
Cyanobacterial distributions along a physico-chemical
gradient in the Northeastern Pacific Ocean

Sebastian Sudek,1‡ R. Craig Everroad,2‡

Alyssa-Lois M. Gehman,1† Jason M. Smith,1

Camille L. Poirier,1 Francisco P. Chavez1 and
Alexandra Z. Worden1,3*
1Monterey Bay Aquarium Research Institute, 7700
Sandholdt Rd, Moss Landing, CA 95039, USA.
2Exobiology Branch, NASA Ames Research Center, MS
239-4, Moffett Field, CA 94035, USA.
3Integrated Microbial Biodiversity Program, Canadian
Institute for Advanced Research, Toronto, ON M5G 1Z8,
Canada.

Summary

The cyanobacteria Prochlorococcus and Syne-
chococcus are important marine primary producers.
We explored their distributions and covariance along
a physico-chemical gradient from coastal to open
ocean waters in the Northeastern Pacific Ocean. An
inter-annual pattern was delineated in the dynamic
transition zone where upwelled and eastern boundary
current waters mix, and two new Synechococcus
clades, Eastern Pacific Clade (EPC) 1 and EPC2, were
identified. By applying state-of-the-art phylogenetic
analysis tools to bar-coded 16S amplicon datasets,
we observed higher abundance of Prochlorococcus
high-light I (HLI) and low-light I (LLI) in years when
more oligotrophic water intruded farther inshore,
while under stronger upwelling Synechococcus I
and IV dominated. However, contributions of some
cyanobacterial clades were proportionally relatively
constant, e.g. Synechococcus EPC2. In addition to
supporting observations that Prochlorococcus LLI
thrive at higher irradiances than other LL taxa, the
results suggest LLI tolerate lower temperatures than
previously reported. The phylogenetic precision of
our 16S rRNA gene analytical approach and depth of
bar-coded sequencing also facilitated detection
of clades at low abundance in unexpected places.
These include Prochlorococcus at the coast and

Cyanobium-related sequences offshore, although it
remains unclear whether these came from resident or
potentially advected cells. Our study enhances under-
standing of cyanobacterial distributions in an eco-
logically important eastern boundary system.

Introduction

Prochlorococcus and marine Synechococcus are the
major cyanobacterial lineages in the ocean and are typi-
cally referred to as picocyanobacteria due to their small
cell size (cell diameter < 2 μm). Prochlorococcus is
the most abundant phytoplankton taxon in oligotrophic
regions of the ocean where Synechococcus is usually
present at much lower concentrations (Johnson et al.,
2006; Zwirglmaier et al., 2008; Partensky and Garczarek,
2010; Flombaum et al., 2013). In contrast, under
mesotrophic conditions, Synechococcus thrives, most
likely in response to the increased macronutrient avail-
ability (Blanchot et al., 2001; Palenik et al., 2006). Con-
siderable genetic and phenotypic diversity can be found
between Prochlorococcus and Synechococcus (Dufresne
et al., 2008; Scanlan et al., 2009). While they frequently
co-occur, the two genera possess different nutrient
uptake and utilization capabilities, photophysiologies
and phenotypic flexibility (for review see Scanlan et al.,
2009). Within-genera diversification has also been
extensively documented for both Prochlorococcus and
Synechococcus.

Genomes from 16 Prochlorococcus isolates from
diverse habitats and experimental results have revealed
differences in metabolic capabilities and ecotypic differen-
tiation related to light and temperature (Martiny et al.,
2009; Partensky and Garczarek, 2010; Malmstrom et al.,
2013). Through single-cell genomics, hundreds of coex-
isting populations of Prochlorococcus with distinct sets of
niche-adapted genes have become apparent in the open
ocean (Kashtan et al., 2014). Nevertheless, the resulting
whole genome-based phylogenies largely agree with ribo-
somal gene-based phylogenetic reconstructions. 16S
ribosomal ribonucleic acid (rRNA) gene phylogenies dif-
ferentiate eight Prochlorococcus ecotypes. High-light (HL)
Prochlorococcus ecotypes dominate the upper half of
oceanic euphotic zone (Moore et al., 1998), with HLI and
HLII strains more abundant in temperate and tropical
zones, respectively (Johnson et al., 2006; Zwirglmaier
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et al., 2008). Distinct HL clades have also been found in
the high-nutrient waters of the equatorial Pacific (Rusch
et al., 2010; West et al., 2011). Originally named HNLC1
and HNLC2, these strains are now termed HLIII and HLIV
(Huang et al., 2012; Malmstrom et al., 2013). Low-light
(LL) Prochlorococcus strains are commonly observed
lower in the euphotic zone and in the deep chlorophyll
maximum (DCM). These ecotypes form more basal
clades in the Prochlorococcus lineage and harbour
greater phylogenetic diversity than HL strains (Rocap
et al., 2002). In the Atlantic, LLIV is abundant below the
thermocline (Johnson et al., 2006), while LLII and LLIII
are thought to be scarce (Partensky and Garczarek,
2010). Low-light I appears to be more polyvalent in nature
and has been observed in surface waters during times of
deep mixing at station ALOHA in the Central Pacific and
BATS in the Atlantic (Malmstrom et al., 2010).

Marine Synechococcus also form well-defined
phylogenetic clades based on 16S rRNA and internal
transcribed spacer (ITS) sequences (Fuller et al., 2003;
Ahlgren and Rocap, 2006; Mazard et al., 2012). Three
major Synechococcus subclusters, 5.1, 5.2 and 5.3 have
been defined, with 5.1 encompassing most marine
clades (Rocap et al., 2002; Dufresne et al., 2008). Four-
teen clades can be discriminated using the 16S rRNA
gene, and some additional clades can be delineated
using other markers, e.g. the ITS or protein-coding
genes (Choi and Noh, 2009; Paerl et al., 2011; Huang
et al., 2012; Mazard et al., 2012). Analyses of the latter
have also revealed environmental clades that do not
appear to be in culture. Like Prochlorococcus, cultured
marine Synechococcus strains exhibit extensive physi-
ological diversity. At present, the latter show a greater
number of defined phylogenetic clades that appear to
harbour more genetic divergence than observed thus far
for Prochlorococcus (Scanlan et al., 2009; Ahlgren and
Rocap, 2012; Huang et al., 2012; Mazard et al., 2012).
However, unlike Prochlorococcus, strains within the
various Synechococcus 16S rRNA gene clades do not
show clear patterns with respect to light adaptation
(Toledo et al., 1999; Six et al., 2007; Everroad and
Wood, 2012). Synechococcus clades often coexist, and
have allelopathic effects on each other that make it dif-
ficult to identify the environmental factors that constrain
their distributions (Toledo and Palenik, 1997; Fuller et al.,
2003; Paz-Yepes et al., 2013). Distributions of some
clades do appear to be associated with particular
nutrient regimes and temperatures, and others are
more geographically constrained (Zwirglmaier et al.,
2008; Scanlan et al., 2009; Huang et al., 2012).
Synechococcus clades I and IV are commonly reported
in temperate coastal waters, clade II in warmer coastal
and open ocean waters and clade III in oligotrophic open
ocean waters. Some 16S rRNA gene-based clades can

also be connected to physiological differences that pre-
sumably reflect ecotypic differentiation, e.g. motility in
clade III, reduced nitrate utilization in clade XV and chro-
matic adaptation in clades XV and XVI (Toledo et al.,
1999; Ahlgren and Rocap, 2006; Everroad et al., 2006;
Mazard et al., 2012).

