full
details, see Table S1 in the supplemental material). Full-length 18S rRNA
gene sequences were amplified via PCR with a Kapa HiFi HotStart PCR kit
(Kapa Biosystems, Wilmington, MA) consisting of 1 X Kapa HiFi buffer,
0.3 mM deoxynucleoside triphosphate (ANTP) mix, 0.3 wM forward/

TABLE 1 Primers evaluated for 18S rRNA-based amplicon sequencing on the Illumina MiSeq platform

Primer identification S. cerevisiae position Target region Sequence Reference or source
550r 550 V4 GGRCMAGBCTGGTGCCAG 22

563f 563 V4 GCCAGCAVCYGCGGTAAY 22

574f 574 V4 CGGTAAYTCCAGCTCYAV 22
Reuk454FWD1 565 V4 CCAGCASCYGCGGTAATTCC 41%°
ReukREV3 981 V4 ACTTTCGTTCTTGATYRA 41°

Vir 981 V4 ACTTTCGTTCTTGAT This study”
1132r 1150 V4-V5 CCGTCAATTHCTTYAART 22

Vf 1422 V8 ATAACAGGTCTGTGATGCCCT This study”
1422f 1422 V8 ATAACAGGTCTGTGATGC 23

1424f 1424 V8 AACAGGTCHGWRATGCCC 22

1510r 1797 \& CCTTCYGCAGGTTCACCTAC 7"

“ Primers initially selected for evaluation.
b Primers selected for final sequencing run and recommended by this study.
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FIG 2 Shannon entropy per alignment position without (open symbols) and with (filled symbols) heterogeneity spacers for V4 and V8-V9 as estimated using
algal sequences extracted from the Silva 119 database: blue, V4; red, V8-V9; A, B, E, and F, forward read; C, D, G, and H, reverse read. Nucleotide diversity (as
represented by Shannon entropy) is close to zero for the conserved primer regions and the reverse read of the V4 primer set (C) exhibits scattered entropy across
the alignment. The addition of nucleotide spacers increases total entropy across the alignment for all primers.

reverse primer, and 1 U HiFi HotStart DNA polymerase, with the addition
of 10 ng template DNA per 50-pl reaction mixture with universal eukary-
otic primers (62) EukA (5'-AACCTGGTTGATCCTGCCAGT-3") and
EukB (5'-TGATCCTTCTGCAGG-TTCACCTAC-3") using standard de-
salted primers (Integrated DNA Technologies, Coralville, IA). PCR ther-
mocycling conditions were as follows: 95°C for 10 min, 25 cycles of 95°C
for 1 min, 65°C for 1.5 min, and 72°C for 2 min, with a final extension at
72°C for 10 min. The resultant PCR product was processed using gel
electrophoresis, band extraction, and purification with a QIAquick gel
purification kit (Qiagen, Valencia, CA) before being cloned via a TOPO
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TA clone kit (Invitrogen, Carlsbad, CA) with a pCR 4-TOPO TA vector,
according to the manufacturer’s protocols. The cloned PCR products
were sequenced using Sanger sequencing and cloned plasmid primers
M13For-20, M13Rev-21 (Invitrogen), and 563f (22). Individual Sanger
reads were merged to obtain the full-length sequence, and species identi-
fication was confirmed using BLAST (63). Full-length 18S rRNA gene
sequences are accessible from the National Center for Biotechnology In-
formation (NCBI) GenBank database (accession numbers KU900218 to
KU900229). The 12 species were categorized as either “freshwater” or
“marine” based on their isolation source and mixed in equimolar
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FIG 3 Composition of the seven mock communities, ranging from freshwater
(MC1) to marine (MC7) only. Ratios show the theoretical freshwater/marine
compositions of each community based on the number of 18S rRNA copies
present.

amounts to create two groups of 6 species each. Species included in the
marine mock community contain microalgae found in both open ocean
and coastal environments. Seven mock communities (MC1-7) were cre-
ated by combining the plasmid-cloned 18S rRNA gene sequences from
each species in different freshwater/marine ratios (Fig. 3). The use of
plasmid-cloned 18S rRNA gene sequences allowed for the addition of
equal amounts of template to avoid variable gene copy numbers in the
genomic DNA extracts from each organism.

