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ABSTRACT The South Pacific Gyre (SPG) covers 10% of the ocean’s surface and is
often regarded as a marine biological desert. To gain an on-site overview of the re-
mote, ultraoligotrophic microbial community of the SPG, we developed a novel on-
board analysis pipeline, which combines next-generation sequencing with fluores-
cence in situ hybridization and automated cell enumeration. We tested the pipeline
during the SO-245 “UltraPac” cruise from Chile to New Zealand and found that the
overall microbial community of the SPG was highly similar to those of other oceanic
gyres. The SPG was dominated by 20 major bacterial clades, including SAR11,
SAR116, the AEGEAN-169 marine group, SAR86, Prochlorococcus, SAR324, SAR406,
and SAR202. Most of the bacterial clades showed a strong vertical (20 m to 5,000 m),
but only a weak longitudinal (80°W to 160°W), distribution pattern. Surprisingly, in
the central gyre, Prochlorococcus, the dominant photosynthetic organism, had only
low cellular abundances in the upper waters (20 to 80 m) and was more frequent
around the 1% irradiance zone (100 to 150 m). Instead, the surface waters of the
central gyre were dominated by the SAR11, SAR86, and SAR116 clades known to
harbor light-driven proton pumps. The alphaproteobacterial AEGEAN-169 marine
group was particularly abundant in the surface waters of the central gyre, indicating
a potentially interesting adaptation to ultraoligotrophic waters and high solar irradi-
ance. In the future, the newly developed community analysis pipeline will allow for
on-site insights into a microbial community within 35 h of sampling, which will per-
mit more targeted sampling efforts and hypothesis-driven research.

IMPORTANCE The South Pacific Gyre, due to its vast size and remoteness, is one of
the least-studied oceanic regions on earth. However, both remote sensing and in
situ measurements indicated that the activity of its microbial community contributes
significantly to global biogeochemical cycles. Presented here is an unparalleled in-
vestigation of the microbial community of the SPG from 20- to 5,000-m depths cov-
ering a geographic distance of �7,000 km. This insight was achieved through the
development of a novel onboard analysis pipeline, which combines next-generation
sequencing with fluorescence in situ hybridization and automated cell enumeration.
The pipeline is well comparable to onshore systems based on the Illumina platforms
and yields microbial community data in less than 35 h after sampling. Going for-
ward, the ability to gain on-site knowledge of a remote microbial community will
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permit hypothesis-driven research, through the generation of novel scientific ques-
tions and subsequent additional targeted sampling efforts.

KEYWORDS AEGEAN-169, biogeography, microbial community structure,
Prochlorococcus, South Pacific Subtropical Gyre

Oligotrophic gyres are vast ocean biomes which represent 60% of the oceans and
40% of the Earth’s surface. The largest of these gyres is the South Pacific Gyre

(SPG), which has a total area of 37 million km2 and represents �10% of the ocean’s total
area (328 � 106 km2) (1). The SPG is a unique, ultraoligotrophic habitat, which has some
of the clearest waters ever reported, near-undetectable surface nitrate concentrations,
and the lowest sea surface chlorophyll a concentrations (0.023 nmol liter�1) (2, 3).
Although often defined as ultraoligotrophic and a “biological desert,” estimates of the
SPG’s contribution to global biogeochemical cycles show that it plays a significant role
in global carbon and nitrogen cycling (4–7). This contribution is calculated primarily
from remote sensing data obtained via satellites because, due to its large size, the SPG
has received only limited direct scientific attention (8). The two major SPG expeditions
(BIOSCOPE and Ocean Drilling Program [IODP] Expedition 329) have shown that while
the waters are ultraoligotrophic, there is still a considerable amount of microbial
activity, specifically carbon and nutrient cycling (4–6).

Although microorganisms appear to be major players in the SPG, our understanding
of their abundance and distribution patterns is very limited. The few available studies
have begun to highlight the abundance of specific clades (4, 9, 10) or the community
composition at individual depths (6, 11), but due to the diverse array of methodologies
applied in these studies, it is difficult to obtain a comprehensive picture. This short-
coming hinders our ability to draw conclusions about the potential metabolic contri-
butions of individual microorganisms to biogeochemical cycles in the SPG.

The primary reason for the lack of microbial data on the SPG is due to its vast size
and remoteness; few scientific expeditions have traversed it due to high expedition
costs. Moreover, in-depth analyses of microbial communities of remote sampling sites,
such as the SPG, are hindered by onboard methodological limitations. Specifically,
unlike direct measurements (temperature and salinity), samples for microbial ecology
cannot readily be analyzed on-site and need to be preserved for later analysis in a
laboratory. Realistically, the analysis of these samples occurs only weeks to months after
sampling. Furthermore, in-depth follow-up studies must wait for future sampling
campaigns, which may take years due to site remoteness and limitations in project
funding. The consequences of this discrepancy between sampling and obtaining results
are costly “shot-in-the-dark” sampling efforts and prevent targeted on-site experimen-
tation.

The goal of our study was 2-fold. First, we wanted to address the lack of on-site
microbial diversity and abundance analyses by developing a mobile, high-throughput
sequencing and data analysis pipeline and combining this with fluorescence in situ
hybridization (FISH) and onboard automated cell counting (12). The pipeline should
have the capacity to quickly and inexpensively give comprehensive insight into a
microbial community on-site. Second, we tested and operated the newly developed
pipeline on board the R/V Sonne during the SO-245 “UltraPac” cruise in the SPG from
the Chilean upwelling waters (84°W), crossing the center of the oligotrophic gyre, to the
coast of New Zealand (159°W; 7,000 km).

