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Summary

The diversity of microbial eukaryotes was surveyed by

environmental sequencing from tropical lagoon sites of

the South Pacific, collected through the American

Museum of Natural History (AMNH)’s Explore21 expedi-

tion to the Solomon Islands in September 2013. The

sampled lagoons presented low nutrient concentra-

tions typical of oligotrophic waters, but contained

levels of chlorophyll a, a proxy for phytoplankton bio-

mass, characteristic of meso- to eutrophic waters. Two

18S rDNA hypervariable sites, the V4 and V8–V9

regions, were amplified from the total of eight lagoon

samples and sequenced on the MiSeq system. After

assembly, clustering at 97% similarity, and removal of

singletons and chimeras, a total of 2741 (V4) and 2606

(V8–V9) operational taxonomic units (OTUs) were iden-

tified. Taxonomic annotation of these reads, including

phylogeny, was based on a combination of automated

pipeline and manual inspection. About 18.4% (V4) and

13.8% (V8–V9) of the OTUs could not be assigned to

any of the known eukaryotic groups. Of these, we

focused on OTUs that were not divergent and pos-

sessed multiple sources of evidence for their existence.

Phylogenetic analyses of these sequences revealed

more than ten branches that might represent new

deeply-branching lineages of microbial eukaryotes, cur-

rently without any cultured representatives or

morphological information.

Introduction

Microbial eukaryotes play important roles in various eco-

systems, including that of major primary producer (e.g.

diatoms in coastal and upwelling areas of the ocean;

Armbrust, 2009), keystone mutualist (e.g. the dinoflagel-

late Symbiodinium in coral reefs; Baker, 2003) and agent

of disease (e.g. malaria parasites; Martinsen et al., 2008).

In addition, microbial eukaryotes are critical for compre-

hending eukaryotic evolution and diversity: the vast

majority of deep-level eukaryotic diversity is found among

single-celled eukaryotic organisms (Adl et al., 2012). While

consensus on the high-level classification of eukaryotes

has not yet been reached, from a conservative point of

view there are about ten major groups of eukaryotes,

including the Stramenopila, Alveolata, Rhizaria (these first

three constituting the ‘SAR’ clade; Burki et al., 2007),

Amoebozoa, Chloroplastida, Cryptista, Excavata (the

monophyly of this group remains controversial; e.g. Hampl

et al., 2009; Katz and Grant, 2015), Haptophyta, Opistho-

konta and Rhodophyta (Graham et al., 2009; Adl et al.,

2012; Yabuki et al., 2014). In addition, there are several

groups of eukaryotes that are relatively less studied and

are often smaller in terms of known taxon diversity within

group. These include the Ancyromonadida (Atkins et al.,

2000; Gl€ucksman et al., 2013), Apusomonadida (Karpov

and Mylnikov, 1989; Cavalier-Smith and Chao, 2010),

Breviatea (Cavalier-Smith et al., 2004; Walker et al., 2006;

Brown et al., 2013), Centrohelida (Cavalier-Smith and

Chao, 2003; Cavalier-Smith and von der Heyden, 2007;

Cavalier-Smith and Chao, 2012), Collodictyonidae

(or Diphyllatea) (Brugerolle et al., 2002; Zhao et al.,

2012), Glaucophyta (Graham et al., 2009), Microhelida

(Cavalier-Smith and Chao, 2003; Yabuki et al., 2012),
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Rigifilida (Mikrjukov and Mylnikov, 2001; Yabuki et al.,

2013) and Telonemia (Klaveness et al., 2005; Shalchian-

Tabrizi et al., 2006; Bråte et al., 2010).

Additionally, new eukaryotic lineages continue to be

discovered and characterized. One example is the Man-

tamonadida, a group of gliding biflagellates that was

isolated in culture and first reported just several years

ago (Gl€ucksman et al., 2011). Palpitomonas is another

microbial eukaryote that was recently discovered (Yabuki

et al., 2010). Phylogenetic analyses based on multiple

protein sequences suggest that this swimming heterotro-

phic biflagellate represents a major branch, together

with cryptomonads and katablepharids, within the Cryp-

tista (Yabuki et al., 2014). Interestingly, since the advent

of molecular sequencing tools that enable the character-

ization of microbial diversity directly from mixed

environmental samples, some novel eukaryotic groups

have been identified from sequence data before being

investigated by morphology or isolated in culture. Exam-

ples include the Picozoa, a globally distributed group of

heterotrophic flagellates (Not et al., 2007b; Seenivasan

et al., 2013), and the rappemonads, a group of plastid-

bearing phytoplankton, currently without any cultured

representatives (Kim et al., 2011).

Environmental sequencing is an excellent complementa-

ry approach to the traditional culture-based method in the

study of microbial diversity. This is particularly so when

organisms of interest are difficult to maintain under stan-

dard laboratory culture conditions (e.g. the picozoan

Picomonas; Seenivasan et al., 2013). A number of new

rDNA sequence types have been uncovered from environ-

mental sequencing; MAST (marine stramenopiles) and

MALV (marine alveolates) groups are some of the promi-

nent examples (L�opez-Garc�ıa et al., 2001; Not et al., 2009;

Logares et al., 2012; Massana et al., 2014).

