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ABSTRACT

Sequencing hypervariable regions from the 18S rRNA gene is commonly

employed to characterize protistan biodiversity, yet there are concerns that

short reads do not provide the same taxonomic resolution as full-length

sequences. A total of 7,432 full-length sequences were used to perform an in

silico analysis of how sequences of various lengths and target regions impact

downstream ecological interpretations. Sequences that were longer than 400

nucleotides and included the V4 hypervariable region generated results similar

to those derived from full-length 18S rRNA gene sequences. Present high-

throughput sequencing capabilities are approaching protistan diversity estima-

tion comparable to whole gene sequences.

HIGH-THROUGHPUT sequencing (HTS) of hypervariable

regions within the small subunit 18S ribosomal RNA gene

provides researchers the means to delve deeply into the

species richness of natural protistan communities (Gratte-

panche et al. 2014; Mah�e et al. 2014). Nevertheless, read

lengths enabled by these methods are still relatively short

(ca. 100–400 nt) and the taxonomic and phylogenetic reso-

lution afforded by them can be limited. As a consequence,

we presently have a relatively poor understanding of how

18S rRNA gene sequences of various lengths, and specific

regions targeted for sequencing, impact downstream eco-

logical interpretations (Hadziavdic et al. 2014; Hugerth

et al. 2014; Stoeck et al. 2010).

Previous work comparing sequencing results from full-

length 18S rRNA genes with hypervariable regions of the

18S gene has demonstrated inconsistencies in the conclu-

sions gleaned from these datasets regarding species rich-

ness and diversity. For example, full-length 18S rRNA

sequences of natural protistan communities and short

sequences of the V4 or V9 regions led to different conclu-

sions on the composition of abundant taxa (Wolf et al.

2014) and the level of taxonomic detail (Stoeck et al.

2010). Discrepancies between hypervariable region results

are related, in part, to methodological problems of

sequencing errors, PCR bias, and differences among appli-

cations used to call operational taxonomic units (OTUs).

Inconsistencies in results may also be attributed to differ-

ing rates of evolution among hypervariable regions. These

issues affect the number of OTUs measured and there-

fore the estimated species richness in natural samples

(Decelle et al. 2014; Dunthorn et al. 2012; Hugerth et al.

2014; Kim et al. 2011; Wolf et al. 2014; Youssef et al.

2009).

One approach to eliminate PCR and sequencing artifacts

from sequence diversity comparisons is to bioinformatical-

ly extract the shorter fragments of interest from longer

sequences. Analysis of in silico extractions of short

sequence reads from full-length or nearly full-length 18S

rRNA sequences have recently been reported in the litera-

ture (Hadziavdic et al. 2014; Hugerth et al. 2014). These
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studies concluded that hypervariable regions within the

18S rRNA gene did not yield similar estimates of protistan

biodiversity to each other or to full-length sequences. The

choice of the hypervariable region played a greater role in

influencing interpretations of microbial biodiversity than

the choice of sequencing technology and sequence length

(Hadziavdic et al. 2014; Hugerth et al. 2014).

In this study, we compared diversity analyses derived

from 7,432 Sanger-sequenced, full-length 18S rRNA genes

obtained from natural microbial eukaryotic communities

dominated by protists, with several bioinformatically

extracted regions from the same full-length sequences.

Full-length and nearly full-length sequences served to

ground truth the ecological interpretations attained from in

silico extracted sequence fragments between 107 and

1,200 nucleotides (nt). Short sequence fragments included

the V7, V4, V1-V3, V1-V4, V4-V7, and V1-V7 regions (Table

S1) determined by 18S rRNA gene specific primers previ-

ously used in protistan studies (Hadziavdic et al. 2014;

Medlin et al. 1988; Stoeck et al. 2010; Weekers et al.

1994). OTUs clustered at 97%, 98%, and 99% sequence

similarity from full-length and short fragment sequence

datasets revealed that short reads (< 400 nt) predicted

fewer OTUs and yielded lower values for two commonly

employed diversity indices than the full-length sequences.