RESULTS
Onboard next-generation sequencing (NGS). During the SO-245 cruise, we inves-

tigated the bacterial diversity, composition, and abundance of the SPG using a newly
designed field-based analysis pipeline, which functions even under challenging condi-
tions, such as shipboard pitch and roll movements (e.g., at station 12, the maximum
wave height was 3.1 m, the maximum heave was 4.7°, the maximum pitch was 5.2°, and
the maximum roll angle was 8.5°).
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A total of 147 samples were taken from multiple depths at 11 stations, during the
SO-245 cruise, to validate the pipeline’s capacity for on-site diversity profiling (see Table
S1a in the supplemental material). The samples were examined directly on board the
R/V Sonne to test the individual steps of the pipeline and to ensure that a high number
of high-quality reads could be obtained within the shortest possible time. We
advanced previous efforts of onboard sequencing by optimizing each step from
DNA extraction to data processing (Table S2) and by addressing the previously
encountered issues of unexpected equipment failure due to transportation and
computational limitations (13).

The pipeline had a minimum sampling requirement of 107 cells liter�1, and DNA
could be extracted from all 147 samples, with an average concentration of 4.2 ng �l�1.
The DNA concentration was proportional to the total cell count (TCC), with lower DNA
concentrations obtained from deeper waters (3,000 to 5,000 m) (2.1 � 104 cells ml�1;
0.5 ng �l�1) and the highest DNA concentrations acquired from above the deep
chlorophyll maximum (DCM) (75 to 100 m) (6 � 105 cells ml�1; 7.5 ng �l�1) (Table 1).

Sequencing was performed on an Ion Torrent personal genome machine (PGM)
platform, which was selected due to its physical robustness and compact dimensions
and because it has previously been highlighted as a suitable platform for onboard
sequencing (13). In total, 1,100 Mbp were sequenced on board the R/V Sonne, which
equated to 3.9 million reads, with a median read length of 290 bases. Onboard
sequencing was tested using multiple chip types (Ion v2 314, 316, and 318) and raw
data processing methods (default and stringent) (Table 2). There was no difference in
the read quality between chip types, but more stringent quality trimming decreased
the total number of bases (by 30%) and the total number of reads (47%). Additionally,
a more stringent processing method resulted in quicker processing times and increased
the mean read length from 278 bp to 368 bp (Table 2).

A major issue encountered in previous attempts at producing a remote sequencing
pipeline was field-based computational issues. We specifically addressed this by devel-
oping a novel offline version of the SILVAngs pipeline (14) on a dedicated mobile server
(Table S2). Before the cruise, the server was preinstalled with all necessary software and
tested in controlled settings (see Materials and Methods). For validation, two mock
community data sets were analyzed on both the SILVAngs online Web service and the
newly developed offline version of SILVAngs using the SILVA 16S rRNA database
(SSUref123) as a reference (14). For the offline server, the alignment of the rRNA in
the SSUref123 database was shortened to match the amplified 16S region to increase
the classification speed (see Materials and Methods). Cluster analysis showed that
samples analyzed by the normal and modified SILVAngs versions yielded highly similar
results (Fig. S1). Mantel tests showed no significant difference between the community
compositions of the two systems (R � 0.996; P � 0.001 [based on 1,000 permutations]).

TABLE 1 Onboard sequencing pipeline results for DNA extraction and total cell countsa

Depth (m)

DNA concn
(ng �l�1)

TCC (cells ml�1) No. of samplesAvg SD

20 4.8 1.95 5.25 � 105 8
40–60 5.8 2.84 5.93 � 105 11
75–100 7.4 2.85 5.95 � 105 12
125–150 7.7 3.61 4.57 � 105 16
160–175 6.9 4.71 3.41 � 105 11
200–250 4.9 3.11 1.91 � 105 22
300–500 2.2 1.3 1.17 � 105 21
750–1,500 0.9 0.72 4.14 � 104 10
2,000–3,000 0.4 0.15 2.22 � 105 7
3,500–5,000 0.5 0.21 2.14 � 104 7

Avg 4.2 2.90 � 105 13
aShown are averaged DNA concentrations (nanograms per microliter) with standard deviations and average
total cell counts (TCC) (DAPI-stained cells per milliliter) over different depth ranges of the SPG.
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All 147 sequencing samples were processed on the SILVAngs offline server on board
the R/V Sonne, which equated to a total of 3.2 � 107 reads. For all stations, a minimum
of 3,500 reads per sample were obtained. The median read abundance for main stations
was �24,000, and that for intermediate stations was �8,800 reads (Table 3). A higher
sequencing depth was obtained for the main stations to test the ability of the SILVAngs
offline server to classify rare bacterial populations.

Overall, the field-based sequencing and data analysis pipeline yielded equivalent
results, at similar costs, to previous laboratory-based investigations. Results could be
obtained within 30 to 34 h of sampling (Table S3). The cost of DNA extraction, PCR,
size selection, and sequencing using our field-based pipeline was approximately
450 euros for a single run, yielding 60 to 100 Mb (400-bp reads, not including
machine or personnel costs).