In this study, the diversity of pico- and nano-sized micro-

bial eukaryotes from oligotrophic tropical lagoon waters of

the South Pacific Ocean was investigated using massively

parallel sequencing technology with particular emphasis

on new 18S rDNA sequences. Our work revealed a num-

ber of 18S rDNA types that do not show clear affinity to

any known eukaryotic groups.

Results

Characteristics of the sampling sites

The sampling sites (Fig. 1, Supporting Information Fig. S1)

presented very low nutrient concentrations, typical of open

ocean surface waters (Table 1) (Conkright et al., 2000; Zehr

and Ward, 2002; Treguer and De La Rocha, 2013). While

temperature data were not collected for the surveyed sites,

nearby surface waters located further offshore were 27.5–

288C during the day. Nitrate plus nitrite (N 1 N) concentra-

tions were below the detection limit of the auto-analyzer (20

nmol l21). Inorganic phosphate (Pi) concentrations were

detected using the low-level MAGIC method. The Nirasa

lagoon presented the lowest Pi concentrations, ranging from

25 6 6 to 51 6 6 nmo l21 at Z2 and Z3, respectively. The

New Georgia lagoon presented a gradient in Pi concentra-

tions with values ranging from 47 6 5 to 250 6 65 nmol l21

at Z2 and Isolated Reef respectively. Silicate concentrations

were similarly low, with values ranging from 65 to 99 nmol

l21 and from 235 to 364 nmol l21 in Nirasa and New Georgia

respectively. Such low nutrient concentrations are typically

found in oligotrophic waters and are expected to constrain

phytoplankton growth. Yet chlorophyll a (Chl a) concentra-

tions, a proxy for phytoplankton biomass, were relatively

high in both lagoons, with values� 0.8 mg l21, in the range

typically found in meso- to eutrophic marine environments

(Kletou and Hall-Spencer, 2012). Chlorophyll a concentra-

tions were lower in Nirasa (0.798–1.666 mg l21) than in New

Georgia (1.255–2.221 mg l21).

18S rDNA sequencing and clustering

In order to survey the diversity of pico- and nano-sized

microbial eukaryotes, eight water samples collected near

Fig. 1. Photos of the sampling sites: Nirasa (top) and New Georgia
(bottom) lagoons.
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New Georgia and Nirasa islands were processed for DNA

extraction, amplification of V4 and V8–V9 regions of 18S

rDNA and sequencing on the Illumina’s MiSeq platform.

From each amplicon library, between 187 000 and 755 000

read pairs were obtained, tallying 3.6 and 4.5 million read

pairs for the V4 and V8–V9 region respectively (Table 2).

Removal of primers, quality trimming and merging read

pairs preserved in both cases 83% of the reads, yielding

3.0 and 3.7 million merged reads respectively (Table 2). Of

these, non-singleton reads were de-replicated, clustered at

97% sequence identity and checked for chimeric sequen-

ces, yielding 2741 (V4) and 2606 (V8–V9) final OTUs. The

median cluster size was 168 for the V4 region and 61 for

the V8–V9 region. The largest clusters were 183 662 (V4)

and 181 426 (V8–V9) in size.

Taxonomic annotation of OTUs

The annotation of OTUs was first made by using usearch

(Edgar, 2010) with the SILVA eukaryotic 18S rDNA data-

base (Quast et al., 2013), followed by manual curation. For

both the V4 and V8–V9 data, the automated annotation

was found to be very accurate for a sequence that had a

match strength score (i.e. sequence identity) of 92 or

higher. On the other hand, those sequences with a match

strength score below 75 were long-branching in phylogenet-

ic trees. Since such divergent sequences are difficult to

classify due to the long-branch attraction (LBA) artifact (Phil-

ippe and Germot, 2000), these were annotated as ‘not

classified’. During manual inspection, inconsistencies in the

taxonomic classification listing for some of the SILVA rRNA

database entries were found and subsequently corrected.

For instance, the microheliozoan sequence (AF534711) was

ranked under the unrelated genus Palpitomonas, a MAST

(stramenopile) sequence (KC488595) was listed as an

uncultured rhizarian, and the sequence of the ancyromonad

Planomonas micra (JF791081) was incorrectly classified

under the family Apusomonadidae.

Those sequences having a match strength score

between 75 and 92 were investigated by phylogeny.

Sequences that were identified as alveolate, stramenopile

or rhizarian were not subjected to this procedure, because

preliminary assessment suggested that sequences repre-

senting these lineages were mostly accurately classified, at

least in high-level classification (i.e. phylum and above).

More than 50 entries were corrected during this procedure,

for each of the two data sets. For example, some sequen-

ces that were obviously branching within the dinoflagellates

were erroneously annotated as uncultured jakobids (Exca-

vata). In other cases, taxonomic placement of sequences

into known eukaryotic groups could not be made with great

confidence, generally due to the sequence being long

branching or possibly a member of a novel lineage. The lat-

ter possibility was further investigated as described in the

Table 1. Collection dates pH, salinity, and oxygen (mg l21), chlorophyll a (Chl a, mg l21), phosphate (Pi, nmol l21), silicate (Si, nmol l21) and
nitrate plus nitrite (N 1 N) concentrations at the corresponding lagoon sites sampled in this study.

