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More than 20 and 10 clades / ecotypes of Synechococcus and Prochlorococcus, respectively, have been identified in 

various oceanic regions. However, their diversity has yet to be thoroughly studied in the northwest Pacific Ocean. Fur-

ther, spatial distribution of Synechococcus clades in the oligotrophic oceans has been scarcely characterized. To elucidate 

picocyanobacterial lineage distribution in the northwest Pacific Ocean, 16S-23S internal transcribed spacer sequences of 

picocyanobacteria were sequenced by barcoded amplicon pyrosequencing method. Additional pyrosequencing library 

using a primer specific for the Synechococcus subcluster-5.1 was constructed to thoroughly understand Synechococcus 

diversity in the oligotrophic oceans. In warm pool area, Prochlorococcus was predominant and showed a distinct depth-

partitioning between HLII and LL ecotypes. Despite low abundances, diverse Synechococcus clades appeared in the oligo-

trophic open ocean, showing both vertical and horizontal niche partitioning. Clade II was the predominant Synechococ-

cus clade, especially in upper euphotic depths. In shallow and middle euphotic depths, clades UC-A, III, and CRD1 were 

distributed broadly. However, a distinct shift in the horizontal distribution was found at ca. 20° N. Conversely, clades XVII 

and CRD2 dominated at deep euphotic depths and constituted a higher proportion than clade II. These niche-partition-

ing of Synechococcus clades seemed to be related with temperature, nutrient concentration as well as iron concentration. 
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INTRODUCTION

Synechococcus and Prochlorococcus are dominant pi-

cocyanobacteria in marine environments, and are known 

to be one of major primary producers (Li 1994, Liu et al. 

1997, Marañón et al. 2001, Teira et al. 2005). However, 

their biogeographical distributions differ greatly, prob-

ably due to physiological and genetic differentiation 

(Scanlan et al. 2009). Prochlorococcus is predominant in 

the oligotrophic and tropical open oceans between 40° N 

and 40° S (Partensky et al. 1999), while Synechococcus is 

distributed ubiquitously throughout the world’s oceans, 

ranging from equatorial to sub-polar waters and from 

coastal to open waters. They are particularly abundant in 

mesotrophic coastal waters, whereas Prochlorococcus are 

more abundant in the oligotrophic open oceans. Further, 

each genus has been known to be composed of diverse 

clades and / or ecotypes with different physiological and 
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To understand distribution and ecological niches of 

clades / ecotypes of Prochlorococcus and Synechococcus, 

which are most important picocyanobacteria in marine 

environments, we investigated 16S-23S ITS sequences of 

picocyanobacteria by barcoded amplicon pyrosequenc-

ing and environmental variables in a transect running 

from coastal to open waters of the NW Pacific. In addi-

tion, diversity of Synechococcus clades was further exam-

ined using Synechococcus-specific primers in the oligo-

trophic waters where their abundance are much less than 

Prochlorococcus. 

MATERIALS AND METHODS

Study sites and sampling

Water samples were collected at 16 stations during the 

POSEIDON (Northwestern Pacific Ocean Study on Envi-

ronment and Interactions between Deep Ocean and mar-

ginal seas) cruise in the northwestern Pacific from May 26 

to June 12, 2010 aboard the R/V Onnuri (Fig. 1). Stations 

(Stns) on lines F and P are located in a tropical area affect-

ed by the oligotrophic North Equatorial Current (NEC). 

Stations on line B are located in a subtropical area mainly 

affected by the KC. Stations on line A and Stn I are located 

in the ECS, where coastal currents and a branch current 

(Korea / Tsushima Warm Current) from the KC meet, 

forming oceanic fronts in the central continental shelf 

region (Ichikawa and Beardsley 2002). At each station, 

seawater was sampled from four to six depths between 

the surface and deep chlorophyll maximum (DCM) depth 

using Niskin bottles attached to a rosette sampler. 