Onboard microbial abundance profiling. Although 16S rRNA tag sequencing
provides in-depth insight into the composition of a microbial community, it is semi-
quantitative and, consequently, does not provide a comprehensive interpretation of a
microbial community (15). Knowing on-site if a target organism is present or absent
and, even more, its absolute cellular abundance and vertical distribution improves
sampling and experimental efforts, particularly for cultivation, metagenomics, or single-
cell analyses (16, 17). We therefore combined our newly developed onboard sequenc-
ing pipeline with the high-throughput image acquisition and cell enumeration system
described previously by C. M. Bennke et al. (12). We applied the cell enumeration
pipeline, in parallel to the sequencing pipeline, during the SO-245 cruise to the total
and relative microbial abundances in 257 samples from 15 stations at various depths
(see Table S1b in the supplemental material).

Absolute abundances of particular bacterial clades were determined using specific
FISH probes, which were selected based on previously acquired sequencing results (10).
By combining the two methods, the specificity and coverage of each FISH probe could
be tested before FISH, preventing unnecessary, labor-intensive FISH procedures. One
limitation of the combined approach is that onboard FISH analysis can be done only

TABLE 2 Onboard sequencing pipeline results for sequencing performancea

Chip type
(Ion v2) No. of runs Setting

Total no. of
bases (Mbp)

Total no. of
reads (Q20) Loading (%)

Mean
length (bp)

Median
length (bp)

Ion 314 5 Default 83 3.06 � 105 72 265 258
Stringent 56 1.48 � 105 379 439

Difference �33% �52% 114 181

Ion 316 1 Default 465 1.49 � 106 52 312 364
Stringent 322 8.47 � 105 380 433

Difference �31% �43% 68 69

Ion 318 2 Default 551 2.12 � 106 50 259 248
Stringent 404 1.17 � 106 345 362

Difference �27% �45% 86 114
aTorrent Suite analysis of raw sequencing data was performed using three different sequencing chip types (Ion v2 314, 316, and 318) and two analysis methods
(default and stringent). Loading refers to the percentage of wells of each sequencing chip that are filled with ISPs.

TABLE 3 Onboard sequencing pipeline results for read abundances for all stations and
within different station types (main and intermediate)

Station type

No. of sequence reads

Avg Median Mode Min Max

All 18,630 13,051 9,321 3,454 61,928
Main 23,247 24,035 8,531 5,433 61,928
Intermediate 10,274 8,809 9,321 3,454 34,095
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using previously described probes, which are selected based on previous studies. For
the “unknown” clades, such as AEGEAN-169 in this study, there were no available
probes, and new specific probes needed to be designed. The counts for such unknown
clades cannot be performed directly on board.

Physicochemical properties of the SPG. The SO-245 UltraPac cruise crossed
through the oligotrophic “eye” of the SPG (Fig. 1a and b). The most pronounced
changes in physicochemical conditions occurred in the top 500 m of the SPG (Fig. S2a
to c). The central gyre region (stations 4 to 9; 100°W to 120°W) had characteristically
high surface water temperatures of between 20°C and 25°C, and there was virtually no
chlorophyll fluorescence measurable in the surface waters down to 70 m. At station 6
(110°W), marking the very center of the gyre, the temperature peaked at 24.9°C at the
surface and was 19.9°C at a 200-m depth (Fig. 1b). There, the DCM descended down to
a maximum depth of 190 to 200 m, with 0.5 �g liter�1 fluorescence. Along the transect,
chlorophyll fluorescence was highest in the surface waters at station 14 (160°W; 1.9 �g
liter�1), indicating an increase in primary productivity toward New Zealand (Fig. S2e
and f). The depth of the euphotic layer, representing the depth where downward
photosynthetic available radiation (PAR) (as defined from 400 to 700 nm) irradiance is
reduced to 1% of its surface value, varied between 162 m in the SPG (stations 4 to 9),
110 m for station 1, and 69 m for station 14 (Fig. 1c). The DCM depths are below the
euphotic layer for all SPG stations but within the 1% irradiance layer if only blue light

FIG 1 (a) Map showing 12 sampling sites in the South Pacific Gyre, indicated by black dots. (b) Contour
plots of temperature (degrees Celsius) data derived from CTD measurements at 12 stations during the
SO-245 cruise with depths from 0 to 500 m. (c) Contour plot of total cellular abundance enumerated by
DAPI staining (cells per milliliter) with depths from 0 to 500 m. The dashed white line represents the
euphotic layer (meters). Also shown is the chlorophyll fluorescence, indicated by dark gray and light gray
lines. The stations are indicated on the axis below the plots. All data are publicly available from Pangaea
(51). All panels were created using Ocean Data View software (71).
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(430 to 490 nm) is considered (down to 210 m for the SPG) (data not shown). Below
500 m, the physicochemical parameters stayed relatively consistent across the SPG,
except for the oxygen profile, which showed the extent of the well-documented
oxygen-minimum zone (OMZ) within the water column (Fig. S2) (18, 19).

Niche partitioning in the bacterial community of the SPG. The bacterial com-
munity compositions of the SPG were highly similar across a geographic distance of
�7,000 km (Fig. 2a and Table 4) but showed a significant change with depth, which
could be directly correlated to the change in light availability (Fig. 2b and c and Table
4). Correspondingly, the total cellular abundance decreases with the decrease in
available light (Fig. 1c). It was higher in the surface waters (top 200 m) (1 � 106 to
2 � 105 cells ml�1) and decreased to 7 � 104 cells ml�1 by a depth of 500 m, below
which it stayed relatively constant (Fig. 1c and Fig. S3a and b). The highest total cell
counts (TCC) of the SPG were found just above the 1% irradiance zone at 90°W
(1.1 � 106 cells ml�1) and at a 40-m depth at 139°W (9.2 � 105 cells ml�1) (Fig. 1c). In
the center of the gyre (100°W to 120°W), there were 3.9 � 105 cells ml�1 in the surface
waters, and this increased to �5 � 105 cells ml�1 at a 100-m depth (Fig. 1c).