Nevertheless, sequences ≥ 400 nt yielded ecological inter-

pretations similar to full-length sequences, especially

when the extracted sequence included a taxonomically

informative region such as the V4 hypervariable region.

MATERIALS AND METHODS

Sample collection and processing

Samples from a global survey of natural microbial eukary-

otic communities (Lie et al. 2014) were collected for DNA

extraction and sequencing (Countway et al. 2010). A total

of 12 seawater samples were obtained from depths rang-

ing from 5 m to 2,500 m at five locations (Table S2): Arc-

tic Ocean (AO), San Pedro Ocean time series station in

the eastern North Pacific (ENP), East Pacific Rise (EPR) in

the eastern Pacific, Gulf Stream (GS) in the western North

Atlantic, and Ross Sea, Antarctica (RS). Water was

collected using Niskin bottles mounted on a rosette, and

2–20 liters of water was prefiltered through 200-lm Nitex

mesh to exclude most multicellular organisms (samples

from ENP were prescreened with both 200 and 80-lm
Nitex mesh). Microbial biomass was collected onto GF/F

filters (WhatmanTM, International Ltd., Florham Park, NJ),

rolled and placed into vials containing 2-ml of 2X lysis buf-

fer (100-mM Tris pH 8, 40-mM EDTA pH 8, 100-mM NaCl,

1% SDS), and stored frozen (�20 °C) aboard the ship or

flash frozen in liquid nitrogen for later DNA extraction.

Genomic DNA was extracted by thawing filters on a

70 °C heating block followed by three rounds of bead-

beating on a vortex mixer (3 min) and heating at 70 °C
(3 min) before extraction using phenol–chloroform as out-

lined by Countway et al. (2007). Extracted DNA was pre-

cipitated, dried, and then resuspended in sterile water.

Genomic DNA was PCR-amplified to enrich for 18S rRNA

genes using universal eukaryotic primers Euk-A and Euk-B

(Table S1, Medlin et al. 1988). PCR amplifications were

performed as described by Countway et al. (2010). The

PCR thermal protocol consisted of a single cycle at 95 °C
for 2 min, 35 cycles of 95 °C for 30 s, 50 °C for 30 s,

72 °C for 2.5 min, and a final elongation step at 72 °C
for 7 min.

Cloning procedures were performed as described in

Countway et al. (2010). 18S rDNA products were run on a

1.2% SeaKem agarose gel, bands were excised and PCR

amplicons were cloned with the TOPO-TA kit (Invitrogen,

Carlsbad, CA) using the TOP-10 electrocompetent cells

(Countway et al. 2007, 2010). Initial plating was done to

ensure successful transformation and to estimate cloning

efficiency. Ten percent glycerol stocks were prepared for

shipment to the Joint Genome Institute (JGI, http://

www.jgi.doe.gov/) for sequencing.

Sequencing and data analysis

Clones from glycerol stocks were plated and discrete colo-

nies were robotically picked at JGI after overnight growth.

Sanger sequencing was conducted by JGI on an ABI 3730

capillary DNA sequencer (Applied Biosystems, Foster City,

CA). A total of 1,152 clones were sequenced for each

sample using T3 and V7 vector primers (Sambrook et al.

1989) and the 570-F internal primer (Weekers et al. 1994).

Assembly was performed by JGI using the program Phrap

v0.990319. The resulting full-length and nearly full-length

18S rRNA gene sequences had an average of 1,647 nt in

length.

Sequences were screened for chimeras using a local

implementation of the Pintail algorithm (Ashelford et al.

2005). Each sequence was searched with BLASTN

v2.2.25+ (Altschul et al. 1990) against a database consist-

ing of the eukaryotic SSU sequences from SILVA (Pruesse

et al. 2007) to calculate a deviation of expected (DE) value

(Ashelford et al. 2005). Sequences with a DE value greater

than five were identified as possible chimeras and

removed (6% of the sequences). Sequences were submit-

ted to GenBank with accession numbers: KJ757035–
KJ764638 (Lie et al. 2014).