DNA amplification and sequencing. PCR was performed on all mock
community and environmental samples in triplicate using high-perfor-
mance liquid chromatography (HPLC)-purified dual-index barcoded
primers (Eurofins MWG Operon, Huntsville, AL) (for the sequences of
primer and indexing barcodes, see Tables S4 and S5 in the supplemental
material). PCR was performed using the KAPA HiFi HotStart PCR kit
(same concentrations as previously listed) using previously suggested
thermocycling conditions for each hypervariable region. Specifically, for
the V4 region (amended from Stoeck et al. [41]), the conditions were 95°C
for 5 min, 10 cycles of 94°C for 30s, 57°C for 45 s, and 72°C for 1 min, 15
cycles of 94°C for 30 s, 47°C for 45 s, and 72°C for 1 min, with a final
extension at 72°C for 10 min. For the V8-V9 region, the conditions were
95°C for 3 min, followed by 25 cycles of 98°C for 20 s, 65°C for 15 s, and
72°C for 15 s, with a final extension at 72°C for 10 min. A negative PCR
control with no template DNA was included for each primer set. Gel
electrophoresis was performed on all amplicons to confirm the amplicon
size and quality before extraction and purification with a QIAquick gel
purification kit (Qiagen). The DNA concentration of each sample ampli-
con library was checked with Qubit 2.0 (Invitrogen) in triplicate, followed
by pooling of individual amplicon libraries in equimolar proportions.

Initial sequencing runs were performed by the Roy J. Carver Biotech-
nology Center at the University of Illinois at Urbana-Champaign (UTUC)
and the Centre for Genomic Research at the University of Liverpool using
[lumina MiSeq (Illumina, San Diego, CA) sequencing with v3 chemistry
and 2 X 300 paired-end reads (sequencing runs 1 and 2, respectively). A
subsequent run was performed by the Roy J. Carver Biotechnology Center
at UIUC using the Illumina MiSeq with v2 chemistry and 2 X 250 paired-
end reads (run 3). The read2 primer, consisting of a pad/linker sequence
plus a V4 reverse primer, was created using HPLC-purified locked nucleic
acids (LNA) (Exiqon A/S, Copenhagen, Denmark) in order to increase its
melting temperature above that of the 65°C MiSeq cycling temperature to
ensure nucleotide incorporation during sequencing. All other sequencing
primers had melting temperatures above 65°C and were HPLC-purified
oligonucleotides (Eurofins MWG Operon).

Data analysis. Raw sequences were demultiplexed using bcl2fastq
v1.8.4 Conversion Software (Illumina) before processing using Casava 1.8
(Ilumina) and quality filtering using Sickle (64) to remove all bases with
aphred score of less than 20 and to implement a minimum read overlap by
specifying sequence read length. Sequences were then processed using
mothur v1.34.0, following the method of Kozich et al. (59) (MiSeq SOP at
http://www.mothur.org/wiki/MiSeq_SOP) and the default setting for all
processing commands. After contig formation, reads with ambiguous