There were 20 dominant bacterial clades within the SPG, with a relative read
abundance of �0.5% in at least two stations (Fig. 3b). These clades showed a distinct
distribution with depth, having higher read counts (determined by sequencing) and

FIG 2 NMDS plots showing Bray-Curtis dissimilarity in community composition across longitude (°E) (a), by depth (meters) (b), and by irradiance zone (c). Each
dot represents an individual sample, and the communities are color-coded according to the keys.

TABLE 4 Permutational multivariate analysis of variance, analysis of similarly, and Mantel tests of bacterial community composition based
on Bray-Curtis dissimilarities of relative read abundancesa

Factor

PERMANOVA

ANOSIM R Mantel test Rdf SS Pseudo-F R2

Analysis by station (geographic distance)
Station (longitude) 1 0.323 02.11 0.018 0.012 0.03
Residuals 116 17.92 0.15
Total 118 18.24 1

Analysis by depth (m)
Depth 1 3.32 26.05 0.18* 0.69*
Residuals 117 14.92 0.13
Total 118 18.24 1

Analysis by irradiance zone
Irradiance 2 10.31 75.42 0.56* 0.76*
Residuals 116 7.93 0.068
Total 118 18.24 1

aFactors used for grouping observations were station (geographic distance [Mantel test]), irradiance, and depth (meters). * denotes significance at a P value of �0.001.
PERMANOVA P values were obtained using sums of squares and 999 permutations. ANOSIM was performed with 999 permutations. The Mantel test was equated
using a distance matrix of the geographic distance between stations. df, degree of freedom; SS, sum of squares.
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cellular abundances (determined for 8 clades by FISH) either in the euphotic zone or
below the euphotic zone (Fig. 3, Table 5, and Fig. S3). In the euphotic zone (0 to 150 m),
members of SAR86, SAR11 surface groups 4 and 1, SAR116, Rickettsiales S25.593,
Ascidiaceihabitans, Prochlorococcus, Rhodobacteraceae, and the AEGEAN-169 marine
group had high relative read abundances (Fig. 3b). The AEGEAN-169 marine group had
an abundance of 3 to 6% (1.6 � 104 cells ml�1, determined by FISH) throughout the
surface water (top 100 m), with a particularly high relative abundance in the top 20 m

FIG 3 Niche partitioning of the bacterial community of the SPG. (a) Contour plots of absolute cellular abundances of SAR86, SAR11, AEGEAN-169, and
Prochlorococcus (cells per milliliter) enumerated by FISH with depths from 0 to 500 m. (b) Bubble plot showing the relative read abundance (determined by tag
sequencing) and depth distribution of the 20 dominant bacterial clades (relative read abundance of �5%) in the SPG. All samples were sorted first by depth
and then by irradiance zone before plotting. The samples of the 1% irradiance zone are plotted by station. The euphotic, 1% irradiance, and aphotic zones are
represented by blue shading. (c) Contour plots of relative cellular abundances of SAR324, SAR406, and SAR202 (percentage of total cell counts determined by
FISH) with depths from 0 to 5,000 m.

TABLE 5 Specific oligonucleotide probes for fluorescence in situ hybridization applied in this studya

Probe Target organism or specificity Sequence (5=¡3=) FA concn (%) Reference

SAR11-152R SAR11 clade ATTAGCACAAGTTTCCYCGTGT 25 52
SAR11-441R(ori) SAR11 clade TACAGTCATTTTCTTCCCCGAC 25 52
SAR11-441Rmod SAR11 clade TACCGTCATTTTCTTCCCCGAC 25 52 (modified)
SAR11-487mod SAR11 clade CGGACCTTCTTATTCGGG 25 53 (modified)
SAR11-487-h3 Helper to SAR11-487mod CGGCTGCTGGCACGAAGTTAGC 25 72
SAR11-542R SAR11 clade TCCGAACTACGCTAGGTC 25 52
SAR11-732R SAR11 clade GTCAGTAATGATCCAGAAAGYTG 25 52
PRO405 Prochlorococcus AGAGGCCTTCGTCCCTCA 15 73
AEGEAN169-395 AEGEAN-169 clade GTCACTCACGCTGCATTG 20 This study
AEGEAN169-395-comp Competitor to AEGEAN169-395 GTCACTCACGCGGCATTG 20 This study
AEGEAN169-395-h1 Helper to AEGEAN169-395 CTGGATCAGGGTTTCCCC 20 This study
AEGEAN169-395-h2 Helper to AEGEAN169-395 TACTTCCCTAAGGCCTTC 20 This study
AEGEAN169-744 AEGEAN-169 clade ATCTCAGCGTCAAAAATGG 20 This study
AEGEAN169-744-h1 Helper to AEGEAN169-744 CCTAGTTAGTCGCCTTCG 20 This study
AEGEAN169-744-h2 Helper to AEGEAN169-744 TGCTACCCACGCTTTCGT 20 This study
SAR86-1245 SAR86 clade TTAGCGTCCGTCTGTAT 35 74
SAR86-1245-h3 Helper to SAR86 GGATTRGCACCACCTCGCGGC 35 74
SAR86-1245-h5 Helper to SAR86 CCATTGTAGCACGTGTGTAGC 35 74
SAR202-312R SAR202 clade TGTCTCAGTCCCCCTCTG 40 20
SAR324-1412 SAR324 clade GCCCCTGTCAACTCCCAT 35 23
SAR406-97 SAR406 clade CACCCGTTCGCCAGTTTA 40 75
aFor the detection of members of the SAR11 clade, the following probes were mixed according to methods described previously (72): SAR11-152R, SAR11-441R(ori),
SAR11-441Rmod, SAR11-487mod, SAR11-542R, SAR11-732R, and helper SAR11-487-h3. For the detection of members of the AEGEAN-169 clade, the following probes
were mixed: AEGEAN169-395 and AEGEAN169-744; their helpers AEGEAN169-395-h1, AEGEAN169-395-h2, AEGEAN169-744-h1, and AEGEAN169-744-h2; and the
competitor AEGEAN169-395-comp. For the SAR86 clade, the probe SAR86-1245 was mixed with the helpers SAR86-1245-h3 and SAR86-1245-h5. All probes were
mixed in equimolar concentrations. FA, formamide.
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of the center of the gyre (Fig. 3a). In contrast, the SAR86 group was more abundant (3
to 5%; 1.7 � 104 cells ml�1, determined by FISH) in the surface waters (top 100 m)
outside the central gyre (Fig. 3a). SAR11 was enumerated using a clade-specific FISH
probe and therefore exhibited a relative abundance of 10 to 50% (average of 2 � 105