Sample Collection date Oxygen (mg l21) pH Salinity (&) Chl a (mg l21) Pi (nmol l21) Si (nmol l21) N1N

Nirasa Z0 Sept. 19, 2013 na na na na na na na

Nirasa Z1 Sept. 19, 2013 5.6 8.2 35.5 0.837 32 6 5 75 <DL

Nirasa Z2 Sept. 19, 2013 5.7 8.4 35.5 0.798 25 6 6 99 <DL

Nirasa Z3 Sept. 19, 2013 6.3 8.4 35 1.666 51 6 6 63 <DL

New George Z1 Sept. 22, 2013 3.5 7.9 30 1.295 na na na

New George Z2 Sept. 22, 2013 6.2 8.3 33.5 2.221 47 6 5 235 <DL

New George Z3 Sept. 22, 2013 6.0 8.2 34 1.432 163 6 19 360 <DL

New George IR Sept. 22, 2013 5.0 8.1 34 1.255 250 6 65 364 <DL

Table 2. Summary of 18S rDNA amplicon library data obtained from each lagoon sample.

Sample

V4 (588. . .963) V8–V9 (1435. . .1756)

# read pairs # merged # clusters (97%) # read pairs # merged # clusters (97%)

Nirasa Z0 696 515 470 354 735 295 151 202 855 713

Nirasa Z1 348 357 291 808 1230 514 403 353 111 860

Nirasa Z2 436 708 368 502 1268 695 297 484 349 1389

Nirasa Z3 382 470 322 310 1226 345 139 240 136 1290

New Georgia Z1 323 910 284 118 506 523 660 483 876 412

New Georgia Z2 622 864 568 446 247 651 079 606 246 316

New Georgia Z3 596 923 523 261 168 755 966 678 945 274

New Georgia IR 187 511 169 354 154 729 187 681 940 304

Total 3 595 258 2 998 153 2741 4 509 882 3 731 458 2606

Novel eukaryotic diversity in tropical lagoons 4551
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following section. Overall, manual curation affected 4.5%

(105/2311; V4) and 6.2% (146/2337; V8–V9) of the

sequences having a match strength score of 75 or higher.

Taxonomic diversity of microbial eukaryotes in lagoons

of the South Pacific Ocean

Of the OTUs, 81.6% (2236 out of 2741) for V4 and 86.2%

(2246 out of 2606) for V8–V9 were placed to known eukary-

otic groups, such as Opisthokonta, Chloroplastida and

Breviatea (Fig. 2). In the lagoon samples investigated,

Alveolata, which comprises dinoflagellates, ciliates and api-

complexans, as well as the paraphyletic protoalveolates

(Janou�skovec et al., 2013), was most represented, with

more than 30% of the total OTUs (Fig. 2). Stramenopila,

Opisthokonta and Rhizaria followed next to Aveolata;

together, these four eukaryotic groups constituted 71.1%

and 74.9% of the total OTU taxonomic diversity for V4 and

V8–V9 data sets respectively (Fig. 2). The rest of the

groups, including Amoebozoa, Centrohelida, Chloroplastida,
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Cryptista, Excavata, Haptophyta, Rhodophyta and several

incertae sedis groups, add up to only 10.5% (V4) and

11.2% (V8–V9) of the OTU diversity.

Those OTUs that do not fall into known eukaryotic

groups were identified by phylogenetic analyses (Figs. 3

and 4). To minimize the impact of artifacts that could be

produced during sequence data generation or analysis,

divergent (long branching) sequences, as well as those

that were sampled from only one site, were excluded in

final sequence matrices. Exceptions were made for

those OTUs that branched robustly with other sequen-

ces. For the V4 data, 20 OTU sequences, forming 11

independent branches, represented short branches that

did not associate with known clades (Fig. 3). A total of

20 OTU sequences, representing 13 branches, were

identified from the V8–V9 data (Fig. 4). Of these, five

OTU sequences (representing four monophyletic groups)

from V4, and three from V8–V9, branched strongly with

environmental sequences obtained previously from

oxygen-depleted saline water basins (Alexander et al.,

2009; Stoeck and Epstein, 2003; Takishita et al., 2005;

2007a; 2007b; 2010; Figs. 3 and 4). In addition, some

of the novel OTUs – one from the V4 data and four

from V8–V9 – had matches in the BioMarks and Tara

Ocean databases, which include high throughput 18S

rDNA/rRNA sequences from coastal and open ocean

sites (Figs. 3 and 4; Supporting Information Table S1).

The presence of two novel OTUs from the V4 data

was further verified by PCR extension experiments

using sequence-specific primers, as described by Kim

et al. (2011). These two sequences were extended by

about 350 bp towards the 50 end. Interestingly, the

majority of the novel sequence types identified herein

were obtained from Nirasa sites, particularly the Z1, Z2

and Z3 sites (Fig. 5). It may be worth noting that Nir-

asa sites are more taxon-rich than New Georgia sites

by greater than a factor of three (Table 2).

OTU distribution patterns and rarefaction analysis

When the OTUs were divided based on their frequency

across the sampling sites, the following patterns were not-

ed (Fig. 6). The OTUs that are more widely distributed,

such as the dinoflagellate Gymnodinium sp. and the green

alga Tetraselmis sp. in our study, are characterized by hav-

ing, on average, higher match strength scores. In other

words, OTUs with lower match scores tend to have limited

geographical distribution. In our study, about half of all

OTUs contained reads from more than one of the eight

sample sites. The median cluster size increased near-

monotonically with the number of sites represented, sug-

gesting that widely distributed taxa tend to be numerically

abundant.