Diverse Prochlorococcus and Synechococcus have
been noted at two sites in the California Current System
(Ferris and Palenik, 1998). Eastern boundary upwelling
systems, like the California Current System (CCS), are
highly productive, supporting 40–50% of world fisheries
in part due to productivity stimulated in the transi-
tion zone (Mackas et al., 2006). Seasonal wind-driven
upwelling of cold, nutrient-rich water leads to a
mesotrophic setting often within 50 km of shore
(Checkley and Barth, 2009). Seaward of the California
Current jet, approximately 200 km from shore (Collins
et al., 2003), are relatively warm and oligotrophic waters,
more akin to the North Pacific Gyre waters. Between the
coastal upwelling and the California Current region lies a
dynamic transition zone where upwelled, and offshore
waters interact with the low salinity, low nutrient jet. Such
transition zones are unique environments, where plank-
tonic organisms putatively adapted to the stratified,
low nutrient offshore environment or the turbulent, high
nutrient conditions of the near shore can be subject to
pronounced shifts in their environment, via mixing or
advection in response to changes in currents and
upwelling.

Here, we used the CCS system to investigate the
distribution and covariance of Prochlorococcus and
Synechococcus lineages in coastal, transition zone and
open ocean waters. The North Pacific sites sampled
extended to 800 km offshore along California Coopera-
tive Oceanic Fisheries Investigations (CalCOFI) Line 67
(McClatchie, 2014). Near full-length environmental 16S
rRNA gene sequences generated from these sites were
used to construct a comprehensive reference tree of the
marine picocyanobacterial radiation and revealed two
new marine Synechococcus clades. Bar-coded V1-V2
16S rRNA sequencing (454-titanium) coupled with
phylogenetic and in-silico probe-based analyses were
then applied to explore picocyanobacterial diversity and
distribution across this Northeastern Pacific region. The
clade-specific variations observed in association with
the transect, and interannual changes in the transition
zone, further our understanding of picocyanobacterial
ecology.

Results

The stations sampled transitioned from nutrient-rich, rela-
tively cold coastal waters (H3) through intermediate
upwelling-influenced waters termed here the ‘transition

Cyanobacterial distributions in the Pacific Ocean 3693

© 2014 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
Environmental Microbiology, 17, 3692–3707



zone’ (TZ, e.g. 67–70) to oligotrophic, stratified waters
offshore termed the ‘open ocean station’ (e.g. 67–155;
Fig. 1). Transect samples for diversity analysis came from
each of these three stations in 2009, with surface water
samples collected between 5 m to 14 m, and deep

chlorophyll maxima samples taken at 41 m (67–70) and
105 m (67–155). For 3 subsequent years (2011, 2012 and
2013), sampling was at 67–70, or ~100 km closer to shore
(ESP1, 2012), at the surface depth range specified above
(Table 1).

Along the transect (2009), surface nitrate and ammo-
nium concentrations varied from 12.91 μΜ and 0.26 μΜ
at H3 to 0.40 and < 0.01 μM in the TZ and < 0.05 and
< 0.01 μΜ at 67–155, while phosphate was more con-
stant (Fig. 1B; Table 1 and Table S1). Two hundred
seventy-two Prochlorococcus and 73 Synechococcus
near full-length 16S rRNA gene sequences in clone librar-
ies constructed from these sites using established ‘uni-
versal’ primers met all assembly, quality and length
criteria. For Synechococcus, 25 sequences were recov-
ered from the coastal clone library, and 28 sequences
were recovered from the TZ. The combined open
ocean depths contained 20 sequences. In contrast, no
Prochlorococcus clones were recovered from the coastal
library, five were found in the TZ and a total of
267 sequences were present in the two open ocean
libraries. The Prochlorococcus sequences were col-
lapsed at the 99% identity level and used to construct
a Prochlorococcus-specific phylogeny (Fig. S1), while
Synechococcus sequences were used in a separate
phylogenetic reconstruction (Fig. S2). A selection of
sequences representing diversity from across these two
trees was incorporated into a combined cyanobacterial
reference alignment and phylogenetic reconstruction that
was then used for amplicon placement (Fig. 2).

The phylogenetic analysis of near full-length
cyanobacterial 16S RNA gene sequences for Synecho-
coccus recovered all previously established 16S clades.
These included subcluster 5.1 (clades I-IX, XV,
XVI, WPC1, WPC2), 5.2 and 5.3 in the overall
picocyanobacterial (Fig. 2) and Synechococcus-only
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Fig. 1. A. Map of the eastern North Pacific region under study.
Sampling stations for DNA are marked (dots). Station ESP1 was
sampled in 2012 only. B. Ammonium and chlorophyll concentrations
along the 2009 transect. Depths where DNA was collected are
marked by triangles. The computed mixed layer depth (see
Methods) is indicated by a white dashed line.

Table 1. Physico-chemical parameters and amplicons attained for the analysed samples. Note that values from the WFAD09 cruise have been
published in Santoro and colleagues 2013.

Site
Date
(d/m/y)

Location (latitude;
longitude)

Depth
(m) T (°C) S (ppt)

PO4
3−

(μM)
NO3

−

(μM)
NH4

+

(μM)
Chlorophyll
(mg m−3)

Total
amplicons

Cyanobacterial
amplicons

WFAD09 cruise
H3 1/10/2009 36.739; −122.020 11 11.58 33.36 1.15 12.91 0.263 1.985 21 375 518
67–70 2/10/2009 36.126; −123.491 11 16.43 33.19 0.32 0.40 < 0.01 0.496 19 680 3460
67–70 2/10/2009 36.126; −123.491 41 11.65 33.00 0.84 8.09 0.178 0.345 20 723 2754
67–155 5/10/2009 33.287; −129.428 14 19.92 33.34 0.47 < 0.004 < 0.01 0.063 25 968 11 660
67–155 5/10/2009 33.287; −129.428 105 14.29 33.54 0.34 0.05 < 0.01 0.101 26 184 8574

CANON11 cruise
67–70 7/10/2011 36.089; −123.469 5 15.61 33.32 0.71 2.29 n.d. 0.773 73 977 7246

C0912 cruise
ESP1 14/9/2012 36.303; −122.383 10 15.32 33.34 0.70 2.03 0.130 0.270 203 399 12 051

CN13ID cruise
67–70 15/10/2013 36.132; −123.42 10 15.66 33.01 0.20 0.35 0.044 0.520 69 727 7998