cells ml�1) throughout the upper water column, which decreased slightly with depth
and toward the eastern end of the transect (Fig. 3a and Fig. S3).

The most significant changes in bacterial composition occurred in the 1% irradiance
zone (Fig. 3b), where there was a decrease in the abundance in the euphotic clades and
an increase in the abundance of the mesopelagic clades. Additionally, the phototrophic
bacteria Prochlorococcus and Synechococcus exhibited a distinct distribution profile
around the 1% irradiance zone. Prochlorococcus was present at a high abundance (5 to
30%; 7.9 � 104 cells ml�1, determined by FISH) throughout the top 250 m (Fig. 3a) and
remained at a high abundance within the 1% irradiance zone but showed a decreased
abundance just below it (150 to 200 m) (Fig. 3a). Comparatively, the read abundance of
Synechococcus was low (not counted by FISH) in the surface waters and the 1%
irradiance zone and increased only below the peak of Prochlorococcus at a 150- to
250-m depth (Fig. 3b).

Below the euphotic and 1% irradiance layers (aphotic, 150 to 5,125 m), the relative
and absolute abundances of well-known mesopelagic bacterial clades, SAR324, SAR406,
SAR202, Sulfitobacter, and the SVA0996 marine group, increased (Fig. 3b and c) (20–22).
In addition to the bacterial clades with high read abundances, there was also a large
rare bacterial community throughout the SPG (relative read abundance of �0.1%).
About 550 clades had a low relative abundance (�0.5%) and were detectable at only
a few sites (3 or fewer), whereas 120 clades had a low abundance (�0.5%) but were
ubiquitously present. These ubiquitous but rare clades were predominantly from the
Verrucomicrobia (Puniceicoccaceae), Planctomycetes, Deltaproteobacteria, and Bacte-
roidetes (Flavobacteriaceae) (Fig. S5).

DISCUSSION

Oligotrophic gyres cover vast areas of the Earth’s surface and contribute, due to
microbial carbon and nitrogen cycling, significantly to global biogeochemical cycles (4,
5, 7). However, our current understanding of the abundance and distribution patterns
of the microbial community of the largest of these gyres, the SPG, is still limited due to
both infrequent sampling and a lack of on-site community analysis. Therefore, during
the SO-245 cruise, we developed an onboard microbial community analysis pipeline
which enabled the on-site sequencing of 147 samples and the enumeration of 275
samples by FISH. The outcome of our method developments is a readily applicable
system for efficient, cost-effective, field-based, comprehensive microbial community
analysis.

Picoplankton community of the SPG. Using our newly established pipeline, we
discovered that the microbial community of the SPG showed a pronounced vertical
distribution pattern. The composition of the community changed significantly with
depth, which was directly correlated with the availability of light (Fig. 2 and Table 4).
Such a noticeable vertical distribution has also been observed in other oceanic gyres
(North Pacific, South Atlantic, and Northern Atlantic Gyres) (23–27) and was linked to
significant changes in the physicochemical conditions related to depth: changes in
temperature, nutrient concentrations, availability of light, and availability of labile
organic matter (28–30).

The euphotic surface waters of the central gyre were extremely limited in inorganic
macronutrients and especially in nitrogen salts (3, 7). The low nutrient availability
restricts growth to specialist oligotrophic organisms, which was reflected by the low
cellular abundance in the surface mixed layer (4 � 105 cells ml�1) (Fig. 1c). Dominant
clades were Prochlorococcus, SAR11, SAR116, SAR86, and the AEGEAN-169 marine
group (Fig. 3b), all of which, except for the AEGEAN-169 marine group, are well
documented to be optimized for an oligotrophic lifestyle (31–34). Cultured and
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genome-sequenced representatives of these clades are also reported to have stream-
lined genomes and specialized resource acquisition abilities (35–37).