Rarefaction curves were generated by repeated sub-

sampling of the final OTU table, counting the number

of distinct OTUs in each sub-sample. Curves showed

asymptotic flattening at around 1.5M–2.5M reads (Fig.

7), suggesting that sequencing depth was sufficient,

i.e. that few new OTUs would be found with more

reads.

Discussion

Novel eukaryotic diversity

This study aims to evaluate the extent to which novel

microbial eukaryotes, particularly those that branch out-

side of the known lineages, exist in poorly explored

lagoon waters of the South Pacific Ocean by conduct-

ing massively parallel sequencing of 18S rDNA regions.

We used a combination of automated and time-

intensive manual procedures to accurately identify the

sequenced reads.

For both the V4 and V8–V9 regions, more than 60% of

the OTUs (clustered at 97%) were matched to their

respective top reference entries (SILVA ver. 119) with less

than 95% similarity. Such divergence corresponds to no

more than 98% similarity if the full 18S rDNA region is con-

sidered; thus, these OTUs represent new taxa at least at

the level of species (Caron et al., 2009). Even using a con-

servative threshold of 90% identity, which translates to

90–94% identity across the full 18S rDNA region (Support-

ing Information Tables S2 and S3), 51% and 40% of the

total OTUs for the V4 and V8–V9 regions, respectively,

could not be matched to any reference reads. More than

half of these represent novel lineages within known

eukaryotic groups, leaving less than 20% of the total OTUs

(18.4% for V4 and 13.8% for V8–V9) that could not be

assigned to known eukaryotic groups.

Of these not-classified OTUs, the majority (93% for

V4 and 86% for V8–V9) turned out to be long-

branching in phylogeny. This is somewhat akin to the

results in previous studies that looked at environmental

sequence data generated by the Sanger method (e.g.

see, Berney et al., 2004; Not et al., 2007a; Epstein

Fig. 3. Maximum likelihood (ML) tree based on analyses of select OTU reads from the V4 data. OTUs that might represent novel eukaryotic
lineages are highlighted in grey. Some OTU sequences that may represent new branches within known taxonomic groups are also included in
the tree. An asterisk(*) indicates reads that were extended by additional PCR experiments as described in the text. One OTU, marked with an
orange dot, has a matching entry in the BioMarKs 18S rDNA/rRNA environmental database. ML and MP bootstrap support values of 50 or
higher are shown at the corresponding nodes.
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Fig. 4. Maximum likelihood tree based on analyses of select OTU reads from the V8–V9 data. OTUs that might represent novel eukaryotic
lineages are highlighted in grey. OTUs that have matching entries in the Tara Ocean or BioMarKs 18S rDNA/rRNA environmental databases
are marked with an orange dot. ML and MP bootstrap support values of 50 or higher are shown at the corresponding nodes.
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and L�opez-Garc�ıa, 2008). For instance, in the study by

Berney et al. (2004), out of over 400 18S sequences

analyzed, five OTUs were found to be novel, of which

four were long-branching. In our analyses, such fast-

evolving reads were excluded from further analyses

because they are prone to long-branch attraction arti-

facts and could wrongly appear as an independent

branch from the group it actually belongs to (e.g. see,

Keeling and Doolittle, 1996). After removal of divergent

reads, only 1–2% of the total OTUs (36 out of 2741

for V4; 52 out of 2606 for V8–V9) remained. As far as

read abundance is concerned, these novel OTUs

constitute less than 0.1% of the total reads, supporting

the notion that novel eukaryotic diversity is enriched in

the so-called rare biosphere (de Vargas et al., 2015;

Logares et al., 2015). In this study, we further focused

on those OTUs that have recurring evidence for their

presence in order to minimize possible artifacts. Even

with our conservative approach, 11 and 13 new deep-

branching groups of eukaryotes were identified from the

V4 and V8–V9 datasets respectively (Figs. 4 and 5).

These results suggest that our current understanding of

eukaryotic diversity even at high taxonomic ranks

remains limited by significant under-sampling.

Taxonomic diversity of OTUs

The overall patterns in taxonomic diversity were similar

between the V4 and V8–V9 data sets. In addition to having

a comparable total OTU number (2741 vs. 2606), both

sets had identical breadth in high-level taxon diversity and

showed matching relative OTU richness across major

eukaryotic groups (Fig. 2). This is likely because the two

PCR primer sets used in this study targeted more or less

the same assemblage of eukaryotic organisms, a broad
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Fig. 7. Rarefaction curves for the V4 (A) and V8–V9 (B) data.

The Nirasa Z0 sample was excluded from the rarefaction analyses

because this sample was size-fractionated differently from the

others.
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Those OTUs that are more widely distributed (i.e. represented in

more sites) are characterized by having a larger cluster size (a

proxy for abundance), a pattern also known from other

environments (e.g. deep sea floor; Pawlowski et al., 2011) and tend

to have higher match scores.
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range of eukaryotic diversity. The taxonomic breadth of

microbial eukaryotes from all the lagoon sites combined

into one dataset was high; all of the major eukaryotic

groups, with particularly high representation by alveolates

and stramenopiles, were reported (Fig. 2). Several incer-

tae sedis taxa, such as picozoans, breviates, telonemids,

mantamonads and microheliozoans, were also detected

from the samples. Some, but not many, OTUs were identi-

fied as excavates; this may be due to PCR bias against

excavates, which tend to have divergent 18S rDNA

sequences (Simpson et al., 2002), or may reflect actual

scarcity. For example, many members of the Metamonada

are obligately anaerobic (Simpson and Roger, 2004), and

thus are not expected to be found in oxygenated seawater

like the surveyed equatorial lagoon regions (Table 1).