5882 aem.asm.org

Applied and Environmental Microbiology

base calls were removed, and sequences were trimmed to <400 and 350 bp
using screen.seqs for the V4 and V8-V9 amplicons, respectively. Reads
were aligned with the SILVA v119 NR alignment (provided by mothur),
alignment was trimmed using vertical = T and trump =. options, and
chimeras were detected in the trimmed alignment using UChime (65) and
subsequently removed. Singletons were removed, and the remaining
reads were used for all further analyses, including OTU clustering at var-
ious sequence similarity cutoffs (see Results and Discussion). A sequenc-
ing error was determined as the average percent difference between each
mock community sequencing read and its reference Sanger sequence us-
ing seq.error. The consensus taxonomy of OTUs was performed using the
Silva v119 taxonomy information provided by mothur. Alpha-diversity
(observed OTUs, Chaol index, inverse Simpson index, and nonparamet-
ric Shannon index) and beta-diversity (Jaccard and Bray-Curtis distances)
metrics for the mock communities were calculated using the summary.s-
ingle and summary.shared commands with 1,000 iterative subsampling
efforts to the sample with the largest number of sequences that still al-
lowed for replicate samples from each group (n = 5,489). Alpha-diversity
metrics for the environmental samples were also calculated using summa-
ry.single and 1,000 iterative subsampling efforts to the largest number of
sequences that still allowed for replicate samples from each group (n =
9,884). In order to directly compare the V4 and V8-V9 samples, the sam-
ples were binned into phylotypes using the phylogeny command, and
beta-diversity metrics were calculated using dist.shared on a combined
shared file. Scripts for processing these data in mothur have been up-
loaded to figshare and are accessible under https://dx.doi.org/10.6084
/m9.figshare.3405577.v1.

Accession number(s). Full-length 18S rRNA gene sequences for the
individual mock community members are accessible from the National
Center for Biotechnology Information (NCBI) GenBank database (acces-
sion numbers KU900218 to KU900229). Sequencing data used for analy-
sis in this study are available through the NCBI Sequence Read Archive
(SRA) (accession number SRP071862), and corresponding sample de-
scriptions are accessible through BioProject PRINA314977.

RESULTS AND DISCUSSION

Failed sequencing runs. Despite the fact that the V4 primer set
selected has been adapted to both the Roche 454 (41, 44) and the
[lumina MiSeq (56) systems, an initial sequencing run (Illumina
MiSeq, 2 X 300 paired-end reads) using the V4 primer set, which
primes the reverse read and the indexing barcode associated with
it for sequence identification, was unsuccessful due to a failure of
the read2 and index1 primers (consisting of pad/linker plus V4
reverse primer). The read2/index primer was stripped off during
the MiSeq’s cycle chemistry because of a lower melting tempera-
ture (59.7 to 62.5°C) than the temperature at which nucleotides
are incorporated during Illumina MiSeq sequencing (65°C). This
resulted in no sequencing of the reverse strand or the reverse index
(see Fig. S3 in the supplemental material). Although forward reads
were obtained, they could not be assigned to samples because of
the dual-indexing approach used.

Runs 2 and 3 utilized read2/index primers incorporating LNA
to increase the primer-melting temperature to 70°C. The second
sequencing run experienced two additional problems with the V4
primer set: low-quality reads resulting from poor cluster delinea-
tion caused by low-diversity environmental samples; and signifi-
cant loss of microalgal coverage due to nucleotide mismatches on
the 3’ end of the reverse primer. Microalgal organisms, particu-
larly those present in wastewater treatment, are under highly se-
lective pressures and, consequently, are often dominated by a few
select organisms (66). Environmental samples selected for se-
quencing had highly similar nucleotide patterns, especially during
the first ~50 bp (see Fig. S4B in the supplemental material). Low
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diversity of nucleotides during the first 11 cycles is known to cause
quality issues in the MiSeq because it uses these cycles to identify
clusters and perform matrix calculations (61). The addition of
PhiX to a sequencing run provides a control and generally im-
proves nucleotide diversity; however, the reverse read during se-
quencing run 2 still showed poor quality despite the addition of
PhiX (see Fig. S4A). A number of studies (e.g., references 60, 67,
and 68) have proposed the use of variable-length nucleotide spac-
ers to improve overall entropy and read quality of the sequencing
library. An approach similar to that of Fadrosh et al. (60), whereby
nucleotide spacers of different lengths were added to the indexing
barcode, was used for run 3 and significantly improved the read
quality of this sequencing run.