DNA extraction, polymerase chain reaction 
(PCR) amplification, and pyrosequencing

The genetic diversity of picocyanobacteria was ana-

lyzed in samples collected between the surface and DCM 

depth. Two liter water samples were passed through a 0.2-

µm Supor filter (Gelman Sciences, Ann Arbor, MI, USA), 

and the filters were frozen at -80°C after adding 1 mL STE 

buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 

8.0). DNA was extracted using the method of Choi et al. 

(2015).

To elucidate the picocyanobacterial ITS sequence di-

versity, barcoded amplicon pyrosequencing with GS-

FLX Titanium (454 Life Sciences, Branford, CT, USA) was 

carried out. To amplify partial picocyanobacterial ITS 

sequences, picocyanobacteria-specific ITS-af forward 

ecological traits.

The lineage diversity of picocyanobacteria has been 

studied using various genetic markers, and this has re-

vealed the existence of very diverse Synechococcus and 

Prochlorococcus clades or ecotypes (Rocap et al. 2002, 

Ahlgren and Rocap 2006, Choi and Noh 2009, Martiny et 

al. 2009, Lavin et al. 2010, West et al. 2011, Huang et al. 

2012, Chung et al. 2014). Studies of genetic diversity using 

16S-23S internal transcribed spacer (ITS) sequences have 

shown that Synechococcus and Prochlorococcus can be di-

vided into at least 20 and 10 clades, respectively (Huang 

et al. 2012, Choi et al. 2013). Furthermore, studies of their 

spatial distributions have revealed niche partitioning of 

Prochlorococcus with depth (Moore et al. 1998, West and 

Scanlan 1999, Johnson et al. 2006) and different biogeo-

graphical distribution patterns among Synechococcus 

clades (Penno et al. 2006, Zwirglmaier et al. 2007, 2008, 

Tai and Palenik 2009, Mella-Flores et al. 2011, Post et al. 

2011, Huang et al. 2012). 

Picocyanobacterial diversity can be unveiled using a 

clone library approach or probe-based molecular tech-

niques, such as dot-blot hybridization and quantitative 

polymerase chain reaction for specific clades or ecotypes 

(Ahlgren et al. 2006, Fuller et al. 2006, Zinser et al. 2006, 

Martiny et al. 2009, Tai and Palenik 2009, Lavin et al. 2010, 

Rusch et al. 2010, Huang et al. 2012, Sohm et al. 2015). 

Recently, barcoded amplicon pyrosequencing methods 

were developed to reveal picocyanobacterial and Syn-

echococcus diversities in marine environments and ap-

plied to elucidate the temporal and spatial picocyano-

bacterial diversity in the marginal seas (Choi et al. 2013, 

2014).

 The northwestern Pacific Ocean is composed of di-

verse ecological environments, oligotrophic tropical / 

subtropical warm pools, oligotrophic Kuroshio Current 

(KC) and mesotrophic / eutrophic marginal seas. The 

East China Sea (ECS) is the largest marginal sea affected 

by oligotrophic pelagic water at the east and by coastal 

water at the west. Furthermore, the ECS is experiencing 

most rapid warming (Belkin 2009). The warm pool area 

has the warmest surface water of the ocean with oligo-

trophic features (McClain et al. 1999) and is expected to 

undergo significant changes as consequences of ENSO 

(El Niño Southern Oscillation) variability (Collins et al. 

2010). Therefore, NW Pacific Ocean is an important re-

gion to study tele-connections between open oceans and 

marginal seas and to understand the ecological impacts 

of changing ocean, such as warming and acidification. 

Despite the importance, NW Pacific steadily remains one 

of least explored areas on earth.
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et al. (2014). The sequences obtained using pyrosequenc-

ing were submitted to the NCBI sequence read archive 

(SRA, http://www.ncbi.nlm.nih.gov/Traces/sra; acces-

sion number SRA052533.1).