Additionally, Prochlorococcus, SAR11, SAR86, and SAR116 are equipped with the
genetic potential for photosynthesis or phototrophy via proteorhodopsins (31, 38, 39).
Although our current knowledge of the genetic potential of members of the AEGEAN-
169 marine group is limited (27, 40–42), their high cellular abundance, of up to 3 � 104

cells ml�1 in the surface waters of the central gyre, indicates a specialized oligotrophic
lifestyle. Previous studies have highlighted some of the potential factors affecting the
AEGEAN-169 marine group distribution patterns (41) but contrastingly found them to
have a high relative abundance in deeper waters (500 m) (27). A possible explanation
for these dissimilarities is the presence of multiple ecological species of the AEGEAN-
169 marine group (41). Future metagenomic studies of these organisms are required to
examine the importance of this abundant clade in the most oligotrophic surface waters
in the SPG.

Prochlorococcus, the dominant primary producer in oligotrophic ocean regions (43,
44), was also the most abundant autotrophic organism in the surface waters of the SPG.
However, in comparison to studies in the Atlantic gyres, its absolute abundance in
surface waters was low (Fig. 3a) (23, 45, 46). Interestingly, the abundance of Prochlo-
rococcus increased with depth and peaked at between 100 and 150 m in and around
the 1% irradiance zone. The low abundance of Prochlorococcus in the surface waters of
the SPG could be an indication that low levels of nutrients, high solar irradiance, or a
combination of both inhibits its growth (9, 47, 48).

The measured chlorophyll fluorescence in the surface waters of the SPG was below
the detection limit in our study (Fig. 1c), although previous studies measured up to
0.017 �g liter�1 (49). Chlorophyll fluorescence peaked deep in the water column
around 200 m and could be measured down to nearly a 300-m depth (see Fig. S2f in the
supplemental material). Light availability, as indicated by the 1% irradiance layer, was
maximal in the central waters of the SPG, reaching down to 162 m. The deep pene-
tration of blue light in the water column of the SPG, down to 210 m, indicated that the
light conditions were suitable for photosynthetic activity even at these depths. Similar
chlorophyll measurements taken in the North and South Atlantic Gyres show compa-
rable fluorescence profiles, although the depth of the DCM in the Atlantic is consider-
ably higher in the water column (120 to 165 m) than in the SPG, and surface waters are
not entirely depleted of chlorophyll (23, 50).

In the mesopelagic zone of the SPG, where light became limiting (51), there was a
distinct change in the microbial community dominated by SAR11 surface clade 1,
SAR86, and Prochlorococcus to one dominated by SAR324, SAR406, and SAR202.
Although there are currently no cultured representatives of these three bacterial
groups, metagenomic analyses have revealed some insight into their possible meta-
bolic capabilities. SAR202 and SAR324 have been associated with carbon and with
sulfur oxidation (52–55) and are likely chemolithoautotrophs ubiquitous in the dark
oceans. In particular, SAR324 was also hypothesized to degrade the lipid chains of
chlorophyll a, which may explain its increased abundance below the DCM (56). Inter-
estingly, in the mesopelagic zone, a novel and so-far-undescribed group called
SVA0996 of the Actinobacteria was found to be highly represented in the 16S rRNA tag
reads. Because of its abundance, this group could be of interest in future studies.

We designed and optimized an onboard sequencing and data analysis pipeline that
enabled us to obtain on-site microbial community diversity results for the SPG within
34 h of sampling. In surface waters, the community was dominated by a few key
oligotrophic organisms, which are adapted to extreme physicochemical conditions. The
ability to obtain “direct” insights into the microbial diversity, even at extremely remote
oligotrophic sampling sites, enables the close examination of novel discovered micro-
bial clades, such as the AEGEAN-169 marine group in the surface waters or the SVA0996
group (this study) in the deeper water layers. Additionally, and most importantly, it
allows microbial ecologists to perform more-targeted sampling, thereby furthering our
understanding of the diversity and metabolic capabilities of key microorganisms.
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MATERIALS AND METHODS
Sampling. Seawater samples were collected aboard the R/V Sonne during the UltraPac cruise

(SO-245) from Antofagasta, Chile (17 December 2015), to Wellington, New Zealand (28 January 2016).
Water samples were taken from a total of 15 stations (see Table S1 in the supplemental material) using
a Seabird sbe911� CTD (Seabird Scientific, WA, USA) attached to an SBE32 carousel water sampler
containing 24 12-liter bottles. Two types of stations were sampled: main stations and intermediate
stations. On main stations, the CTD was cast through the entire water column to 50 to 100 m above the
seafloor, and samples were taken at various depths throughout the water column (57). Generally, 4 to 5
CTDs were cast to reduce the time between sampling at depth and processing of the samples.
Intermediate stations consisted of a single CTD cast down to 500 m, and samples were taken from various
depths (57). For diversity analysis, a total of 1 liter of seawater was sampled. The water was directly
filtered onto a 47-mm polycarbonate filter (0.2-�m pore size) using a bottle-top Nalgene filter holder
(Thermo Fisher, MA, USA) and a vacuum pump. After filtration, samples were immediately used for DNA
extraction.

Physicochemical data. Physicochemical characteristics were examined using a CTD (Sbe911� probe;
Seabird Electronics Inc.). The system was equipped with double temperature (SBE 3) and conductivity
(SBE 4) probes, a pressure sensor (Digiquartz), an oxygen sensor (SBE 43), an altimeter (Bentos), and a
chlorophyll fluorometer combined with a turbidity sensor (ECO-AFL/FL; Wet Labs). The sensors were
precalibrated by the manufacturers. The data were recorded with Seasave V7.23.1 software and pro-
cessed using Seabird SBE data processing software. Data were despiked and also visually checked. The
ship position was derived from the shipboard GPS system linked to the CTD data. The time zone is given
in coordinated universal time (UTC). Salinity was quality checked by reference samples (n � 30), mea-
sured with an Optimare precision salinometer (OPS S/N 004) 5 months after the cruise. All CTD data were
obtained from and are available from Pangaea (www.pangaea.de) (51). The physicochemical data were
visualized using ODV4 software (https://odv.awi.de/).