Additionally, the V4 primer set substantially altered the abun-
dance representation of mock community members. Some spe-
cies such as Rhodomonas sp. were overrepresented by approxi-
mately 4 to 5 times, while others were underrepresented by as
much as 2 orders of magnitude (see Fig. S6 in the supplemental
material). Two of the 12 members, Prymnesium parvum and Iso-
chrysis galbana, were not detected at all. These errors in mean
relative abundance were directly attributable to sequence read
length and quality caused by nucleotide mismatches with the V4
reverse primer on the 3" end. Meaningfully, the V4 reverse primer
contained a degeneracy in the third nucleotide position and was
made to match both 5'-TTG and 5’-TTA template sequences.
Interestingly, full-length reads (380 bp) were only obtained for
sequences containing the TTG motif at the priming location. Se-
quences with TTA corresponded to shortened reads (~260 bp)
and the underrepresentation of community members. The two
species that were not represented had a complete mismatch on the
3’ end (CTG) and the shortest reads (<100 bp). The exact rela-
tionship between primer mismatches and resultant short ampli-
cons will require further investigation. While it is known that
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primer mismatches disproportionately affect amplification effi-
ciency when located near the 3" end (69, 70), these data suggest
that primers should be designed without degeneracies near the 3’
end as well. Differences in annealing temperature and specificity
between G/C and A/T nucleotides may have resulted in the higher
amplification of the TTG priming location (melting temperature
[T,,] = 46.9°C) over that of TTA (T,, = 44.2°C), given the previ-
ously recommended thermocycling conditions used for PCR am-
plification in this study (minimum annealing temperature of
47°C). This discrepancy, along with the lack of coverage (which
has been previously noted, e.g., reference 43) of the haptophytes
Prymnesium parvum and Isochrysis galbana, represents a critical
shortcoming of the V4 primer set as used in the literature. Conse-
quently, this study used a “modified” V4 reverse primer (Table 1,
V4r) without degeneracies on the 3’ end for the subsequent se-
quencing run.

Effect of read overlap and clustering similarities on sequence
accuracy. The lengths of forward and reverse reads (and, hence,
read overlap) and clustering similarity affect the number of ob-
served OTUs. It is common to use a similarity cutoff of 3 or 5%
(71) to nominally express OTUs as taxonomic groupings at the
species level, but it has been shown that a single threshold cannot
be set to operationally define a clustering threshold and relate it to
taxonomy (72). In order to determine the appropriate sequence
similarity, clustering cutoffs to apply to this data set, read overlap
(i.e., minimum read length specified during quality filtering), and
clustering thresholds were varied at multiple cutoff values and
compared to membership-based distance (i.e., Jaccard index)
from the theoretical “even” mock community (Fig. 4). The goal of
this analysis was to select the minimum read overlap and cluster-
ing threshold that accurately represented the mock community
while retaining the most reads possible and reducing sequencing
noise. As read overlap and similarity cutoff increased, the distance
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from the theoretical community decreased (i.e., increased in ac-
curacy), but the number of reads included in the analyses also
decreased. Using a cost-benefit relationship (the number of reads
lost to the decrease in distance from theoretical), we determined
the optimal cutoff values as the percentage of sequence similarity
and read overlap at which the minimal number of reads was lost
(i.e., cost) while decreasing the Jaccard distance from theoretical
(i.e., benefit) to less than 0.2. For the V4 region, this was deter-
mined to be a 5% cutoff with a 70-bp overlap (225-bp read
length). For the V8-V9 region, these criteria were satisfied at a
50-bp overlap at 5%. Although this similarity cutoff is higher than
is often used (e.g., 3%), this analysis showed that a 5% threshold
captured all mock community members with no loss of accuracy.
By selecting a 5% cutoff, sequencing noise was masked, and spu-
rious OTUs were reduced.