Analyses of pyrosequencing data

The obtained sequences were analyzed using the 

mothur program (Schloss et al. 2009) according to the 

overall procedures presented in Choi et al. (2014). Briefly, 

raw reads were filtered to remove reads associated with 

errors by allowing only a perfect match to the barcode 

and forward primer (in case of picocyanobacterial li-

brary, two mismatches to forward primer were allowed) 

sequences. The allowed number of maximum homopoly-

mers was six. Reads with initial noisy flow (0.5-0.7) before 

150 were removed and flows beyond 350 were ignored. 

The filtered reads were de-noised using the ‘shhh.flows’ 

command and the chimeric sequences were removed by 

‘chimera.perseus’ command. The alignment and classifi-

cation of each read were conducted using the database 

constructed in the previous study (Choi et al. 2014). 

Other analyses

Synechococcus and Prochlorococcus abundances were 

determined using a Beckman-Coulter Altra flow cytom-

eter (Campbell and Vaulot 1993). Canonical correspon-

dence analysis (CCA) was performed using Canoco for 

Windows (ver. 4.51) to understand factors controlling 

the distribution of the Synechococcus clades. Explana-

tory variables (nitrate and phosphate concentrations, chl 

a, and Synechococcus abundances), except temperature 

and salinity, were log (n + 1) transformed, and response 

variables (clade %) were square root transformed before 

analysis. The CCA model was produced with forward se-

lection via Monte Carlo permutation significance tests. 

The environmental data used in the CCA analysis was 

shown in another study (Choi et al. submitted).

RESULTS AND DISCUSSION

Characteristics of the pyrosequencing runs

In the analyses of the amplicon library of picocyano-

bacteria, 49,116 sequences passed our trimming and 

screening procedures. The number of sequences per 

sample varied between 97 and 3,290, and averaged 572. 

In the Synechococcus SC-5.1 library, 38,540 sequences 

and ITS-ar reverse primers were used (Choi et al. 2013). 

The amplification and pyrosequencing was conducted 

following the procedures shown in Choi et al. (2013). 

As Synechococcus abundance in the oligotrophic ocean 

was much less than Prochlorococcus, lineage diversity of 

Synechococcus could not be resolved in detail from the 

genetic library targeting picocyanobacteria. Thus, Syn-

echococcus diversity was additionally investigated from 

the genetic library targeting Synechococcus subcluster-5.1 

(SC-5.1). The diversity of Synechococcus SC-5.1 was exam-

ined for samples from subtropical and tropical stations 

between Stns B5 and F10. The PCR amplification using 

a primer specific to Synechococcus SC-5.1 and pyrose-

quencing were performed following the protocol in Choi 

Fig. 1. Sampling stations in the NW Pacific Ocean. Grey contour lines 
represent water depths. 



Algae 2015, 30(3): 223-232

http://dx.doi.org/10.4490/algae.2015.30.3.223 226

Distribution of Synechococcus and Prochlorococ-
cus in different oceanic regions

The abundance of Synechococcus and Prochlorococcus 

differed among oceanic regions (Fig. 2). Prochlorococ-

cus (0.1-15.4 × 104 cells mL-1) was much more abundant 

than Synechococcus (0.01-2.5 × 103 cells mL-1) in oligotro-

phic tropical waters and had highest abundances around 

DCM. Synechococcus was more abundant in shallow wa-

ter. Very few Prochlorococcus was found in the ECS, yet 

Synechococcus was very abundant (0.8-32.2 × 104 cells 

mL-1). In the KC region, especially at the boundary of 

continental shelf, an increase in Synechococcus and a de-

crease in Prochlorococcus were apparent. 