T, temperature; S, salinity; n.d. not determined.
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(Fig. S2) reconstructions. The majority of Synechococcus
sequences grouped with support in clades I and IV for
the coastal (21 sequences), TZ (20 sequences) and the
surface and DCM open ocean sites (seven sequences).
Two clades were identified that did not correspond to
previously defined marine Synechococcus clades.
Eastern Pacific Clade 1 (EPC1, named herein) was
sister to Synechococcus clade I, and contained 11 non-
identical sequences all of which came from the open
ocean (14 m and 105 m, DCM). One additional North-
eastern Pacific environmental sequence (accession
HQ242143, Allers et al., 2013) from 80 km southwest of
Vancouver Island, Canada belonged to this clade.
Eastern Pacific Clade 2 (EPC2, named herein), formed a
sister group to clade XV, and contained 14 non-identical
sequences from all three stations sampled. The evolu-
tionary distances between each of these new bootstrap
supported clades, and their nearest established neigh-
bouring clades were consistent with those between other
previously defined subcluster 5.1 clades (Fig. 2, Fig. S2).
Sequences within EPC1 had high nucleotide identity to
each other (98.8%) as do those in EPC2 (99.0%), com-
parable to identities of sequences that belong to e.g.
clade I (98.7%) and II (99.1%).

The majority of Prochlorococcus 16S rRNA clones
belonged to the HLI and LLI clades and came from the
open ocean surface and DCM (105 m), respectively
(Fig. S1). Members of other LL clades were also recov-
ered, and several sequences appeared to branch deeply
in the Prochlorococcus radiation but without a clear affili-
ation to established LL clades. Similarly, two environ-
mental sequences from the North Pacific (accessions
DQ300625, JN166214; DeLong et al., 2006; Eiler et al.,
2011) appeared to form a sister group (Fig. 2) or
were basal (Fig. S1) to known LLI strains. Although this
clade was not supported, it was repeatedly recovered in
preliminary tree building efforts (data not shown), and
therefore tentatively termed ‘Prochlorococcus LLIa’.
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To investigate cyanobacterial diversity and distributions
in this system at deeper sampling levels than possible
using clone library methods, we performed bar-coded
sequencing of the 16S rRNA gene V1-V2 region. The
number of amplicons generated per sample ranged
from 10 000 to 203 000, of which 500 to 12 000 were
cyanobacterial (Table 1, Table S2). Two analysis appro-
aches were developed and utilized. In-silico hybridiza-
tion probes were designed to recognize individual
Prochlorococcus and Synechococcus clades that could be
implemented with minimal computing effort (Table S3 and
supplemental material). The second approach employed
hidden Markov model profiling and phylogenetic place-
ment against our overall cyanobacterial reference align-
ment in PHYLOASSIGNER (Vergin et al., 2013). The methods
were compared on eight samples (Table S2) and rendered
a slope of 1.0678 ± 0.0078 [95% confidence interval
1.0525–1.0832] when plotted against each other, i.e.
∼ 5–8% deviation from the 1:1 line (Fig. S3). Comparison
of results from independent polymerase chain reaction
(PCR) reactions also showed reproducibility (Fig. S4).

To benchmark the extent to which amplicon relative
contributions reflected cell abundance, Prochlorococcus
and Synechococcus were enumerated by flow cytometry
(FCM; Fig. S5) and their relative percentages then com-
pared with those from the amplicon data. Apart from
Prochlorococcus LLIV clade strains (which formed < 2%
of our amplicon data) and Synechococcus sp. RCC307

from clade 5.3 (which was not present in our data),
genome sequenced Prochlorococcus and Synecho-
coccus isolates have one and two copies of the
rRNA operon respectively (Lee et al., 2009). Hence,
for this particular analysis, Synechococcus amplicon
numbers were divided by two prior to computing relative
percentages. Regression analysis of relative percentages
coming from FCM and amplicons rendered a slope of
0.8434 ± 0.0519 (95% CI 0.7163–0.9704) (Fig. 3), indicat-
ing the PHYLOASSIGNER analysis corresponded well to
relative contributions derived from true cell counts (there-
fore all results hence forth come from the PHYLOASSIGNER

method). We also enumerated cyanobacteria and
heterotrophic prokaryotes by FCM at nine 67–155 depths
(WFAD09) and computed the relative percentage of
cyanobacteria to all prokaryotes. These corresponded
well to the relative amplicon percentages computed for
the 14 m and 105 m samples (Table S4).

From all samples together, 77 318 amplicons were
assigned to the cyanobacterial radiation of which
76 432 fell within specific, recognized Prochlorococcus
and Synechococcus clades (including EPC1 and EPC2
identified here, Table S2 and supplemental data file). The
2009 transect cruise dataset was the most comprehen-
sive for evaluating contributions across the physico-
chemical gradient, with 26 966 amplicons assigned to
the cyanobacterial radiation from the five samples
sequenced (triangles; Fig. 1B). Prochlorococcus domi-
nated cyanobacterial amplicons at the open ocean
station, while Synechococcus accounted for < 2% and
< 0.5% (without adjusting for 16S operon genome copy
number differences) at 14 m and 105 m respectively
(Fig. 4 and supplemental data file). Prochlorococcus HLI
constituted > 96% of total cyanobacterial amplicons at the
open ocean surface (14 m) while Prochlorococcus LLI,
LLIa and LLII constituted 62%, 19% and 9%, respectively,
at depth (105 m).

The TZ contained the largest number of co-located
clades individually harboring > 3% of cyanobacterial
amplicons. At 11 m, two Prochlorococcus and five
Synechococcus clades comprised 58% and 42%
of cyanobacterial amplicons, respectively. Within
Synechococcus, clade IV was the most abundant (> 10%
of the total cyanobacterial amplicons). Clades EPC1
and EPC2 comprised 5% and 10% of cyanobacterial
amplicons, respectively, while amplicons for clade V/VI/VII
accounted for 10%. Prochlorococcus HLI and LLI formed
40% and 18% of amplicons, respectively. Deeper in the
water column (41 m), Prochlorococcus LLI, LLIa and LLII
amplicons were abundant (47%, 13% and 7% respec-
tively). Synechococcus I and IV comprised 10% and 16%
of amplicons, whereas EPC1 and EPC2 formed < 2% of
cyanobacterial amplicons at this depth. Unlike the TZ and
open ocean where cyanobacteria comprised 13% to 57%
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of the total 16S V1-V2 amplicons, only 2% of coastal
amplicons were assigned to cyanobacteria (Table S2).
Thirty-two Prochlorococcus amplicons were assigned to
LL ecotypes at the coastal station H3, where the dominant
cyanobacteria were Synechococcus clades I (43%) and
IV (48%).