Examining the effect of read length and similarity cutoffs on
community accuracy in this way also aided in identifying potential
issues within the processed reads; local minimums (e.g., Fig. 4A:
read overlap of 70 bp and sequence similarity of 3%) indicate
regions where increasing the read overlap requirement actually
increases the distance from theoretical, which might result from
merging of paired-end reads that meet defined base quality met-
rics but are still sequencing errors. These points suggest that for
those samples, read errors are making it through the quality filter-
ing steps, and because the total number of sequences decreases
with quality filtering, the effect of these sequencing errors is am-
plified. For example, increasing the read overlap from 70 to 80 bp
for the even mock community (replicate 1 of 3) (see Fig. S7 in the
supplemental material) resulted in 5 extraneous sequences and 2
additional OTUs being displayed (45 to 50 unique sequences, 13
to 15 OTUs for 70 and 80 bp, respectively).

Sequencing error. The V4 and V8-V9 primer sets show con-
sistently low sequencing errors (i.e., the percent difference be-
tween mock community sequence reads and their known Sanger
sequences) (Fig. 5, average 0.01% for processed sequences). Al-
though there are limited data on acceptable error rates, Schloss et
al. (73) evaluated multiple 16S rRNA primers and saw an average
raw error of 0.61% across all regions and replicates before quality
trimming and 0.56% after basic data processing such as removing
ambiguous bases and instituting a minimum read length. This
error was further reduced to 0.08% after application of a sliding
window quality cutoff and sequence trimming. In comparison, all
samples for the V4 and V8-V9 regions in this study show errors of
<<0.17% with only basic processing during the contig construc-
tion phase (i.e., no sequence trimming using quality scores). With
quality trimming, all mock community samples fell below the
0.08% error seen by Schloss et al., with an average error of
<0.024%.

Importantly, 77.1% of all mismatches in the V4 region were
attributable to the two marine haptophytes Prymnesium parvum
and Isochrysis galbana, even with the modified V4 reverse primer.
Although overall error for the freshwater and marine communi-
ties was low, these members had error rates an order of magnitude
higher than that for the overall marine community (2.82% com-
pared to 0.04% for the overall community with basic processing).
The haptophytes had a higher GC content for the V4 region than
the rest of the marine community members (52% versus 44%),
which has been shown to have a strong affect on PCR amplifica-
tion (47, 74, 75). Consistent with this effect, all mismatches oc-
curred in GC-rich regions and were predominantly substitution
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errors. Significantly, haptophytes have been shown to be routinely
underrepresented when in the presence of other eukaryotic DNA
(76,77),and Marie et al. found that haptophytes present in marine
samples had higher GC contents along the 18S rRNA gene than the
other groups present (e.g., 49.2% for Haptophyta compared to
45.9% for Chlorophyta) (77).

Representation of mock communities. In addition to the is-
sues related to PCR priming locations and GC content of the tem-
plate sequence (52, 75, 78), PCR amplification may be affected by
(i) DNA template concentration (47), (ii) relative abundance, (iii)
thermocycling conditions (79), (iv) primer choice, and (v) non-
specific binding that reduces PCR amplification (74). After the
redesign of the V4 reverse primer, all mock community members
shared exact priming sequences and item iv should not be a factor.
It seems most likely that the GC content and nonspecific binding
had the largest effect on mean relative abundance of community
members.
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indicate the mean relative abundance of the theoretical community. The V4 primer set consistently underrepresented the marine haptophyte members P. parvum
and I. galbana. Although the V8-V9 primer set struggled to represent members when in low abundance, it more accurately represented the overall community

structure.