Similarly, the picocyanobacterial amplicon library 

showed distinct picocyanobacterial diversity among re-

gions (Fig. 3). In tropical warm pool, Prochlorococcus se-

quences constituted most fractions of picocyanobacterial 

sequences, whereas Synechococcus sequences were dom-

inant in the ECS. In addition, among the Synechococcus 

sequences, SC-5.1 was absolutely dominant throughout 

the study area (Fig. 3). Subcluster-5.3 (SC-5.3) was found 

significantly (up to 4.1%) only in the area near the KC. A 

recent study in the ECS suggested that SC-5.3 is trans-

ported to the ECS via a branch current of the KC (Choi 

et al. 2013). In addition, SC-5.3 is distributed in subtropi-

cal and temperate waters located at the high-latitude 

boundary of oceanic gyre (Huang et al. 2012). Thus, the 

geographical niche of Synechococcus SC-5.3 appears to be 

subtropical oligotrophic waters. In this study, sequenc-

es belonging to Synechococcus subcluster-5.2 were not 

found in most samples. Considering that its dominance 

in estuarine and coastal waters affected severely by river 

runoff (Chen et al. 2006, Huang et al. 2012), the absence of 

this group of Synechococcus seems to be reasonable.

Phylogenetic diversity of picocyanobacteria in 
the NW Pacific Ocean

In the warm pool area of the NW Pacific, HLII eco-

type Prochlorococcus, adapted to high-light conditions, 

was exclusively dominant in the upper euphotic zone 

(Fig. 4). At the lower euphotic depths, HLII ecotypes de-

creased but low-light adapted LLI ecotype appeared and 

then increased with depth. The LLIV ecotype was sig-

nificantly found together with LLI around DCM depth of 

subtropical waters. However, other ecotypes did not ap-

pear significantly in the NW Pacific. The predominance 

of Prochlorococcus in the oligotrophic warm pool and 

depth-partitioning of HL and LL ecotypes was consistent 

passed our trimming and screening procedures, and 

were assigned to Synechococcus SC-5.1. The number of 

sequences per sample for analyses of Synechococcus SC-

5.1 ranged from 143 to 8,247. Despite the large variation 

in read numbers among samples, the clade distribution 

of the samples with extremely small or large sequence 

numbers was similar to those in adjacent samples (data 

not shown). Therefore, these samples were not excluded 

from this analysis.

Fig. 2. Abundance distribution of Prochlorococcus and Synechococcus 
at the surface and deep chlorophyll maximum (DCM) depths. ECS, East 
China Sea.

Fig. 3. Percentages of sequences belonging to each picocyanobacterial 
group among all sequences obtained from an amplicon library of 
picocyanobacteria in each oceanic area. Sequences belonging to 
Synechococcus (Syn) subcluster (SC)-5.2 were not found in this study. ECS, 
East China Sea.
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boundary water of continental shelf (Stn. B3), an advec-

tive transport by a branch current of KC must be one of 

important process influencing the Synechococcus lineage 

distribution in the marginal sea. 

Synechococcus diversity in the oligotrophic 
oceans 

Physiological and genetic diversity and ecological ad-

aptation of Prochlorococcus have been well understood 

in the previous studies (Johnson et al. 2006, Martiny et 

al. 2009, Scanlan et al. 2009). On the contrary, despite 

the higher genetic diversity, ecological niches of Syn-

echococcus clades have not been studied thoroughly as 

with patterns obtained in the various oceanic biomes 

(Zwirglmaier et al. 2007, 2008). 

Similarly, the dominance of Synechococcus clades I, II, 

and IV in the ECS was also consistent with the previous 

studies (Choi et al. 2013, 2014). Water temperature, in-

flow of coastal and / or oligotrophic waters and advection 

processes have been regarded as important factors in af-

fecting the distribution of picocyanobacterial lineages in 

the ECS. This wide distribution of clades I and IV in the 

ECS seems to be related with low temperature less than 

21°C in the ECS. However, at the stations located around 

the passage of a branch current of KC, clade II was one of 

dominant Synechococcus lineages (Fig. 4). As clade II Syn-

echococcus was most dominant picocyanobacteria at the 

Fig. 4. Contour plots showing the percentages of major picocyanobacterial (Prochlorococcus, Pro; Synechococcus, Syn) lineages as proportions of all pico-
cyanobacterial sequences. Black dots, sampling depths; Kuro, Kuroshio Current; ECS, East China Sea.
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/ VI / VII does not separate each clade (Fuller et al. 2003). 