Because multiple Prochlorococcus and Synechococcus
clades appeared to be present at considerable numbers
in the TZ, we investigated data from three subsequent
years in this region. Two distinct assemblages were
apparent (Fig. 5B and C; Table S5). In 2009 and 2013, the
community was diverse with Prochlorococcus HLI as the
most abundant clade (40% and 33% respectively of all
cyanobacteria). In 2011 and 2012, Synechococcus
clade IV dominated (60% and 72%, respectively), while
Prochlorococcus HLI amplicons dropped below 20%.
Synechococcus clade I amplicons also increased in rela-
tive abundance, rising from 3.7/3.8% in 2009/2013 to
9.0/9.7% in 2011/2012. Patterns deviated for a few
clades, most notably Synechococcus EPC2, which
ranged from 8.7% to 9.9% between 2009 and 2012, and

increased to 19% in 2013. Overall, TZ cyanobacterial
patterns corresponded with regime shifts detected in
physico-chemical parameters. In 2009 and 2013, the
surface waters were fresher (33.10 ± 0.13) and had
lower nutrients (e.g. 0.34 ± 0.10 μM nitrate), while in
2011 and 2012, the water was more saline (33.33 ± 0.13)
and nutrients higher (e.g. 2.21 ± 0.43 μM nitrate) (Fig. 5A
and Table 1).

Some cyanobacterial amplicons were not assigned to
recognized picocyanobacterial clades. In total, 453 and
181 were assigned to basal nodes of Prochlorococcus
and Synechococcus groups, respectively (e.g. the node
immediately prior to the split of HLI and HLII, Fig. 4 and
supplemental data file). Twenty amplicons were assigned
to a node basal to ‘Cyanobium-like’ taxa of the reference
tree, and 14 others were in nodes within this region.
Finally, 200 amplicons were recovered that were assigned
to the node immediately prior to the split of marine
Synechococcus and ‘Cyanobium-like’ lineages (supple-
mental data file). These were clustered at the 99% identity
level using cd-hit (Li and Godzik, 2006). A representative
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of each cluster containing more than one amplicon
(singletons were not considered further) was used as a
BLASTN query against the National Center for Biotech-
nology Information (NCBI) non-redundant database with
environmental sequences excluded. Clusters resulting
from the 200 basal sequences recovered only low identity
hits suggesting they may represent chimeras or sequenc-
ing artefacts. The basal ‘Cyanobium-like’ sequences
resulted in five clusters (Table S6), three of which
had 98% identity to Cyanobium sp. Suigetsu-CR5, a
phycoerythrin-containing isolate from a saline lake (Ohki
et al., 2012).

Discussion

We examined cyanobacterial diversity at three stations
along a physico-chemical gradient from coastal to open
ocean waters of the Northeastern Pacific (Fig. 1). A com-
prehensive new picocyanobacterial 16S rRNA gene ref-
erence tree was developed and used to classify 16S
V1-V2 amplicons (Fig. 2). Both the in-silico probes and
pplacer implemented in PHYLOASSIGNER (Matsen et al.,
2010; Vergin et al., 2013) treat each amplicon individually.
Thus, sequences were not ever clustered into operational
taxonomic units (OTUs), which can be phylogenetically
incoherent (Koeppel and Wu, 2013). The analyses herein
provided a high-resolution view of picocyanobacterial 16S
rRNA amplicon diversity in this ecologically important
boundary current system.

Eight established Prochlorococcus clades and 14
clades of Synechococcus could be discriminated with sta-
tistical confidence. Resolution was only lacking for dis-
criminating between clades V, VI and VII (treated herein
as one clade), which did not individually acquire bootstrap
support in our analysis although they have in prior studies
(Ahlgren and Rocap, 2012) (Fig. 2, Fig. S2). The Line 67
amplicons were assigned to seven Prochlorococcus
and 10 Synechococcus clades (Figs 4 and 5; Fig. S6).
General trends observed in relative percentages of
Prochlorococcus and Synechococcus as well as overall
cyanobacteria and heterotrophic bacteria in amplicon and
FCM data agreed well (Fig. 3 and Table S4). Interestingly,
by FCM the percentage of Prochlorococcus (13–50%,
n = 9; Table S4) relative to total prokaryotes in the
euphotic zone at the open ocean site was considerably
higher than in an earlier study in the equatorial
Pacific (16%, n = 48) (Binder et al., 1996). Different
Prochlorococcus or Synechococcus clades cannot be dis-
tinguished by FCM and therefore, although we saw excel-
lent correspondence of the relative contributions of
Prochlorococcus and Synechococcus when comparing
FCM and the amplicon approach, we could not verify that
amplicon abundances directly correspond to relative
clade abundance. The validity of clade abundance
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numbers derived from relative numbers in clone libraries
of Prochlorococcus has been shown by comparison with
qPCR data (Martiny et al., 2009).

The overall trend of an open ocean station dominated
by Prochlorococcus, a mixed community at the TZ
station, and almost exclusively Synechococcus cells at
the coastal station agrees with studies in other marine
systems (Zwirglmaier et al., 2008; Treusch et al., 2009;
Partensky and Garczarek, 2010; Taylor et al., 2012;
Fig. 4). Trends were also similar to those reported for
specific clades at other study sites (see e.g. Moore et al.,
1998; Johnson et al., 2006; Ahlgren and Rocap, 2012;
Huang et al., 2012), namely abundant quantities of
Prochlorococcus HLI at this latitude, Prochlorococcus LL
strains at depth and the coastal marine Synechococcus
clades I and IV co-occurring as the dominant members
of the Synechococcus community (Zwirglmaier et al.,
2007; 2008; Tai and Palenik, 2009; Ahlgren and Rocap,
2012).

Thus, our findings corresponded well with pre-
vious observations on Prochlorococcus ecotype and
Synechococcus clade distributions, with several notable
exceptions. First, we identified two new Synechococcus
clades, termed EPC1 and EPC2 (Fig. S2). Markers
such as the ITS or protein-coding genes allow delinea-
tion of a greater number of Synechococcus clades than
the 16S rRNA gene, some of which do not appear to be
in culture (Choi and Noh, 2009; Paerl et al., 2011;
Ahlgren and Rocap, 2012; Huang et al., 2012; Mazard
et al., 2012). Thus, it is possible that EPC1 and EPC2
represent 16S rRNA gene sequences recovered from
clades that have previously been defined using other
loci, particularly the nitrate reductase narB-based TZ
clades characterized from water sampled during the
same cruise (CN207) at the same station (Paerl et al.,
2011). Connections between some of the clades defined
using different markers is still largely unresolved, but
each demonstrates extensive diversity within the marine
Synechococcus group (Ahlgren and Rocap, 2012;
Mazard et al., 2012).