The underwater light field was measured utilizing a HyperPro II profiler (Satlantic Inc., Canada)
according to procedures described previously (58). For these measurements, the profiler was lowered
into the water at least 30 m behind the vessel to avoid ship shadowing when free-falling. A downward
irradiance reference sensor was mounted at an elevated, nonshaded location. Profiler data processing
and calculation of photosynthetic available radiation were performed with ProSoft 7.7.16 (Satlantic Inc.,
Canada).

DNA extraction, PCR, size selection, and quantification. Each step from DNA extraction to data
processing was selected and optimized to achieve a high level of high-quality reads in the shortest
possible processing time. The advantages and disadvantages of each processing step are highlighted in
Table S2. The final optimal protocol for the SPG study is described below.

DNA extractions were done using the MoBio Power Water DNA extraction kit (MoBio Laboratories
Inc., CA, USA), as recommended by the manufacturer. PCR was carried out using the Platinum PCR
SuperMix high-fidelity polymerase kit (Thermo Fisher), using the primers S-D-Bact-0341-b-S-17 and
S-D-Bact-0785-a-A-21 targeting the V3-V4 variable region of the 16S rRNA, evaluated previously (59).
Both primers were fusion primers with additional adaptor and barcode sequences at the 5= end to allow
sequencing and separation of samples in downstream analyses. The reverse primers contained the Ion
tr-P1 adaptor at the 5= end of the primer, and the forward primers contained both the Ion A adaptor and
one of 40 IonXpress barcodes (Ion Xpress 1 to 40) as well as the key sequence (GAT) before the primer.
The reverse fusion primer sequence was 5=-CCTCTCTATGGGCAGTCGGTGAT-GACTACHVGGGTA-TCTAA
TCC-3=. The forward fusion primer sequence was 5=-CCATCTCATCCCTGCGTGTCTCCGACTCAG-XXXXXXX
XXX-GAT-CCTACGGGNGGCWGCAG-3= (where XXXXXXXXXX indicates barcode sequences 1 to 40). After
amplification, the PCR amplicons were size selected using Agencourt AMPure XP (Beckman Coulter,
Krefeld, Germany).

A successful sequencing reaction requires precise quantities of the template library to ensure clonal
amplification on individual ion sphere particles (ISPs) (see below). A fragment analyzer (AATI) was used
to determine the quality and quantity of the extracted DNA, the size-selected PCR products, and the final
sequencing pools. Genomic DNA was analyzed using the DNF-488 high-sensitivity genomic DNA analysis
kit (size range from 50 bp to 40,000 bp; AATI). All template libraries and final sequencing pools were
analyzed using DNF-472 standard-sensitivity NGS kit sizing DNA (size range from 25 bp to 5,000 bp and
up to a minimum of 0.1 ng �l�1; AATI), as recommended by the manufacturer. The fragment was
adapted to ship movements by adding magnets to the individual sample trays, thereby preventing the
accidental dropping of a sampling tray caused by ship pitches, during plate movement, or at the
“on-hold” position inside the tray drawers. The internal plate lift was mechanically stabilized for ship
movement and vibration by the installation of an additional guide rail on the upper side connected via
rubber mounts. Additionally, a specialized stand with transport handles and attachments was applied for
easy manual transport and to allow for secure attachment to a surface (Fig. S6a to e).

Ion Torrent sequencing and raw sequence processing. The Ion Torrent PGM platform was adapted
for onboard use by securing it to a 2-cm-thick polyethylene baseplate, and the internal hard drives were
replaced by solid-state drives (SSDs). The base was equipped with handles that could be used for manual
transportation of the sequencer and to fix it to the surface (Fig. S6f to h). A similar base was fastened to
the Ion OneTouch2 instrument (Thermo Fisher) and the Ion OneTouch ES instrument (Thermo Fisher).
The Torrent server (Thermo Fisher) was also adapted to withstand shipboard vibration and transport by
placing it in a custom-made metal frame using rubber mounts (Fig. S6f to h).

Sequencing was carried out as recommended by the manufacturer, using an Ion Torrent PGM
sequencer (Thermo Fisher). Emulsion PCR and enrichment of template-positive ISPs were done using the
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Ion PGM Hi-Q OT2 kit (Thermo Fisher) on the Ion OneTouch 2 instrument (Thermo Fisher) and the Ion
OneTouch ES instrument (Thermo Fisher) according to the Ion Torrent user manual. Subsequently, the
library fragments (attached to the ISP) were sequenced using the Ion PGM Hi-Q sequencing kit (Thermo
Fisher) according to the user manual on an Ion PGM system (Thermo Fisher). Sequencing was done with
Ion 314, 316, and 318 chip kit v2 (Thermo Fisher), with a total of 1,200 flows per sequencing run. The
chips vary in their capacity (number of sensors) and, therefore, total output, run time, and processing
time. Specifically, the Ion 314 chip has 1.2 million sensors, a total output of up to 100 Mb, and a run time
of 2 to 4 h. The Ion 316 chip has 6.1 million sensors, an output of up to 1 Gb, and a run time of 3 to 5 h.
The Ion 318 chip has 11 million sensors, a total output of up to 2 Gb, and a run time of 4 to 7 h.