In the present study, sequences belonging to clades V and 

VI were nearly not found. Additionally, these sequences 

have not been retrieved in other tropical / subtropical 

ocean sites (Huang et al. 2012). However, even though 

not a dominant clade, clade VII was also found in this 

study (up to 4% of Synechococcus SC-5.1), as well as in 

other studies of the oligotrophic equatorial Pacific and 

northern Atlantic Oceans (e.g., up to 25% of total cyano-

bacteria) (Huang et al. 2012). These data lead to the hy-

pothesis that most Synechococcus previously considered, 

clade V / VI / VII, in open oceans (Zwirglmaier et al. 2007, 

2008) might all belong to clade VII, and further that the 

preferred habitats of clades V and VI might not be oligo-

trophic oceans. 

For Prochlorococcus, niche partitioning along depth or 

light intensity gradients has been studied in detail (West 

and Scanlan 1999, Johnson et al. 2006, Martiny et al. 2009, 

Lavin et al. 2010), while depth-partitioning of Synechococ-

cus clades has not been examined as thoroughly. In oligo-

trophic open oceans, euphotic zones are relatively deep, 

and vertical mixing within the euphotic zone is not ac-

tive due to thermal stratification. Therefore, oligotrophic 

open oceans are a good environment for understanding 

the vertical distribution of Synechococcus lineages. In 

shallow and mid-euphotic depths, clade II predominated 

in both tropical and subtropical waters (Fig. 5). Following 

those of Prochlorococcus. Recently, using the quantitative 

PCR method, abundance distribution of 10 Synechococ-

cus clades was investigated (Sohm et al. 2015), and they 

showed that temperature, macronutrients and iron avail-

ability are important in clade distribution of Synechococ-

cus. However, the distribution of a half of Synechococcus 

clades did not incorporated in their study (Fig. 5). 

Fifteen clades belonging to Synechococcus SC-5.1 were 

retrieved in this study (Appendix 1). In warm pool area, 

seven clades (II, III, XVII, WPC1, UC-A, CRD1, and CRD2) 

were predominant with proportions of more than 10% at 

least one sample among Synechococcus SC-5.1. However, 

other clades were either found as a minority or not de-

tected. Among the clades found in the ECS, clades I and 

IV are known to be dominant Synechococcus clades on a 

global scale (Zwirglmaier et al. 2008, Huang et al. 2012), 

and considered coastal and cold-adapted Synechococ-

cus (Zwirglmaier et al. 2007, Tai and Palenik 2009, Choi et 

al. 2013). Considering the ecological traits of these Syn-

echococcus, the insignificant detection of these clades in 

oligotrophic tropical waters seems to be reasonable.

The distributions of clades V and VI have not been 

studied intensively due to methodological limitations. 

Most studies of the distribution of Synechococcus clades 

have been conducted using a dot-blot hybridization ap-

proach (Fuller et al. 2006, Zwirglmaier et al. 2007, 2008). 

However, the oligonucleotide probe sequence for clade V 

Fig. 5. Contour plots showing the percentages of major Synechococcus clades as proportions to all Synechococcus subcluster-5.1 sequences. Black dots, 
sampling depths; Kuro, Kuroshio Current. 
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al. 2009). CCA was used to analyze the factors that might 

explain the spatial distribution of Synechococcus clades in 

marine environments (Fig. 6). As expected, six explanato-

ry variables (temperature, salinity, nitrate, phosphate, chl 

a, and Synechococcus abundance) were statistically sig-

nificant by Monte-Carlo permutation tests. Synechococ-

cus clades were divided largely into two groups. Clades I 

and IV located on right side of the axis 2, indicating that 

they prefer low temperature and salinity, and high nutri-

ent conditions. Conversely, other clades located on left 

side of the axis 2 and showed a vertically wide distribu-

tion (Fig. 6). As axis 2 correlated well with nutrient con-

centrations, nutrient supply through nutricline below the 

euphotic depth might play an important role in deter-

mining distribution of Synechococcus clades in oligotro-

phic waters of the NW Pacific Ocean. 

