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INTRODUCTION

Prochlorococcus and Synechococcus, taxa of the
prokaryotic picophytoplankton, are responsible for a
significant proportion of primary production in marine
environments (Agawin et al. 2000, Bell & Kalff 2001).

The cells of both Prochlorococcus and Synechococcus
have been enumerated by flow cytometry in various
marine environments (e.g. Li 1995). Prochlorococcus,
which is the smallest oxygenic photoautotroph (ca. 0.5
to 0.6 µm in diameter), is numerically abundant
(105 cells ml–1), especially in the tropical ocean (Parten-
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ABSTRACT: A ‘Kyucho’ (an intrusion of warm surface water) occurs in the Bungo Channel, located
in southwestern Japan. The abundances of Prochlorococcus and Synechococcus during a Kyucho,
together with physical and chemical environmental factors, were investigated from the Kuroshio
region to the Seto Inland Sea, via Bungo Channel, from 26 November to 5 December 2003. With the
occurrence of the Kyucho, oceanic water intruded from the Kuroshio region into the middle of the
Bungo Channel. The abundance of Prochlorococcus was the highest in the Kuroshio region and the
southern part of the Bungo Channel (>25 × 103 cells ml–1), low in the northern part of the Bungo
Channel (<1 × 103 cells ml–1), and below detection levels in the Seto Inland Sea. A relatively high
abundance of Synechococcus cells (>15 × 103 cells ml–1) was detected in the Kuroshio region and in
the southern part of the Bungo Channel, but the abundance (<6 × 103 cells ml–1) was low in other
regions. In the Kuroshio region and the southern part of the Bungo Channel, high-phycourobilin
(PUB)-type cells were dominant (>90%); at this location, most of the available light in the deeper
layer (>25 m depth) was in the 450 to 500 nm range, corresponding to the peak absorbance of PUB.
In contrast, the abundance of low-PUB-type cells accounted for >75% of the total in the northern part
of the Bungo Channel and in the Seto Inland Sea, where most of the available light in the deeper
layer (>10 m depth) was in the 480 to 560 nm range, including the peak absorbance of both PUB and
phycoerythrobilin (PEB). These results indicate that Synechococcus cells of high-PUB type, which
have a higher Ex 495:545 (>1.5; ratio of orange fluorescence intensity excited at 495 nm to that at 545
nm), as well as Prochlorococcus cells were advected to the Bungo Channel by the Kyucho. The co-
occurrence of the 2 pigment types of Synechococcus in coastal waters is highly affected by a physical
process, such as the Kyucho.

KEY WORDS:  Prochlorococcus · Synechococcus · Kyucho · Kuroshio · Phycoerythrin · Pigment type ·
Advection · Dual laser flow cytometry · Spectrofluorometry

Resale or republication not permitted without written consent of the publisher



Aquat Microb Ecol 46: 191–201, 2007

sky et al. 1999), and its distribution is generally re-
stricted in the open ocean (Partensky et al. 1999).
Synechococcus, which is large (ca. 1 µm in diameter)
relative to Prochlorococcus, is ubiquitously distributed
from the open ocean to the coastal sea (e.g. Olson et al.
1990). The composition of prokaryotic picophytoplank-
ton is variable in every ocean and coastal sea.

Most marine Synechococcus cells possess phycoery-
thrin (PE) as a major light-harvesting pigment (Alberte
et al. 1984, Ong et al. 1984). PE in the cell contains both
phycoerythrobilin (PEB) and phycourobilin (PUB) or
PEB alone. The peak wavelengths of absorption for
PUB and PEB are 495 and 545 nm, respectively (Ong et
al. 1984). The chromophore compositions of PUB and
PEB are highly variable among isolated strains (Wood
et al. 1985, Waterbury et al. 1986, Toledo et al. 1999,
Palenik 2001, Rocap et al. 2002, Fuller et al. 2003).
Since 495 and 545 nm of light are dominant in natural
seawater, the ratio of PUB:PEB is important in order to
harvest light in natural environments.

Spectrofluorometry has been used to evaluate the rel-
ative content of PUB and PEB in isolated strains (Toledo
et al. 1999, Palenik 2001, Fuller et al. 2003), although it
cannot determine the real amount of the these chro-
mophores. In the analysis, the ratio of orange fluores-
cence intensity excited at 495 nm to that at 545 nm (Ex
495:545) is used as the index of PUB and PEB in PE. The
index has also been applied to natural seawater (Lan-
toine & Neveux 1997, Wood et al. 1998, 1999). The Ex
495:545 of PE in oligotrophic oceans was ca. 2.0; this was
almost the highest value found anywhere (Lantoine &
Neveux 1997). Similar results were obtained in the Ara-
bian Sea (Wood et al. 1999). However, since spectroflu-
orometry measures the fluorescence from the overall PE
in the sample, the data did not indicate the PUB:PEB ra-
tio for each Synechococcus cell. Dual laser flow cytome-
try, which was first used by Olson et al. (1988), is a pow-
erful tool for the analysis of the PUB:PEB ratio for each
Synechococcus cell in natural seawater. In addition, the
Ex 495:545 of Synechococcus cells can be analyzed by
spectrofluorometry after cell sorting.