The mean relative abundance of 3 of the 7 mock communities
(freshwater dominant, even, and marine dominant communities
[MC2, MC4, and MC6, respectively]) is shown in Fig. 6 for the V4
and V8-V9 primer sets (for additional mock communities, see Fig.
S8 in the supplemental material). Representation by the V8-V9 set
outperforms that of the V4 set for all communities, with average
mean relative abundances of 1.13-fold = 0.32-fold and 1.61-
fold = 0.33-fold underrepresented per detected mock community
member compared to the theoretical relative abundances for the
V8-V9 and V4 amplicons, respectively. Although the V4 region
captures freshwater species relatively well (0.28-fold = 0.10-fold
underrepresented from theoretical), it fails to adequately repre-
sent marine species (2.65-fold = 0.33-fold underrepresented from
theoretical), often underrepresenting the haptophyte members by
as much as 3 orders of magnitude. Coupled with the higher se-
quencing error of the haptophytes, it is clear that the V4 region
does not adequately capture the community structure of the ma-
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rine mock community and will not accurately represent samples
that contain these members. Unfortunately, haptophytes are of
major importance to marine communities due to their contribu-
tion to open ocean biomass and production (76), and these studies
most often leverage eukaryotic sequencing (e.g., references 41, 42,
57, and 80).

Recent studies have highlighted the suitability of the V4 region
for amplicon sequencing (22, 23), but these studies promote
primer locations that include both the V4 and V5 regions (>500
bp long), which is longer than the Illumina MiSeq can currently
sequence with paired-end reads (~450 to 500 bp) with appropri-
ate read overlap. Until longer reads are possible (and potentially
even after), the V8-V9 region provides more accurate OTU rela-
tive abundances across all mock communities tested in this study.
The V4 primer did capture both abundant and rare freshwater
taxa, while the V8-V9 primer struggled with species (either fresh-
water or marine) that were at a low abundance. However, this is
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FIG 7 (A) Observed OTUs; (B) nonparametric Shannon index; (C) Jaccard distance from theoretical; (D) Bray-Curtis distance from theoretical. The V4 (blue)
and V8-V9 (red) regions show similar alpha-diversity metrics in panels A and B (P = 0.82 and 0.46, respectively, Welch’s ¢ test; gray dashes indicate theoretical
values), but the V8-V9 region more closely represents the theoretical community using beta-diversity metrics in panels C and D.

most likely an artifact of the amplification method used (i.e., con-
centrations of reagents, as well as the PCR cycle design), and there
are multiple steps that can be taken to improve representation at
low abundance. These include increasing primer and dNTP con-
centrations to allow for increased amplification of rare sequences,
and the reduction of PCR cycles to minimize the overrepresenta-
tion of high-abundance sequences. Additionally, because most
wastewater algal communities are under high selective pressures
and are not very diverse, the V8-V9 primer set will reliably capture
dominant organisms, while V4 may miss a dominant organism.
To further examine the performance of the V4 and V8-V9 re-
gions, four alpha-diversity metrics were calculated: richness-based
metrics (observed OTUs [Sopg], and the Chaol [Riya0] estimator,
which estimate the unsampled richness); and structure-based metrics
(nonparametric Shannon index [ Dypsiannon] and inverse Simpson
index [Dyyvsivpson]> Which measure sample diversity assuming no
underlying distribution and an even distribution, respectively). The
V4 and V8-V9 regions show similar trends (P = 0.82 and 0.46,
[Welch’s ¢ test]), with average Sogs and Dypspannon Values (Fig.
7A and B) within 23% and 20% of the theoretical, respectively.
Beta-diversity measurements, including the richness-based Jac-
card (Djyccarp) and structure-based Bray-Curtis (Dggaycurtis)
distances were also calculated. When the sequenced mock com-
munity distances from theoretical were compared, the V8-V re-
gion more accurately represented the theoretical community in 5
of 7 and 6 of 7 mock communities using Jaccard and Bray-Curtis
metrics, respectively (Fig. 7C and D). Exceptions to this are
Djaccarp for MC2 and MC6 due to some of the rare taxa not
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being detected. If low-abundance members were efficiently de-
tected by incorporating the approaches discussed previously, it is
likely that the Dj,ccarp from the theoretical community would
also be smaller than that of the V4 region for these two commu-
nities.