Torrent Suite software, which converts the raw signals (raw pH values) into incorporation measure-
ments and ultimately into base calls for each read, was used for initial quality trimming. The standard
Torrent Suite settings and more stringent settings were applied. The standard settings and stringent
settings were defined in the BaseCaller arguments of the Torrent Suite software (standard, BaseCaller
– barcode-filter 0.01 – barcode-filter-minreads 20 – barcode-mode 1 – barcode-cutoff 3 –trim-qual-cutoff
10 –trim-qual-window-size 20 –trim-min-read-len 100; stringent, BaseCaller – barcode-mode 1 – barcode-
cutoff 0 –trim-qual-cutoff 15 –trim-qual-window-size 10 –trim-min-read-len 250). Finally, the reads were
exported as .sff files using the file exporter plug-in in the Torrent Suite software. The .sff files were split
into individual sample FASTA files using mothur version 1.35.1 (60) [sffinfo()] and analyzed using the
offline SILVAngs pipeline called lab on a ship (see below).

Offline SILVAngs pipeline “lab on a ship.” The computer cluster “lab on a ship” was developed to
facilitate offline 16S rRNA sequence classification using the SILVAngs pipeline. Previously, this was
available only using the online platform (14). The benefit of having an offline version is the potential to
use it on board a research vessel. To ensure a quick classification system, an efficient computing cluster
was obtained for the offline analysis and consisted of 4� Intel Xeon E5-4607 6-core, 2.6-GHz, 256-GB RAM
mounted on a Supermicro X9QR7-TF� main board (Supermicro, CA, USA), 3 480-GB SATA/600 hard disks
(Samsung) for fast data read/write processes, and 5 2-TB SATA3 server RAID hard disks (Ultrastar; HGST,
USA) for data storage. The server was installed in a portable 19-in standard rack and placed in the ship’s
server room.

The server was preinstalled with an offline copy of the SILVAngs pipeline, including BLAST (61), the
ARB software package (62), as well as the SINA aligner (v1.2.11) (63). The complete SILVAngs pipeline can
be run using a single command line argument. Additionally, mothur software (version 1.35.1) (60) and
R-Studio with all required packages (64) were installed to offer users further analysis and graphing
options. Version 123 of the SILVA (small-subunit [SSU]) data set was used as the classification reference
by both the offline and online pipelines. The standard SILVAngs settings for alignment (minimum
alignment identity of 50%, minimum alignment score of 40, and minimum base pair score of 30%),
quality trimming (minimum sequence quality of 30%, minimum length of 250, maximum ambiguities of
2%, and maximum homopolymers of 2%), clustering (CD-Hit version 4.6; minimum operational taxo-
nomic unit [OTU] identity of 98%), and classification (BLAST version SINA v1.2.10-pre [revision 24275 M];
similarity of 86%) were applied. To increase the speed of the alignment stage, a custom-alignment SEED
was used by the offline version of the pipeline, which uses an alignment trimmed to match the sequence
region of the SSU gene. The offline server cluster enables the classification of 40 samples with an average
of 18,000 reads per sample within 3 h. To test the lab-on-a-ship server and ensure that similar community
composition results are obtained using different quality trimming methods, a mock community analysis
was done. The mock community samples consisted of a defined number of quality-trimmed reads
(10,000) obtained from 10 Ion Torrent-sequenced marine samples from the Atlantic Ocean. The com-
munity classification outputs from the two servers were then compared using cluster analysis.

Statistical analysis. The interpretation and visualization of the microbial diversity data were done
using normalized genus abundance-to-site matrices in R software with the packages Vegan (community
ecology package [64]) and Rioja (Analysis of Quaternary Science Data [65]). Normalization was done using
the decostand (method � “total”) function of the Vegan software package. For beta diversity analysis and
related hypothesis testing, Bray-Curtis dissimilarity matrices of the normalized read abundances of all
samples were constructed. Differences in the community structures between sampling sites were
analyzed by comparing all samples by analysis of similarity (ANOSIM) and visualized in nonmetric
multidimensional scaling (NMDS) plots. To test for significant changes in the community composition by
longitude, depth, and irradiance, ANOSIMs were performed and visualized using NMDS plots. Subse-
quently, permutation multivariate analysis of variance (PERMANOVA) with pairwise analysis was per-
formed to identify the amount of variance associated with individual factors.

Total cell counts and FISH. DAPI (4=,6-diamidino-2-phenylindole) staining and catalyzed reporter
deposition (CARD)-FISH were carried out as described previously (12, 66). DAPI- and FISH-stained cells
were visualized and counted automatically using a fully automated image acquisition and cell enumer-
ation system (12). FISH probe sequences are listed in Table 5, along with their corresponding competitors
and helper oligonucleotides, their specificity, and formamide concentrations in the hybridization buffer.
For this study, a new probe specific for the AEGEAN-169 clade was designed and tested, based on the
latest SILVA 16S rRNA database (refnr 128). Total cellular abundances were also determined by flow
cytometry (FACSort; Becton, Dickinson) as described previously by Zubkov and Tarran (67).

Data availability. All sequence data were deposited in the European Nucleotide Archive (ENA) (68)
using the data brokerage service of the German Federation for Biological Data (GFBio) (69), in compliance
with the MIxS standard (70). The INSDC accession number for the data is PRJEB39460.
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