Some protist groups were not detected at all from the

lagoon samples. These include members of the collodic-

tyonids, glaucophytes, malawimonads and rigifilids, all of

which have thus far been known only from freshwater envi-

ronments (O’Kelly and Nerad, 1999; Brugerolle et al.,

2002; Graham et al., 2009; Yabuki et al., 2013). Therefore,

the absence of OTUs corresponding to these groups is not

surprising from our marine sites.

Methodological considerations

We designed PCR primers that take advantage of lon-

ger read length (up to 2 3 300 bp) available through

the MiSeq system. The lengths of the amplified frag-

ments were in the range of 283–539 bp (380 bp

average) and 281–501 bp (325 bp average), after

removing primer sites, for the V4 and V8–V9 regions,

respectively. The V4 and V9 regions have already been

shown in previous studies to be suitable as markers for

the study of eukaryotic diversity (e.g. see, Amaral-Zettler

et al., 2009; Dunthorn et al., 2012). Use of two variable

rDNA regions instead of one was to reduce missing

taxa. Even so, some taxa, particularly those with fast-

evolving rDNA, may have not been amplified by either

of the primer sets. There is at least one case of this: a

heterotrophic protist of possible stramenopile affinity that

we cultured from the Nirasa water, which has a highly

divergent 18S rDNA sequence (data not shown) and is

not represented in either of the data sets. In addition,

those organisms that contain lineage-specific expansions

within 18S rDNA also could have been missed in our

study due to PCR amplification bias towards shorter

fragments. Nevertheless, since our primary goal is the

discovery of deeply branching, slow evolving eukaryotes

of possibly novel taxonomic origins, the absence of

highly divergent taxa is not expected to greatly affect

our analyses.

Nirasa lagoon as a home to many previously

uncharacterized eukaryotes?

Nirasa lagoon samples housed more of the novel

deep-branching OTUs identified in this study than near-

by New Georgia sites (Fig. 5). Both lagoon sites are

similar in that they are (a) under the same equatorial,

tropical climate; (b) have mangrove vegetation; (c) are

covered with sediments that are pale in color and (d)

are oligotrophic but with an elevated Chl a level (Table

1). However, the Nirasa lagoon is more isolated and

contained, as it is immediately bordered by barrier reef.

In contrast, the New Georgia lagoon is partially

unbounded, and continues gradually into deeper ocean.

Further, the Nirasa samples were slightly more saline

and had less silicate than those from New Georgia

(Table 1). While additional sampling and characteriza-

tion of its abiotic and biotic features would be

necessary to further confirm these observations, the

Nirasa lagoon and perhaps other regions with similar

physicochemical characteristics may be a prime location

(in addition to anoxic habitats, e.g. Takishita et al.,

2007a,b) for finding novel microorganisms that may

hold important keys for understanding early eukaryotic

evolution.

Perspective

High throughput sequencing technology has enabled a

nearly comprehensive survey of microbial eukaryotic diver-

sity from mixed environmental samples (Logares et al.,

2014a; de Vargas et al., 2015). By applying this tool to

poorly studied tropical lagoon waters of the South Pacific

Ocean, we have identified more than ten 18S rDNA groups

that do not show clear affinities to any known eukaryotic

lineages. An obvious next step is to isolate them in cultures

or characterize their morphology by fluorescence in situ

hybridization (FISH) in order to formally describe such new

groups. Flow-cytometry-based single-cell genomics (e.g.

see, Yoon et al., 2011) would be another useful approach

for investigating uncultured eukaryotes. However, our

study suggests that the novel taxa inferred from the analy-

ses, as evidenced by their low read counts, are rather

scarce components of their ecosystems; if this is indeed

the case, neither of the methods mentioned above are

expected to be successful, due of their bias towards more

abundant taxa. In fact, we suspect that inherent problems

associated with rarity will be a major roadblock to our com-

prehensive characterization of microbial eukaryotic

diversity in coming years. Another technological innova-

tion, such as in the area of cell culturing, combined with

added efforts in exploratory biodiversity research, may be

necessary in order to systematically target the remaining

microbial eukaryotic diversity present in nature.
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Experimental procedures

Sampling

Samples were collected during the AMNH’s Explore 21 expe-

dition to the Solomon Islands, which took place in September

2013. Two to three liters of seawater were collected in the

afternoon (14:00–16:00) by hand while walking along shallow

lagoons or free-diving in inshore coral reefs adjacent to New

Georgia (88 190 01.1300 S, 1578 130 09.8900 E) and Nirasa (88

460 29.9200 S, 1578 460 20.2000 E) Islands, both located in West-

ern Province of Solomon Islands (Supporting Information Fig.