A global alignment using 7,432 of the sequences was

performed using Geneious v6.1.6 (http://www.gene-

ious.com, Kearse et al. 2012), followed by in silico isola-

tion of the short sequence fragments. A virtual

“bioinformatic PCR” was performed in Geneious using

forward and reverse primers for V7, V4, V1-V3, V1-V4, V4-

V7, and V1-V7 regions with an allowance of 3 mismatches

per primer (indels not considered, Table S1). Targeted

regions were chosen based on 18S primers previously

employed to evaluate microbial eukaryotic biodiversity

(Hadziavdic et al. 2014; Medlin et al. 1988; Stoeck et al.

2010; Weekers et al. 1994). Each region was then isolated

in silico from all of the 7,432 sequences based on the

location of the primer hit to a position on the aligned full-

length 18S rRNA gene sequences. Sequence fragments

used in downstream analysis included the forward and
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reverse primers. These fragments and the original full-

length sequences were then processed in mothur v1.33.1

(Schloss et al. 2009) to call OTUs and calculate diversity

indices. Distances between sequences were calculated

using the furthest neighbor algorithm at 97%, 98%, and

99% sequence similarity. Representative OTUs from each

sequence dataset were blasted against the SILVA data-

base to assign taxonomic identities based on an e-value

threshold of 1e�10. In the case of more than one equal

blast hit, the first one provided in the BLAST output was

chosen for taxonomic assignment.

Choice of primers

Primers chosen for this study originated from previously

published work that targeted natural protistan communi-

ties (Table S1). The effectiveness of these 18S rRNA gene

primers has been evaluated for a number of protistan lin-

eages (Dunthorn et al. 2012; Ki 2012), although there are

taxa for which these primers are ineffective due to vari-

ances in the length of the 18S, such as foraminifera (Paw-

lowski and Lecroq 2010).

V1-V3 and V4 primers reflect commonly used primers,

including Euk-A from Medlin et al. (1988), 570-R from

Weekers et al. (1994) (which is approximately the end of

the V3 region), and V4 primers from Stoeck et al. (2010).

The V1-V3 and V4 regions examined in this study over-

lapped by 94 nt (including primers, Table S1).

V9 hypervariable region

The V9 region was not included in our analysis because

complete Euk-B reverse primer sequences were not

obtained for many of the full-length sequences. Only

approximately 2,000 sequences had suitable V9 regions

(intact Euk-B reverse primer), significantly less than the

original 7,432 full-length and nearly full-length 18S rRNA

gene sequences.

Diversity and community similarity of protistan
assemblages

Inverse Simpson and Shannon indices were calculated to

provide a measurement of diversity based on the abun-

dance and evenness of OTUs generated from extracted

fragments and full-length sequences (Schloss et al. 2009).

Community composition was dominated by protists in each

sample. Community composition was compared using the

Bray–Curtis similarity parameter. OTU abundances for each

dataset were square-root transformed before calculating

Bray-Curtis similarity values. Bray-Curtis similarity matrices

for each dataset were used to cluster samples for non-

metric multidimensional scaling plots based on the group

average (Primer-E v6, Clark and Warwick 2001).

RESULTS AND DISCUSSION

Assessing sequence diversity of rRNA genes is commonly

used to investigate the structure and composition of natu-

ral protistan communities, but our understanding of the

ecological information contained in sequence data is still

evolving. We show here that the ecological inference of

protistan species richness and diversity obtained from 18S

rRNA gene sequences varied as a factor of read length

and the inclusion of the V4 hypervariable region (Fig. 1).