 

CONCLUSION

Distribution of picocyanobacterial ecotypes / clades 

could be clearly differentiated among regions in the NW 

Pacific Ocean. Prochlorococcus HLII ecotypes were most 

dominant in the upper euphotic depths of the oligotro-

phic warm pool, and Prochlorococcus LLI and LLIV eco-

types substituted HLII ecotype at lower euphotic depths. 

On the contrary, cold-adapted Synechococcus clades 

I and IV were most dominant in the shelf waters of the 

ECS. Thus, relative distribution of Prochlorococcus and 

Synechococcus lineages was generally similar to those of 

other oceanic regions. 

Using a Synechococcus SC-5.1 specific primer and the 

pyrosequencing method, in-depth distribution of Syn-

echococcus lineages was elucidated in an oligotrophic 

tropical ocean. While clade II Synechococcus dominated, 

many other diverse Synechococcus clades were found. 

clade II, clades UC-A, III, and CRD1 were the next most 

dominant clades, but had different latitudinal distribu-

tions (Fig. 5). Interestingly, the Synechococcus clade UC-A 

had a similar depth distribution pattern to clade II in a 

broad range of shallow euphotic zones, but was limited 

to low latitudes below 20° N. Conversely, clade III consti-

tuted a higher proportion at latitudes above 20° N. There-

fore, clades III and UC-A showed a distinct latitudinal 

distribution. However, nutrients (nitrate and phosphate) 

did not differentiate between the two regions (Choi et al. 

submitted) despite the well known information on the 

adaptation of clade III to phosphorus (P)-limited envi-

ronments (Mella-Flores et al. 2011). More research must 

be done to determine if other factors, such as trace ele-

ments, viral infection, or grazing might be important in 

the niche-partitioning and spatial variations of these Syn-

echococcus clades (Mann et al. 2002, Mann 2003, Mühling 

et al. 2005, Saito et al. 2005, Twining et al. 2010, Apple et 

al. 2011). 

Clade CRD1, first identified as a dominant Synechococ-

cus in the Costa Rica upwelling dome (Saito et al. 2005), 

had a distribution similar to that of UC-A (Fig. 5) in the 

present study. Recently, clade CRD1 was reported to have 

a prevailing distribution in tropical regions with low iron 

availability (Sohm et al. 2015). Actually, dissolved iron 

concentrations at the low latitude below 20° N were esti-

mated to be lower than those at higher latitude (Moore et 

al. 2002). Thus, latitudinal partitioning of Synechococcus 

clades around 20° N might be related to the distribution 

of micronutrients including trace elements. 

Conversely, clades XVII and CRD2 had relatively high 

proportions at deeper euphotic zone (Fig. 5), suggesting 

their adaptation to relatively low temperature and low 

light (<3% of surface irradiance) or relatively high nutrient 

conditions. However, their niche was restricted to tropical 

waters. In the South China Sea, they were found only at 

mid-euphotic depths (Huang et al. 2012). However, their 

appearance in the surface waters of the equatorial Pacific 

Ocean (Huang et al. 2012) suggested that the distribution 

of clade XVII is not governed by light intensity only. 

By definition, the deep euphotic zone is character-

ized by low light intensity, and also usually has relatively 

high nutrients and low temperatures compared to sur-

face water. Light intensity plays an important role in dis-

criminating the ecotypes of Prochlorococcus (Moore et al. 

1998, West and Scanlan 1999). Furthermore, the differ-

ent Synechococcus clade distributions along temperature 

gradients and different genetic compositions related to 

nutrient utilization among clades have been well studied 

(Dufresne et al. 2008, Zwirglmaier et al. 2008, Scanlan et 

Fig. 6. Canonical correspondence analysis ordination plot showing the 
relationships between major Synechococcus (Syn) lineages and environ-
mental parameters.
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clades. To better understand the ecological niches of Syn-

echococcus clades, it will be necessary to investigate their 

diversity in other oceanic environments and in parallel, 

examine physiological responses and competition along 

environmental gradients using culture isolates.
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