S1). Lagoon samples were collected across three (New Geor-

gia) to four (Nirasa) ‘zones’ associated with increasing depth

and tidal flow regimes, and decreasing water temperature, as

one moves from shallow, protected and largely stagnant interi-

or shoreline areas to deeper lagoon centers exposed to wind,

tidal currents and wave action. The New Georgia samples

also included water collected around a small isolated reef

edge (Supporting Information Fig. S1).

Oxygen and pH levels were measured on duplicate sam-

ples. Probes for dissolved oxygen and pH (AtlasScientific,

Brooklyn, NY) were connected to Raspberry Pi computers

(part#: RASPBRRY-MODB-512M). Probe calibration and

sample measurements were performed using custom Python

scripts. Salinity was measured using a refractometer. For chlo-

rophyll a measurement, 200 ml seawater was filtered onto a

47 mm glass microfiber filter (Grade F borosilicate glass fiber;

Sterlitech Corporation, Kent, WA) by gravity or under a low

vacuum (< 600 mbar); the filter was folded into a cryovial and

stored at 2808C until extraction and analysis. Chlorophyll

extraction was performed by submerging a filter in 5 ml metha-

nol; a few grains of sand were added to the solvent and the

tube was vortexed to break open the cells attached to the filter.

The filter was stored overnight at 2208C. Chlorophyll was

measured using a Turner Designs TD-700 fluorometer using

standard chlorophyll filters (Ex 5 340–500 nm, Em � 650 nm).

Relative fluorescence unit (RFU) values were converted to mg

l21 using a standard curve generated earlier.

Approximately 400 ml of seawater was stored into high-

density polyethylene (HDPE) bottles at 2208C for analyses of

inorganic nutrient concentrations. Note that samples from the

New Georgia lagoon area were pre-filtered through a 40 mm

nylon mesh strainer to remove sand particles. Nitrate 1 nitrite

(N 1 N) and silicate (Si) analyses were performed on a SEAL

Analytical AA3 HR AutoAnalyzer with software version 6.10

(Mequon, WI), following the Joint Global Ocean Flux Study

(JGOFS) methods (Knap et al., 1996), with detection limits of

20 and 30 nmol l21, for N 1 N and Si respectively. Phosphate

(Pi) concentrations were determined by the magnesium-

induced co-precipitation (MAGIC) method (detection limit 5

nmol l21; Karl and Tien, 1992; Thomson-Bulldis and Karl,

1998).

Amplicon library preparations and sequencing

Material for DNA extraction was collected on 47 mm polycar-

bonate membrane filters (Sterlitech Corporation, Kent, WA). A

water sample (typically 250 ml unless the volume had to be

decreased due to the presence of a large amount of particles)

was first pre-filtered through a 8 mm polycarbonate membrane

filter by gravity, and the eluent was filtered onto a 0.2 mm filter

under a gentle vacuum (> 600 mbar). The only exception was

the Nirasa Z0 sample, for which a 20 mm pre-filter was used

instead. Each 0.2 mm filter was folded and placed in a cryo-

vial and stored at 2808C. A Purelink DNA kit (Life Technolo-

gies, Carlsbad, CA) was used for DNA extraction. The

membrane filter was thawed at RT and placed inside a 50 ml

centrifuge tube with the microbial-mass-attached side facing

inward. Lysis buffer was added to the tube, and the tube was

sealed and continuously rotated vertically (end-over-end) at

558C for 3 h. The rest of the steps followed the kit manufac-

turer’s recommended protocol.

Two sets of PCR primers, each set targeting a region that

includes either the V4 or V8–V9 regions within 18S rDNA

(Table 3), were designed by examining an alignment that

includes a broad spectrum of eukaryotic diversity (e.g. see,

Kim et al., 2011). Also included in these oligonucleotides were

sequences that are part of the adapter regions for the Illumina

Nextera sequencing platform (Table 3). PCR amplification was

done using TaKaRa Ex Taq DNA polymerase (Clontech Labo-

ratories, Mountain View, CA). A cyclic reaction consisted of (1)

the initial incubation for 3 min at 958C, (2) 25–30 cycles of

[958C for 30 s; 538C for 30 s; 728C for 2 min] and the final

extension at 728C for 5 min. Amplified products were cleaned

up using Agencourt AMPure XP (Beckman Coulter, Pasade-

na, CA) following the manufacturer’s protocol, except that the

PCR product was mixed with an equal volume of AMPure XP

solution. This reduced strength (0.53 as opposed to 0.643)

was empirically determined, and was necessary in order to

remove unincorporated long PCR primers used in this study.

Table 3. PCR Primers designed and used in this study.

Primer 50 End 30 End Primer sequence (50 ! 30)

Nex_18S_0587_F 570 587 TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCG

CGG TAA TTC CAG CTC

Nex_18S_0964_R 986 964 GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA

TCC CYY AAC TTT CGT TCT TGA

Nex_18S_1434_F 1412 1434 TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG

GAG GCA ATA ACA GGT CTG TGA TG

Nex_18S_1757_R 1777 1757 GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GCA

GGT TCA CCT ACG GAA ACC T

Sequences in bold and italics target 18S rRNA gene regions whereas those toward the 5�end are part of the Illumina’s Nextera adapters. Prim-
er positions are relative to location within Chlamydomonas reinhardtii sequence (M32703).
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The cleaned PCR products were quantified using a Qubit

dsDNA HS Assay kit (Life Technologies, Carlsbad, CA).