Synechococcus EPC1 and EPC2 had very different
distributions from their sister clades (I and XV respec-
tively; Figs 4 and 5). Clade I was abundant at the coast
where EPC1 appeared to be absent; EPC2 was gener-
ally more abundant than clade XV, in particular at the TZ
station. The annual sampling in the TZ also showed
clade I percentages were higher in 2011/2012 relative to
2009/2013, while the opposite was true for EPC1. The
observed differences in amplicon distributions of EPC1
and EPC2 compared with established clades supported
their introduction as novel clades (and potentially
ecotypes) of marine Synechococcus subcluster 5.1.
Synechococcus EPC1 and EPC2 contributions to total
cyanobacterial amplicon counts were < 0.2% at the coast

and open ocean sites (Fig. 4). However, in the TZ they
collectively represented 33% and 5% of Synechococcus
amplicons at the surface and base of the euphotic zone,
respectively, and thus are potentially important in rela-
tively high nutrient, high chlorophyll TZ waters at eastern
continental margins. For 2007, we also analysed size-
fractionated samples at 67–155. In these, EPC2 along
with most other cyanobacterial clades were more abun-
dant in the 0.8 to 3.0 μm size fraction than the > 3.0 μm
fraction, while EPC1 was 30 times more abundant in the
> 3.0 μm fraction (CN207 cruise; Fig. S6). This could
indicate association with a larger cell type, as seen for
Synechococcus-like symbionts of unicellular eukaryotes
reported in several oceans (Foster et al., 2006).
However, sequences in the latter study are from a region
of the 16S rRNA gene that has 100% identity to multiple
clades, including EPC1. Notably, Synechococcus cells
have also been observed in aggregates alongside
heterotrophic bacteria (Malfatti and Azam, 2009). Our
results could therefore also be interpreted as indicating
that the Synechococcus in such aggregations come from
specific clades (such as EPC1). Further studies will be
needed to determine whether EPC1 cells are symbionts,
aggregate formers, or simply larger in size than most
other marine Synechococcus. Such studies will also help
determine if EPC1 and EPC2 are endemic to the central
California Current System or more widespread.

The relatively high contributions of Prochlorococcus
LLI in this North Pacific region was particularly interest-
ing. While originally characterized as a low-light ecotype,
LLI has been observed in surface waters (Johnson et al.,
2006; Hewson et al., 2009; Malmstrom et al., 2010).
Low-light I has been reported at 2°N in the Pacific, in an
area with elevated surface nitrate levels, while it has not
been observed further north or south in a transect that
sampled sites where nitrate was undetectable (Hewson
et al., 2009). At the open-ocean time series stations in
the Pacific (ALOHA) and Atlantic (BATS), LLI is restricted
to deeper depths when the water column is stratified.
However, contrary to other LL strains, it is present
throughout the euphotic zone in the winter (Malmstrom
et al., 2010). It has been proposed that deep mixing
events bring LL strains to surface waters where only LLI
is then able to persist. Moreover, in a laboratory study,
strains representing different LL Prochlorococcus
ecotypes were not able to grow after high-light pulses
with the exception of LLI (Malmstrom et al., 2010). Our
field data suggests that other factors may also be
involved. At station 67–155, LLI was largely restricted to
the deep sample, as expected (Fig. 4). However, in the
surface waters at the TZ station, 67–70, it constituted
18% of all cyanobacterial amplicons, surpassed only by
HLI (40%). We propose that LLI abundance is strongly
influenced by nutrient regimes. More specifically, it likely
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has higher nutrient requirements than HL ecotypes but
tolerates a greater range of light levels than other LL
ecotypes, and potentially a broader range of tempera-
tures than HL ecotypes (LLI at 11.6–16.4°C in this study,
BATS winter surface temperature ∼ 22°C, http://
bats.bios.edu). This could explain the virtual absence of
LLI from the more oligotrophic 67–155 surface but not
deep waters. The transect under study (Line 67) is not
phosphate deplete but often has low or potentially limit-
ing concentrations of iron (Biller and Bruland, 2014),
ammonium and nitrate (see e.g. Table 1). While
Prochlorococcus has long been known to grow on
ammonium, it appears that some ecotypes also use
nitrate, as do many Synechococcus (Martiny et al.,
2009). Laboratory studies have shown that LLI can grow
at lower temperatures and higher light levels than LLIV
(Zinser et al., 2007). Our data support these observa-
tions, and extend the temperature tolerance shown in
culture (14–27°C) down to 11°C. They also indicate
that this ecotype may perform particularly well under
higher nutrient conditions – closer to those used
by Synechococcus – than required by other
Prochlorococcus ecotypes found at the surface.

Annual sampling at 67–70 suggested an upper limit to
the nutrient concentration effect on LLI distribution
(Fig. 5). In the two nutrient poorer California Current-
influenced years (2009/2013), LLI amplicons were over
an order of magnitude more abundant than in the two
nutrient richer upwelling-influenced years (2011/2012)
akin to other Prochlorococcus clades. Although based on
only four time points, the observed distributions sug-
gested that LLI struggled to compete with Synechococcus
under conditions associated with the upwelling regime
(Fig. 5C). We also discriminated a clade that typically
sistered LLI, with evolutionary distances that suggested
differentiation at the clade level. Low-light Ia could corre-
spond to clades such as LLV, VI or NC1 recently
described based on the 16S–23S rRNA internal tran-
scribed spacer region (Martiny et al., 2009; Lavin et al.,
2010), or potentially represent artefacts of sequencing or
phylogenetic reconstruction. However, differential distri-
butions were observed between LLIa and LLI across the
years and sites in amplicon data.

In contrast to many studies with higher detection
limits (related to a lower amount of sequencing) or that
use OTU-based methods, we found sequences belong-
ing to most resolved Prochlorococcus ecotypes and
Synechococcus clades at the open ocean station. While
clear dominants emerged from our analyses, several
unexpected groups were detected as small percentages
(0.01% to 1%) of the total cyanobacterial amplicons
(Fig. 4; Fig. S6). For example, Prochlorococcus HLII and
HLIII have primarily been observed in the tropical open
ocean (Zwirglmaier et al., 2008; West et al., 2011;

Malmstrom et al., 2013), but both were detected at this
higher latitude site. Low level detection was presumably
facilitated by having > 20 000 Prochlorococcus amplicons
from 67–155.

Relatively high diversity was also observed in the TZ in
2009. The lower number of cyanobacterial amplicons
retrieved here made it impossible to differentiate between
lower detection sensitivities and ‘absence’. Likewise, for
the coastal station H3, low amplicon abundance was
problematic for interpreting absence of specific clades.
Nevertheless, Prochlorococcus was detected at H3,
representing 13.5% of the total cyanobacteria (corrected
for the difference in operon numbers between
Prochlorococcus and Synechococcus). This led us to
re-evaluate our prior flow cytometry analysis and indeed a
diffuse set of cells, different from the very coherent popu-
lations observed farther offshore, were present in the
window where Prochlorococcus is expected, amounting
to 1938 cells ml−1 or 9.1% of the total cyanobacteria enu-
merated. We also identified low levels of Synechococcus
clade XV in the open ocean 14 m sample, similar to
reports showing low abundances in coastal and oceanic
Atlantic and Western Pacific waters, suggesting a globally
distributed but low abundance group (Ahlgren and
Rocap, 2012; Huang et al., 2012). Low percentages of
Synechococcus clade III amplicons were also seen, a
clade typically observed in warm oligotrophic waters
(Zwirglmaier et al., 2008; Ahlgren and Rocap, 2012).
Although overall Synechococcus distributions were con-
sistent with previous reports, with the exception of clade
XVI as well as hypersaline clade VIII and clade 5.3, the
PHYLOASSIGNER analysis recovered representatives of all
statistically supported 16S rRNA clades for marine
Synechococcus (i.e. with V/VI/VII treated as one clade) in
the open ocean and/or TZ samples. It is unclear if clades
represented at low percentages were advected from else-
where, for instance through eddies at the edge of the
California Current or are residents. Sampling at higher
frequency will help to address this question.