Application to environmental samples. Community compo-
sition at taxonomic ranks of 3 and 6 in mothur (corresponding to
class level[Fig. 8] and genus level [see Fig. S9 in the supplemental
material], respectively) shows that microbial populations for each
sample are similar as represented by either the V4 or V8-V9 re-
gion. Both the V4 and V8-V9 regions were able to differentiate
among freshwater, coastal, and wastewater samples collected us-
ing Jaccard and Bray-Curtis metrics (P < 0.001, analysis of
molecular variance [AMOVA]) (see Table S6 and Fig. S10 in the
supplemental material). Furthermore, they were able to dis-
criminate between communities within the wastewater treat-
ment process, including primary clarification, secondary treat-
ment, and secondary clarification (P < 0.005, AMOVA) (see
Fig. $10). In general, the V8-V9 region had a greater number of
observed OTUs and displayed higher levels of microbially di-
verse populations than the V4 region as estimated by using
alpha-diversity metrics (Dypspannon) (Fig. 9).

In order to examine the representation by each region of the
coastal samples more closely, the Bray-Curtis distances between
samples (e.g., IM and 2M, 1M and 4M, etc.) were compared be-
tween the V4 and V8-V9 data sets. Welch'’s ¢ tests (unpaired, two-
tailed with unequal variance) showed that there were significant
differences (P < 0.05) between the distances calculated among the

October 2016 Volume 82 Number 19


http://aem.asm.org

\"/
1.0

18S rRNA Gene Characterization for Mixed Communities

0.8
0.6
0.4
0.2

4

0.0

[ Chloroplastida
Rhodophyceae
Cryptomonadales
Goniomonas
Kathablepharidae
Pavlovophyceae
Holozoa

Nucletmycea
unclassified Opisthokonta
Picomonadea
Alveolata

Rhizaria
Stramenopiles
unclassified SAR
unclassified Eukaryota

TR E ]

V8-V9

Mean relative abundance

L
0.8
0.6 |
L
]
0.0 i

04
0.2

ﬁ
|

4F 5F 6F 4W 5W 6W 7W 8W 9W10W 1M 2M 4M 5M

Environmental sample

FIG 8 Community composition of the V4 (top) and V8-V9 (bottom) regions at a taxonomic rank of 3 in mothur, which corresponds to the class level. Samples
containing F, W, and M in their sample name belong to freshwater, wastewater, and coastal marine samples, respectively. Data used to generate this figure are

available in Table S7 in the supplemental material.

samples from the V4 and V8-V9 regions, with each region giving
different estimates of community dissimilarity between any two
samples and the V4 data displaying higher dissimilarities than the
V8-V9 data in 5 of the 6 pairwise comparisons. However, when
taken collectively, the V4 and V8-V9 regions show similar trends
overall, and a Mantel test between the V4 and V8-V9 Bray-Curtis
distance matrices showed a high degree of similarity (0.90, P <
0.001). The V4 region had fewer OTUs for 3 of the 4 marine
samples, but surprisingly, it represented organisms of the division
Haptophyta as well as those of the V8-V9 region. Notably, the
abundant genera found in environmental coastal samples all be-
longed to the class Pavlovophyceae, while the species present in
the mock community belonged to the class Prymnesiophyceae. It
is possible that the V4 region only struggles with representation of
the latter, although additional mock community sequencing with
members of the class Pavlovophyceae included would need to be
performed.

In order to directly compare differences in community repre-
sentation by the V4 and V8-V9 regions, sequences were binned
into phylotypes and beta-diversity metrics (Jaccard index and
Bray-Curtis dissimilarity) were calculated. The V4 and V8-V9 re-
gions show different community representations of the same sam-
ple (Fig. 10). The Bray-Curtis distance between the V4 commu-
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nity representation of a sample and its V8-V9 representation
varies greatly, with some samples showing good agreement (5W,
difference of 0.12) between both regions and others showing high
dissimilarity (10W, difference of 0.94). Variations in the commu-
nity representation by the V4 and V8-V9 regions do not corre-
spond to sample type (i.e., freshwater, coastal, or wastewater), but
rather, are sample and site specific. These results support the use of
multiple primer sets as in previous studies (e.g., references 41 and
42) in order to provide a more complete picture of community
representation.