The rest of the adapter as well as index sequences –

unique to each library – were added to the amplified 18S

rDNA products by a subsequent PCR reaction using NexteraVR

index primers (Supporting Information Table S4). Approxi-

mately 50 ng of each of the 18S rDNA PCR products was

used as a template in the total of 50 ml reaction volume. In

addition to the index primers, two shorter, ‘bridging’ primers

were added to facilitate the extension; these are ‘Nex_Ext_P1’

(50-AAT GAT ACG GCG ACC ACC GA-30) and ‘Nex_Ext_P2’

(50-CAA GCA GAA GAC GGC ATA CGA-30). The cyclic condi-

tion consisted of incubation at 728C for 3 min, then at 988C for

30 s, followed by 8 cycles of [988C for 10 s; 638C for 30 s;

728C for 3 min]. Amplified products were cleaned using

AMpure XP as described above, and a 1 ml aliquot was ana-

lyzed using an Agilent High Sensitivity DNA or DNA 1000 kit

(Agilent Technologies, Santa Clara, CA). The amplicon librar-

ies were sent to the New York Genome Center and Cornell

Sequencing Core for sequencing on the MiSeq platform (2 3

300 bp).

Sequence assembly, clustering and annotation

Starting from raw reads, PCR primer sites were removed

using cutadapt (ver. 1.2.1; Martin, 2011) and reads trimmed

by quality score using Trimmomatic (ver. 0.30; Bolger et al.,

2014). Read pairs were then joined using FLASH (ver. 1.2.6;

Magoč and Salzberg, 2011). We also used PEAR (ver. 0.9.8;

Zhang et al., 2014) for merging the paired reads, and no nota-

ble differences were found between the two tools. Of �3.6

million raw paired V4 reads and �4.5 million raw V8–V9

paired reads, �83% (for both data sets) were successfully

merged (Table 2).

Beginning with merged reads, we employed USEARCH

(ver. 7.0; Edgar, 2010) in combination with the SILVA rRNA

database (ver. 119; Quast et al., 2013), to cluster and anno-

tate the reads. After removing redundant sequences (i.e. de-

replication), 65% (�1.9 million; V4) and 78% (�2.9 million;

V8–V9) non-singleton reads were retained for OTU creation.

The reads then were clustered using the UPARSE-OTU algo-

rithm (Edgar, 2013) at 97% identity, a typical threshold value

used in other studies (e.g. Massana et al., 2015), generating a

set of 2777 OTU sequences for V4 data and 2622 for V8–V9

data. The UPARSE algorithm performs de novo chimera filter-

ing at it constructs OTUs. Next, we performed a reference-

based chimera check on the OTU sequences using the uchi-

me_ref command (Edgar et al., 2011) and the SILVA

database, removing 36 (1.3%) and 16 (0.6%) OTUs for V4

and V8–V9 data, respectively, for a final count of 2741 (V4)

and 2606 (V8–V9) non-chimeric OTUs. The size of each clus-

ter was measured by mapping reads back to the OTU

sequences at 97% identity. For the V4 region, the clusters

ranged in size from 2 to 183 662 and collectively comprised 2

827 573 reads (�94% of successfully merged reads). For the

V8–V9 region, the clusters ranged in size from 2 to 181 426

and comprised 3 395 217 reads (�91% of successfully

merged reads). Finally, the SILVA database was used to anno-

tate the OTUs, using the usearch_global command of

USEARCH.

This automated OTU annotation was further curated by

manual entry inspection, BLAST searches against nr data-

base and/or phylogenetic analyses. For instance, when

phylogenetic placement was not clear (e.g. low bootstrap sup-

port), the annotation was revised as ‘not classified’. The list of

OTU sequences, its distribution and read count across the

sampling sites and taxonomic annotation is provided in the

Supporting Information Tables S5 and S6. The merged, de-

replicated reads that were obtained in this study have been

deposited to GenBank (accession numbers: KAGV00000000,

KAGW00000000, KAGX00000000, KAGY00000000,

KAGZ00000000, KAHA00000000, KAHB00000000,

KAHC00000000, KAHD00000000, KAHE00000000,

KAHF00000000, KAHG00000000, KAHH00000000,

KAHI00000000, KAHJ00000000, KAHK00000000) and MG-

RAST (ID: 4705419–4705434). All the custom scripts that

include information on the specific parameters used in this

study have been archived at Zenodo (DOI 10.5281/

zenodo.56375).

Identification and phylogenetic analyses of novel

sequences

Those clusters of sequences that were annotated with less

than 92% match strength scores, the value we determined

empirically by inspecting reads subsamples across the range

of scores, were analyzed by phylogenetic methods in order to

infer their evolutionary relationships to known eukaryotic

groups. As our aim is to identify those sequences that may rep-

resent new deeply branching eukaryotic lineages and such that

would be important for understanding early eukaryotic evolu-

tion, very fast evolving sequences were not included in the final

sequence matrices due to their susceptibility to phylogenetic

inference artifact (i.e. long branching attraction). The final sets

of novel reads were analyzed by a hidden Markov models

(HMM) based algorithm as described by Logares et al. (2014);

all were confirmed to have 18S rDNA signatures.