Previous work, specifically in regards to ciliates, has

shown that in comparison to the shorter V9 hypervariable

region, the V4 region was better for resolution of taxono-

mies (Dunthorn et al. 2012) and phylogenetic placement

(Dunthorn et al. 2014). Use of the V4 region for protistan

biodiversity studies has been shown to be superior to

Figure 1 Total number of observed OTUs and diversity estimates for

full-length and in silico extracted regions of the small subunit 18S ribo-

somal RNA gene. A. Number of operational taxonomic units (OTUs)

obtained using full-length sequences or gene fragments of different

lengths (Table S1). Sequences were clustered at 97%, 98% or 99%

sequence similarity in mothur v. 1.33.1 (Schloss et al. 2009). Full-

length, V1-V7, and V4-V7 (> 1,200 nt) sequence datasets yielded the

largest number of OTUs (average of 1,680 OTUs at 97% sequence

similarity) compared to the V4, V1-V4, and V1-V3 (400–700 nt)

sequence results (average of 1,430 OTUs at 97% sequence similarity)

and the short V7 (107 nt) sequence results (300 OTUs at 97%

sequence similarity). OTUs from various sequence fragments were

proportionally the same for 97%, 98%, or 99% sequence similarities.

B. Inverse Simpson diversity index and C. Shannon diversity index cal-

culated in mothur v. 1.33.1 (Schloss et al. 2009) using the OTU infor-

mation presented in (A) as a function of sequence length (nt).

Sequences longer than 1,200 nt (V4-V7, V1-V7) yielded inverse Simp-

son and Shannon values that were comparable to values for the full-

length sequences. Values for the V4, V1-V3, and V1-V4 fragments

were marginally lower than the three longer sequences for both indi-

ces, while values for the V7 region were markedly lower. Results

from the various gene fragments in (B) and (C) are in the same order

as (A), depicted left to right in order of average read length (Table S1):

V7 (107 nt), V4 (418 nt), V1-V3 (533 nt), V1-V4 (690 nt), V4-V7

(1,200 nt), V1-V7 (1,260 nt), and full length (1,647 nt).
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other 18S hypervariable regions, as the entire length (ca.

400 nt) is easily obtainable with current paired end HTS

methods, namely Illumina MiSeq and HiSeq (Mah�e et al.

2014).

The number of OTUs in this study generated from in sil-

ico extracted sequences was directly related to sequence

length (Fig. 1A), while both read length and inclusion of

the V4 region appeared to influence diversity indices

(Fig. 1B,C). In particular, read lengths between 400 and

600 bases recovered between 300 and 900 fewer OTUs

compared to full-length or nearly full-length 18S gene

sequences (> 1,200 nt). Analysis of the shortest region

(V7) yielded only a small fraction of the species richness

obtained using longer reads. Results generated using dif-

ferent levels of sequence similarity to form OTUs yielded

different absolute numbers of OTUs, as expected, but rel-

ative changes in OTUs between the various fragment

lengths were consistent across the dataset (different

shading in Fig. 1A).

Values for inverse Simpson and Shannon diversity indi-

ces reflected the trends in total number of OTUs gener-

ated. Diversity indices for the V7 region were several-fold

lower than values obtained using longer reads, and read

lengths greater than 400 nt were only moderately lower

than values obtained using full-length 18S rRNA gene

sequences (Fig. 1B,C). The V4-V7 and V1-V7 reads had

diversity indices that were virtually indistinguishable from

those based on full-length reads (Fig. 1B,C), in accordance

with findings that the V4 region is taxonomically informa-

tive (Dunthorn et al. 2012; Hugerth et al. 2014; Mah�e
et al. 2014; Nickrent and Sargent 1991).

A nonmetric multidimensional scaling plot of Bray–Curtis
dissimilarity values from the short V7 region was unable

to resolve more than a few differences in protistan com-

munity structure among the 12 globally distributed natural

samples analyzed in this study (Fig. S1 and Table S2). In

contrast, data sets derived from DNA fragments with

lengths ≥ 400 nt all yielded patterns that were relatively

similar. There were only small inconsistencies among pat-

terns obtained using longer fragments of the rRNA genes

and the full-length sequences, a finding that paralleled

results from the diversity indices (Fig. 1B,C, S1).