Despite differences in community representation by each hy-
pervariable region (as measured through the Bray-Curtis dis-
tance), the three data sets cluster according to their sample types
irrespective of the hypervariable region targeted (see Fig. S11 in
the supplemental material). Furthermore, although samples can
be differentiated according to sample type (e.g., freshwater or
wastewater; P < 0.001, AMOVA), there is no significant difference
between the V4 samples and V8-V9 samples within the same type
of environmental sample (e.g., V4 freshwater and V8-V freshwa-
ter; P> 0.05, AMOVA).

In conclusion, in this study, we examined the effect of PCR/
sequencing bias on the representation of seven mock communi-
ties by targeting the V4 and V8-V9 hypervariable regions of the
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18S rRNA gene. By doing so, we discovered that a previously used
primer set missed a major taxonomic group of interest to marine
studies. This study highlights the need for mock communities to
validate the representation of species by amplicon sequencing; in
silico testing can help identify sequence coverage and nucleotide
mismatches, but experimental validation with mock communities
provides critical insight into the amplification, sequencing, and
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FIG 10 Bray-Curtis distance between the V4 and V8-V9 representations of
the same sample community using a phylotype-based approach. Community
representation by the V4 and V8-V9 regions varies in agreement on a sample-
by-sample basis, rather than across sample types (i.e., freshwater, coastal, or
wastewater).
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representation of target regions. Specifically, this study found that
nucleotide degeneracies on the primer 3’ end affected read lengths
and mean relative abundances of mock communities due to dif-
ferential amplification of templates containing G or A in the de-
generate position for V4 primers proposed in literature. Further-
more, the PCR/sequencing error is markedly higher for GC-rich
members (2.82% compared to an average 0.04% for mock com-
munity 4). Importantly, the V4 region failed to reliably capture 2
of the 12 mock community members included in this study. The
V8-V9 region more accurately represents mean relative abun-
dance and alpha and beta diversity, with the greatest improvement
in structure-based metrics such as the Bray-Curtis distance from
theoretical.

Given the additional uncertainty of gene copy numbers across
eukaryotic species, representation of even closely related organ-
isms (such as phytoplankton) by amplicon sequencing has a high
degree of ambiguity. Complementary approaches such as applica-
tion of diversity metrics only to similarly sized microalgae (37) or
sequencing cell-sorted populations (77) might greatly improve
the accuracy of diversity metrics and mean relative abundance. In
the case of Marie et al., the use of cell sorting allowed for the
sequencing of abundant phytoplankton (e.g., Haptophyta) that
were previously undetected due to the profusion of larger organ-
isms (77). The effect of PCR bias, however, skews diversity esti-
mates even when the gene copy number is kept the same. Based on
these results, we recommend that studies that apply amplicon se-
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quencing to environmental samples do the following: (i) use mock
communities composed of target species to estimate community
representation and PCR/sequencing error by the chosen primer
set; (ii) limit degenerate locations in primer sequences and elimi-
nate degeneracies in positions near the 3’ end; and (iii) estimate
alpha- and beta-diversity metrics through structure-based meth-
ods that provide more reliable approximations of community di-
versity.

In the current study, redesign of the primer containing a de-
generacy on the 3’ end increased the representation of the marine
members and improved mock community representation overall.
Ultimately, the V8-V9 region provided the highest accuracy of the
selected mock community as measured through mean relative
abundance and beta-diversity measurements (Djyccarp and
Dgravcurtis)- Given these data, we suggest that studies using
18S rRNA gene amplicon sequencing for microalgal commu-
nities (and marine studies in particular) target the V8-V9 hy-
pervariable region when considering species included in this
study. However, the V4 and V8-V9 regions showed similar
overall representations of environmental samples and tradeoffs
between hypervariable regions may warrant the use of multiple
primer sets to better capture community diversity.
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