PHYLOASSIGNER places amplicons at the nearest basal
node when placement on a distal branch is not supported.
Such assignments do not necessarily reflect ancestral
status of the amplicon in question but rather point to
possibly unrecognized diversity or clades not represented
in the reference tree. Analysis of these amplicons using
phylogenetic methods yielded ambiguous results (not
shown) because there was little or no bootstrap support,
presumably due to the short amplicon length as well as
relatively high 16S rRNA gene similarity across the
picocyanobacteria. For the basal Prochlorococcus
amplicons recovered herein, it is interesting to note that
64% were recovered from the open ocean deep water
sample suggesting that further studies using full-length
sequencing methods and targeted genomic or cultivation
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efforts might reveal novel Prochlorococcus diversity. The
amplicons that were assigned to basal nodes prior to the
split between marine Synechococcus and ‘Cyanobium-
like’ lineages, and even within the ‘Cyanobium-like’ clade,
are enigmatic. Classically described as freshwater or
brackish lineages (Herdman et al., 2001), picocyano-
bacteria related to Cyanobium spp. are found in freshwa-
ter and athalassohaline lakes as well as near-shore
coastal and brackish/estuarine waters (Crosbie et al.,
2003; Ernst et al., 2003; Haverkamp et al., 2009; Callieri
et al., 2013) but rarely in oceanic waters (Everroad and
Wood, 2006). Some amplicons may represent difficult
to detect PCR artefacts such as chimeras of two
picocyanobacterial templates. Additionally, the extensive
diversity of non-marine picocyanobacteria was not thor-
oughly represented in our reference trees, thus some
of these amplicons could be related to previously reported
euryhaline and marine strains (Everroad and Wood,
2006; Haverkamp et al., 2008; Callieri et al., 2013). Inter-
estingly, amplicons assigned to the basal (‘Cyanobium-
like’) nodes in our study came from the TZ or open ocean
stations, yet had the highest identity to organisms isolated
from lakes. Thus these may represent organisms that
further blur the line between freshwater and marine
cyanobacterial lineages.

The combination of sequencing depth and phylogenetic
resolution applied in this study allowed us to study broad
trends in marine picocyanobacterial distributions. These
trends connected to inter-annual variations in the dynamic
TZ, and general differences between the marine environ-
ments investigated. The approach used also facilitated
low-level detection which should help in future under-
standing of advection, potential seed populations and
overall distributions of distinct ecotypes. The identification
of two new environmental Synechococcus clades and
finer aspects of Prochlorococcus LLI distributions shed
light on their niches and provide testable hypotheses on
differentiation.

Experimental procedures

Oceanographic sampling

Transects were performed in September 2007 (CN207) and
October 2009 (WFAD09) in the Northeastern Pacific onboard
the R/V Western Flyer. Deoxyribonucleic acid (DNA) samples
were collected at three main stations along CalCOFI Line 67
(Fig. 1, Fig. S5A, Table 1), H3 (coastal, 11 m), 67–70 (TZ, 11
and 41 m) and 67–155 (open ocean, 14 and 105 m) using
Niskin bottles mounted on a conductivity/temperature/salinity
(CTD) rosette. Additionally, station 67–70 was sampled at
5 m in October of 2011 and at 10 m in 2013. In 2012, we
sampled station ESP1, 100 km from 67–70. Large (CN207,
50 l) or small-scale (WFAD09 and later, 1 l) DNA samples
were collected. The former were collected as described pre-
viously (Monier et al., 2012), and the latter were filtered onto

a 0.2 μm Supor filter (Pall Gelman, East Hills, NY, USA).
Filters were flash frozen in liquid nitrogen and stored at
−80°C. During WFAD09, FCM depth profiles were collected
at 16 stations, preserved in 0.25% electron microscopy grade
glutaraldehyde, fixed at room temperature in the dark for
20 min and flash frozen in liquid nitrogen. Corresponding
nutrient samples were taken as described previously
(Pennington and Chavez, 2000). Ammonium was measured
on CN207 and WFAD09 according to Plant et al. (2009), and
on the remaining cruises according to Smith et al. (2014).
Depth of the surface mixed layer was calculated by determin-
ing the shallowest depth at which the potential density (sigma
theta) difference between consecutive measurements
exceeded 0.01 kg m−3. Maps and sections were prepared
with Ocean Data View 4.6.0 (Schlitzer, R., Ocean Data View,
http://odv.awi.de, 2012).

Flow cytometry

Samples were analysed on an Influx cell sorter (BD, San
Jose, CA, USA) with SPIGOT 5.3.9 software, a 488 nm
200 mW laser and triggering on forward angle light scatter.
Forward angle light scatter, pulse width, side scatter (90°
angle, SSC), red (692 ± 40 nm band-pass filter) and orange
(572 ± 27 nm band-pass filter) autofluorescence were
recorded. Fluorescent polystyrene beads were added imme-
diately prior to each run (0.75 μm yellow-green, Polysciences,
Inc). Each sample was pre-run 2 min and then run 8 min to
10 min at ∼ 25 μl min−1, as measured with an inline flow meter
(SENSIRION SLG-1430 run with software designed by Jarred
Swalwell, University of Washington). To count heterotrophs,
samples were stained with Hoechst33342 (Life Technologies,
Grand Island, NY, USA) and analysed as described (Binder
et al., 1996). Listmodes were analysed in WINLIST 6.0 (Verity
Software House, Topsham ME, USA).

DNA extraction

CN207 extracts were attained using a sucrose lysis protocol
(Monier et al., 2012), those sequenced here were from three
size fractions (0.1–0.8 μm, 0.8–3.0 μm and 3.0–20 μm)
which had been filtered through a pore size of the upper side
of each range and onto a filter with a pore size at the lower
end of each range. Other DNA samples were extracted from
the ≥ 0.2 um fraction using a modification of protocols in the
QIAGEN DNeasy kit (Demir-Hilton et al., 2011).

PCR and sequencing

Near full-length 16S rRNA gene sequences were generated
by PCR. Deoxyribonucleic acid from CN207 fractions was
amplified using 27F (5′-AGAGTTTGATCCTGGCTCAG-3′)
and 1391R (5′-GACGGGCGGTGWGTRCA-3′) universal
primers, cloned into pCRII-TOPO (Invitrogen) and Sanger
sequenced bidirectionally using plasmid primers M13F,
M13R and internal primer 907R (5′-CCGTCAATTCCTTT
RAGTTT-3′).