Some of the novel sequences identified through the above-

mentioned pipeline were further verified by PCR amplification

using primers that were designed to specifically target select

sequences (Supporting Information Table S7). Amplicons

were gel-purified, if necessary, or otherwise cleaned up using

a WizardVR SV Gel and PCR Clean-Up System (Promega Life

Sciences, Wisconsin, USA) prior to cloned into the pGEMVR -T

Easy vector (Promega). About 3–10 colonies per cloning

reaction were picked, screened and sequenced on an ABI

3730xl sequencer (Applied Biosystems, Foster City, CA). Note

that many of our PCR extension attempts were unsuccessful

due to false-positive amplifications of abundant taxa. There-

fore, in the end, out of a dozen primer pairs tried, only two

produced amplicons that correspond to their respective target

regions.

Phylogenetic analyses were based on a modified, updated

version of the 18S rDNA alignment used in a previous study

(Kim and Archibald, 2013). OTU sequences were incorporated

into the alignment by eye using Mesquite (ver. 2.75; Maddison

and Maddison, 2011). Data matrices (including 1493 sites),

which excluded ambiguously aligned regions, were analyzed

using RAxML (ver. 8.1.11; Stamatakis, 2014) available on the

CIPRES Science Gateway V. 3.3 (Miller et al., 2010). The
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rapid bootstrap option with 1000 iterations was selected for

maximum likelihood tree searching and bootstrap analysis.

Maximum Parsimony bootstrap analysis was based on 1000

replicates and by using PAUP* (ver. 4.0; Swofford, 2003). The

sequence alignments used in this study are included in the

Supporting Information. In addition to manual alignment of

sequence data, we also explored the use of an automated

option – a combination of MAFFTS (with the –addfragments

option; Katoh and Frith, 2012) and Gblocks (Talavera and

Castresana, 2007). While both methods produced comparable

phylogenies (data not shown), we opted for the manual align-

ment as the automated procedure produced at least some

obvious cases of misalignments. Although our analyses here

(Figs. 3 and 4) were based on manual alignment, our recom-

mended strategy for analyzing a large number of OTUs is to

pre-process sequences by automated alignment, followed by

manual curation.

Comparison to other high-throughput amplicon data

The novel reads identified as described above were compared

to the Tara Ocean (de Vargas et al., 2015) and BioMarKs

(Logares et al., 2014) 18S rDNA/rRNA amplicon sequence

data. For reference, the Tara Ocean data were collected from

more than 300 euphotic oceanic sites across the globe; the

BioMarKs data were from six European coastal offshore sites.

We downloaded these data sets, converted the data to FASTA

format using standard bash tools when necessary and queried

our novel OTUs against the resulting fasta files using the

usearch_global command of USEARCH.

Rarefaction and OTU distribution analyses

To construct rarefaction curves, we created a script that

accepted the size distribution of OTUs as input, randomly sub-

sampled at intervals of 100 000 observations and counted the

number of distinct OTUs recovered at each sampling. For

each interval, we used the average count of ten sub-

samplings. Note that the Nirasa Z0 sample was excluded

from the rarefaction analyses because the sample was

size-fractionated differently from the others (0.2–20 mm vs.

0.2–8 mm).

To determine how many reads in each cluster were from

each study site, we used usearch’s ‘uc2otutab.py’ script to

generate an OTU table from the output of usearch_global. We

also computed the median size of each cluster, binned by how

many of the eight sites provided sequences to the cluster.
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Table S1. Those novel OTUs that have significant matches
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bases. Five OTUs (out of forty) had matches with the simi-

larity score of greater than 92%.

Table S2. Pairwise comparison of the Goniomonas avonlea

18S rDNA (J1434475) to closely related or distant sequen-

ces across the near full length, V4 or V8–V9 regions. A dis-

tance was calculated using EMBOSS Needle (Rice et al.,

2000, Trends Genet 16:276–277).
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moides 18S rDNA (strain HFCC62; AY827844) to closely
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Table S4. Nextera Index PCR primers used in this study.

Index sites are indicated in grey box.
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Table S7. PCR primers used for extending two novel reads
identified in this study: Solomon_V4_328 and Solo-

mon_V4_340. The primers nu-SSU-0024-5’ and nu-SSU-
0033-5’ are adapted from the previous study by Kim et al.
(2006 Mol Biol Evol 23: 2455–2466).
Fig. S1. Maps showing the geographical location of the
sampling sites around New Georgia and Nirasa islands. A.

The islands are located in the Western Province of the Sol-
omon Islands. B. New Georgia samples were collected first
by foot from a mangrove forest area (Z1) to the deeper part
of the lagoon (Z2, Z3); then by diving from boat at an isolat-

ed reef region (Isolated Reef). C. Nirasa samples were col-
lected by foot along a gradient of temperature and water
depth from Z0 (closest to land) to Z3. The maps were
made using Google Earth, accessed in January of 2016.
File S1. The unmasked version of the 18S rDNA alignment

used for generating the tree as shown in Fig. 3.
File S2. The masked version of the 18S rDNA alignment
used for generating the tree as shown in Fig. 3.
File S3. The unmasked version of the 18S rDNA alignment
used for generating the tree as shown in Fig. 4.

File S4. The masked version of the 18S rDNA alignment
used for generating the tree as shown in Fig. 4.
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