Pernice et al. (2013) recognized the usefulness of estab-

lishing a reference database of well-curated, relatively long

rRNA gene sequences for vetting the many shorter

sequences presently produced by HTS. Using a similar

approach, we used in silico extraction of shorter reads

from the same dataset of full-length sequences and exam-

ined the consistency of the ecological interpretations

derived from DNA fragments of various lengths and target

regions. Our study systematically confirms that longer

(≥ 400 nt) sequences enabled by HTS technologies pro-

vide consistent ecological information on protistan rich-

ness and diversity, relative to full-length sequences of 18S

rRNA genes. This result is comforting in that it supports

the application of present-day HTS in protistan ecology

(Mah�e et al. 2014), although it does not necessarily capture

the total eukaryotic diversity present in natural ecosystems.

This study did not address the more fundamental limita-

tions of using a single gene for investigating the enormous

breadth of microbial eukaryote diversity, such as inconsis-

tencies between the morphospecies and genetic species

concepts, or the potential variable rates of mutations of

rRNA genes among protistan lineages (Caron 2013). Given

this inherent limitation, this study used full-length 18S rRNA

environmental sequences to ground truth the use of smal-

ler gene fragments. DNA sequence information will con-

tinue to augment our understanding of microbial diversity,

and future efforts to incorporate sequences from multiple

genes into these approaches will improve our ability to cap-

ture true protistan diversity in the environment (Caron

2013; Stoeck et al. 2008).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Comparison of nonmetric Multidimensional

Scaling (nmMDS) plots of full-length and in silico extracted

regions. nmMDS plots of the Bray–Curtis dissimilarity

parameter based on OTUs called at 97% sequence simi-

larity. nmMDS plots and Bray–Curtis dissimilarity values

for full-length sequences and extracted regions were gen-

erated in Primer-E v6 (Clark and Warwick 2001). Similarity

overlays represent 10% (solid black lines), 20% (dashed

black lines), and 40% community similarity (solid gray

lines). Each sample is labeled by a location and depth

identifier (e.g. AO500: Arctic Ocean [AO], 500 m), Arctic

Ocean AO, the San Pedro Ocean time series station in

the eastern North Pacific (ENP), East Pacific Rise (EPR) in

the eastern Pacific, Gulf Stream (GS) in the western North

Atlantic, and Ross Sea, Antarctica (RS), see Table S2. The

pattern of the nmMDS for the V7 region (A) was not con-

sistent (lacked the resolving power) with nmMDS plots for

the V4 (B), V1-V3 (C), V1-V4 (D), V4-V7 (E), V1-V7 (F), and
full-length sequences (G). In contrast, nmMDS plots of

the datasets consisting of sequences ≥ 400 nt yielded pat-

terns that were generally consistent with one another (B–
F). Only minor differences (e.g. the grouping of the Ross

Sea samples, and some North Pacific and North Atlantic

samples) were apparent among the patterns generated by

longer sequences (B–F).
Table S1. Summary of mean nucleotide (nt) length of

each sequence fragment used, along with forward and

reverse primer and reference position on the 18S rRNA

© 2015 The Author(s) Journal of Eukaryotic Microbiology © 2015 International Society of Protistologists

Journal of Eukaryotic Microbiology 2015, 62, 688–693692

Estimating Protistan Diversity Hu et al.

http://dx.doi.org/10.1111/jeu.12187


gene used for in silico extraction. Position reference refers

to the nucleotide position in the aligned full-length 18S

rRNA gene sequence database. Fragment lengths

reported include the primer sequences. The V1-V3 and V4

regions overlap along the 18S rRNA gene. Primers chosen

represent commonly used primers for sequencing environ-

mental microbial eukaryotic communities and therefore

serve to provide realistic examples of short fragments that

would be used in HTS.

Table S2. Summary of sampling dates, coordinates,

depth, and number of quality checked sequences recov-

ered from each sample.
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