For pyrosequencing of the V1-V2 16S rRNA gene region,
DNA from CN207 station 67–155, 5 m (filter sizes 0.8–3.0
and 3.0–20 μm) and all later cruises (Table S1) was quanti-
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fied with the QuBit dsDNA high-sensitivity assay (Life Tech-
nologies) and diluted to 5 ng μl−1 with TE pH 8. Polymerase
chain reactions (50 μl) were set up as previously described
(Hamady et al., 2008) with 5 μl of 10× buffer, 1 U of HiFi-Taq,
1.6 mM MgSO4 (Life Technologies), 5 ng of template DNA,
200 nM each of reverse primer 454_338RPL 5′-GCCTTGCC
AGCCCGCTCAGTgcwgccwcccgtaggwgt-3′ (Eurofins MWG
Operon, Huntsville AL, USA) and forward primer 454_
27FB_xxxxxxxx 5′-GCCTCCCTCGCGCCATCAG_xxxxxxxx
_agrgttygatymtggctcag-3′, where xxxxxxxx represented an
eight nucleotide sequence tag, specific for each sample. The
primers contained 454-FLX linker sites (in capitals) as speci-
fied in the 454 protocol (Roche, South San Francisco, CA,
USA). The PCR cycling parameters were 94°C for 2 min; 30×
94°C for 15 s, 55°C for 30 s, 68°C for 1 min and a final
elongation at 68°C for 7 min. The PCR reaction was purified
with the MinElute kit (QIAGEN, Valencia CA, USA) and an
aliquot run on a 1.2% Agarose gel to verify the desired
product (∼ 300 nt in length) had been amplified and that
primer-dimer had been removed. Twelve samples per plate
were sequenced using 454-Titanium chemistry.

16S rRNA gene amplicon quality control

603 364 amplicons were obtained from 11 samples
and quality controlled essentially as described previously
(Hamady et al., 2008). Briefly, amplicons were removed if at
least one of the following was true: (i) containing unspecified
base calls; (ii) not containing forward and reverse primers; (iii)
not containing a sequence tag or (iv) having an average
quality score less than 25. This procedure yielded the final
dataset of 508 781 amplicons (Table S2; cyanobacterial
sequences were deposited in the NCBI-Short Read Archive
under project accession number SRP045793).

Sequence curation and reference tree construction

Sanger sequences were automatically assembled using
the PHRED/PHRAP/CONSED Package (Ewing and Green,
1998; Ewing et al., 1998; Gordon, 2004). Sequences were
directionally oriented by searching for PCR and internal
sequencing primers and orienting accordingly. Sequences
were then trimmed to continuous Q20 regions, and checked
for quality manually using CodonCode Aligner (CodonCode
Corporation, Dedham MA, USA) with low-quality internal
bases visually confirmed from the trace files and either
accepted or recoded as ambiguous. The number of total 16S
rRNA sequences that passed these quality control steps for
each station was 1210 (H3, 11 m), 1289 (67–70, 11 and
41 m) and 2397 (67–155, 14 and 105 m). Next, the
Synechococcus WH 7803 16S rRNA gene sequence was
added to each dataset; the sequences were then aligned
using CLUSTALX 2.0.5 (Larkin et al., 2007) and putative
cyanobacterial sequences that grouped with WH 7803
were extracted using the output neighbour-joining (NJ)
guide trees. To confirm no additional cyanobacterial
sequences were missed, 10–30% of the remaining
sequences or at least one representative sequence from
each unique cluster recovered in the output CLUSTAL guide
tree was putatively identified using BLAST (Zhang et al.,

2000), resulting in 786 cyanobacterial and plastid sequences
retained (72 from H3, 115 from 67–70 and 599 from 67–155).
These sequences were further refined using BLAST and
additional phylogenetic analyses to separate the plastid
sequences from cyanobacterial ones. The resulting
cyanobacterial 16S rRNA gene sequences of a minimum
length (> 1265 bp) were checked for chimeras using Chimera
Check at the RDPII database and with BELLEROPHON and
MALLARD (Huber et al., 2004; Ashelford et al., 2005). Border-
line sequences were further checked manually by breaking
up the sequences and comparing BLAST results of the various
fragments. The final set of cyanobacterial sequences that
passed these filtering steps and were used in subsequent
phylogenetic reconstructions numbered 345 (25 from H3,
33 from 67–70 and 287 from 67–155). These sequences
were deposited in NCBI-GenBank under accessions
KM520394–KM520738.

Preliminary NJ analyses of the curated cyanobacterial
sequences were used to identify sequences derived from
Prochlorococcus and marine Synechococcus. Unambiguous
Prochlorococcus sequences (n = 272) were binned into
operational taxonomic units with a cut-off of 99% using
MOTHUR (Schloss et al., 2009). One representative
sequence from each Prochlorococcus OTU and all unique
marine Synechococcus sequences were added to respec-
tive reference alignments using CLUSTALX. The final
Prochlorococcus alignment consisted of 1252 characters
excluding positions containing internal gaps, and contained
90 sequences, including 55 study sequences representing
the 55 identified OTUs. The final marine Synechococcus
alignment consisted of 1282 characters excluding positions
containing gaps, and contained 153 sequences, including
73 study sequences. A best fit model of evolution for each
alignment was determined using the likelihood ratio test
implemented with JMODELTEST version 0.1 (Posada, 2008),
and corresponded to GTR + I + G for both alignments. A
phylogenetic tree specific to each lineage was constructed
by NJ in Phylogenetic Analysis Using Parsimony (PAUP)*
(Sinauer Associates, Sunderland MA, USA; Swofford, 2003)
using the maximum likelihood estimator of distance as
determined by JMODELTEST. Neighbour-joining trees were
bootstrap pseudoreplicated 1000 times. Maximum likelihood
(ML) trees using the GTR + I + G model were also con-
structed with PHYML and bootstrap replicated 100 times
(Guindon et al., 2005).

Subsequently, a picocyanobacterial 16S rRNA gene refer-
ence tree was built using representative sequences from the
described clades for marine Synechococcus 5.1 (clades I-IX,
XV, XVI, WPC1 and WPC2), 5.2 and 5.3, Prochlorococcus
(HLI-IV, LLI-IV), and closely related picocyanobacteria
(Cyanobium clades 1, 2, I and H). To minimize bias in
sequence selection for the reference tree, a simple objective
set of steps was performed: for each clade, 4–7 unique
sequences of known phylogenetic affiliation based on previ-
ously published reports were selected (see Fig. 2 for acces-
sion numbers and Table S7 for clade name references). For
some poorly represented clades (with fewer than four pub-
lished known sequences, e.g. Prochlorococcus LLIII), the
known sequence(s) were used for BLAST analysis with the
output distance trees used to potentially identify additional
clade candidates. For the presently identified clades EPC1
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and EPC2, all unique sequences (11 and 14, respectively,
see Fig. S2), were compared by sequence similarity matri-
ces. From each set, no less than five sequences were
selected by (i) selecting the two sequences with the largest
pairwise similarity difference to catch overall diversity (ties
retained); (ii) selecting the sequence with highest mean
similarity to the others to catch the ‘average sequence’ (ties
broken randomly) and (iii) selecting the sequence with lowest
mean identity to others that was not retained in step 1 to
guarantee further diversity was captured. Finally, to clade
EPC1, the single previously sequenced representative iden-
tified from the BLAST analyses above (accession HQ242143)
was added.

Sequences were aligned using the online SILVA incremental
aligner (Pruesse et al., 2012). The alignment was visually
inspected and manually edited using BIOEDIT Sequence
Alignment Editor v. 5.0.9 (Hall, 1999). The alignment, exclud-
ing positions containing gaps, consisted of 1292 characters
and contained 109 sequences, including several environ-
mental sequences from freshwater Synechococcus. Model
selection and tree construction were performed as with the
Prochlorococcus and Synechococcus trees. The best fit
model of sequence evolution for the guide tree was
GTR + I + G. For all phylogenetic analyses, Synechococcus
PCC 7002 and PCC 7942 were used as outgroup taxa.

In-silico probes

In-silico probes were designed manually using the reference
tree sequence alignment. Each probe was designed to be
clade specific to the exclusion of all other sequences in the
alignment. To achieve this, some probes consisted of two
non-contiguous parts. To assess specificity, probes were sub-
mitted to the TESTPROBE service on the ARB-SILVA website
(Quast et al., 2012), and we verified that all hits at the 100%
level fell into the respective clade. A short bash shell script
based on the ‘grep’ command (see supplemental material)
facilitated filtering and tabulating all amplicons according to
sample and clades.

PhyloAssigner pipeline

Sequenced amplicons from the 454-platform were analysed
phylogenetically using PHYLOASSIGNER version 089 (Vergin
et al., 2013), which performs a profile alignment of amplicons
to a multiple sequence alignment using HMMER (Eddy, 2011)
and assigns phylogenetic positions in an unmasked refer-
ence tree based on maximum likelihood methods using
PPLACER (Matsen et al., 2010). The 508 781 sequences that
passed quality control were first run against a reference align-
ment and tree of full-length Bacterial and eukaryotic plastid
rRNA gene sequences (Vergin et al., 2013) and a second
reference set of cyanobacterial and plastid sequences to
further screen for potential plastid sequences. 77 318
amplicons mapped to the nodes for cyanobacteria. Next, we
set up a PHYLOASSIGNER protocol for our cyanobacterial ref-
erence tree and alignment (see above; Fig. 2) and verified
accuracy by running a test set of 42 16S rRNA gene
sequences derived from characterized Prochlorococcus and
Synechococcus isolates not present in our alignment that
were first trimmed to the size of our amplicons. Finally, we

performed a PHYLOASSIGNER run on the 77 318 amplicons
using the cyanobacterial reference tree and alignment and
binned sequences into the denoted clades (Fig. 2). Since
clade V, VI and VII had low bootstrap support individually,
they were counted into one well-supported bin ‘V/VI/VII’.
Amplicons assigned to nodes before the split into labeled
clades were counted as ‘basal’ to the highest possible clas-
sification, for example ‘basal Prochlorococcus’ or ‘basal HL
Prochlorococcus’.

Cyanobacterial clade percentages

Details of FCM list mode collection and analysis are pro-
vided above. To compute the relative percentage of
Prochlorococcus and Synechococcus in each sample, the
cell abundances were summed for these two groups (and
that number then defined as 100%) and the percent con-
tribution of each then calculated. Genome sequenced
Synechococcus isolates possess two copies of the rRNA
operon with the exception of one clade 5.3 strain (RCC307,
not present in our samples; Lee et al., 2009), while
Prochlorococcus generally have one copy, with the exception
of LLIV strains MIT 9313 and MIT 9303 (representing < 2% of
our cyanobacterial amplicon data combined). Thus, to
compute relative percentages in amplicon data, we first
halved Synechococcus amplicon counts then summed them
with Prochlorococcus as well as Cyanobium-like counts (as
assigned by PHYLOASSIGNER), defined this number as being
100% for each sample and calculated the relative percent
contributed by each genus. Cyanobium-like sequences were
< 0.12% and ignored in the graphing.
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Fig. S1. Phylogenetic analysis of Prochlorococcus 16S
rRNA genes. 1252 positions were analysed using NJ
methods and the GTR + I + G substitution model in an
alignment of 90 sequences. The ML tree (not shown) was
highly similar to the NJ tree. Near-full length Sanger
sequences from transect sampling in 2007 are included,
representing 55 OTUs identified (sequences in bold; details
in main text). Numbers at nodes refer to NJ/ML bootstrap
values > 50%.
Fig. S2. Phylogenetic analysis of marine Synechococcus
16S rRNA genes. 1282 positions were analysed using NJ
methods and the GTR + I + G substitution model in an align-
ment of 153 sequences. Near-full length Sanger sequences
from transect sampling in 2007 are included in bold. The ML
tree was highly similar to the NJ tree shown with the excep-
tion of Synechococcus clade VIII, which was not resolved in
the latter. The new clades EPC1 and EPC2 are highlighted by
red arrows. Numbers at nodes refer to NJ/ML bootstrap
values > 50%.
Fig. S3. Comparison of PHYLOASSIGNER- and probe-based
clade assignments of amplicons from the WFAD09 and
CN207 cruises. The line represents the ideal slope of 1 which
would indicate perfect agreement between the methods.
Fig. S4. Comparison of cyanobacterial amplicon abundance
in data from two independent PCR amplifications. The line
represents the ideal slope of 1 which would indicate perfect
agreement between the replicates. Note the logarithmic
scale.
Fig. S5. A. All Line 67 stations sampled for FCM, as well as
those sampled for DNA (red). B. Prochlorococcus and
Synechococcus abundance along the transect in 2009 based
on FCM counts. Note differences in the X axis scale.
Fig. S6. Cyanobacterial amplicon abundance at oceanic
station 67–155 surface on cruises WFAD09 and CN207.
08A and 08B are independent PCR reactions using tem-
plate from the same DNA extraction. Note that while all
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other samples were filtered directly onto a 0.2 μm pore-
sized filter prior to extraction, the CN207 samples were
handled differently. Specifically, the sample with ‘30’ in the
name was filtered through a 20 μm pore size and onto a
3.0 μm pore size filter, while the ‘08’ samples were filtered
through a 3.0 μm pore size and onto a 0.8 μm pore size
filter. Thus, most heterotrophic bacteria likely passed
through the CN207 filters, and consequently their templates
will be under-represented.
Table S1. Physico-chemical parameters of Sanger and
amplicon sequencing samples.

Table S2. Amplicon sequencing data statistics.
Table S3. Cyanobacterial in-silico probes.
Table S4. Comparison of relative contribution of Prochlo-
rococcus, Synechococcus and heterotrophs.
Table S5. Clade distribution in the transition zone.
Table S6. Clusters of amplicons assigned basal to the
Cyanobium-like clade.
Table S7. Cyanobacterial clades and their references.
List of Supplemental data files
Method section: Shell script to tabulate amplicons according
to clades using probes
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