In the Bungo Channel, located in southwestern Japan,
an intermittent physical event occurs called the ‘Kyu-
cho’. This sudden and swift current is usually accompa-
nied by an increase in the water temperature (Takeoka
et al. 2000) caused by an intrusion of warm water origi-
nating from the Kuroshio region into the eastern half of
the Bungo Channel (Akiyama & Saitoh 1993) that is dri-
ven gravitationally and advances along the eastern coast
of the channel (Takeoka et al. 1993). Thus, it is possible
that the Kyucho transports picophytoplankton from the
Kuroshio region to the Bungo Channel.

Recently, we reported on the abundance of Pro-
chlorococcus in a bay on the Bungo Channel (Katano
et al. 2005). We were also able to determine that Syne-

chococcus in the bay consisted of a different type of
PUB:PEB cells (Katano et al. 2004, Katano & Nakano
2006). The composition of these 2 types significantly
fluctuated during the summer season, when the Kyu-
cho frequently occurs (Katano et al. 2004). Thus, this
fluctuation appears to be related to the occurrence of
the Kyucho. However, the abundances of Prochloro-
coccus and Synechococcus during the Kyucho and in
the Kuroshio region have not yet been investigated.

In the present study, we investigated the abun-
dances of Prochlorococcus and Synechococcus from
the Kuroshio region to the Seto Inland Sea during
the Kyucho. Synechococcus cells were classified on the
basis of their PUB:PEB ratio, and cell densities were
separately enumerated using a dual laser flow cytome-
ter. Ex 495:545 of these classified Synechococcus cells
were analyzed by spectrofluorometry after cell sorting.
The underwater light environment and other physical
and chemical factors were also investigated.

MATERIALS AND METHODS

Monitoring the Kyucho. To monitor the Kyucho, the
water temperature was measured every 30 min with a
thermistor at a depth of 5 m at 8 stations located in the
eastern part of the Bungo Channel, Japan (Fig. 1).

Sampling. This study was conducted during a re-
search cruise from 26 November to 5 December 2003 on
the TV ‘Tenyo-maru’ (Fig. 1). The water temperature
and salinity were measured with a CTD (conductivity,
temperature, depth) profiler (SBE9plus, SeaBird), and
water samples were collected with Niskin bottles
mounted on a rosette to determine the nutrient and
chlorophyll a (chl a) concentrations. For the enumeration
of prokaryotic picophytoplankton and analysis of the PE
pigment of Synechococcus, water samples were verti-
cally collected at Stns 2, 6, 13, 15, 20, and 43 (Fig. 1). In
addition, to analyze the type of PE pigment of Syne-
chococcus, a water sample was also collected at Stn 47;
5 ml of each sample was fixed with glutaraldehyde at a
final concentration of 0.1% and stored in liquid nitrogen
during the cruise. The samples were stored in a –80°C
deep-freezer until flow cytometric analysis.

The light intensity was measured vertically with a
spectroradiometer (LI-1800, Li-Cor) for each wave-
length between 400 and 700 nm at Stns 6, 13, 15, and
43 (Fig. 1). The attenuation coefficients for photosyn-
thetically available radiation (400 to 700 nm, KPAR)
were calculated. To compare the underwater light
environment, the attenuation coefficients for 490 to
500 nm (K495) and 540 to 550 nm (K545) and the ratio of
K495:K545 were also calculated.

Analysis of nutrient and chl a concentrations. Sam-
ples that were to be used to determine nutrient con-
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centrations were filtered using syringe-top filters (pore
size, 0.45 µm) to remove particles immediately after
sampling. The samples were stored in a freezer
(–20°C) until analysis. The nitrate + nitrite, ammonium,
and phosphate concentrations were measured with an
autoanalyzer (AA3, BRAN + LUEBEE). To measure the
chl a concentration, 500 to 1000 ml of a seawater sam-
ple was filtered through a Nuclepore filter (pore size,
0.2 µm; Whatman). Thus, our chl a estimates include
divinyl chl a in Prochlorococcus cells. Chl a on the
filters was extracted with N, N-dimethylformamide
(DMF), and its amounts were determined by acidifica-
tion technique (Jeffrey & Welschmeyer 1997) with a
fluorometer (10-AU, Turner Designs).

Flow cytometry. The method for counting the
Prochlorococcus and Synechococcus cells has been
described previously (Katano et al. 2005, Katano &
Nakano 2006). The cell densities of Prochlorococcus
and Synechococcus according to each type of pigment
were counted with a flow cytometer (FACSvantage SE,
Becton Dickinson) equipped with 2 water-cooled
Argon lasers (INOVA305 and 306, Coherent): one
(INOVA305) gives 488 nm of blue light, while the other
(INOVA306) gives 514 nm of green light. Another por-
tion of the water sample was filtered through a 0.1 µm
pore size membrane filter (Millipore), and the filtrate
was used as the sheath fluid. Fluorescent beads (2 µm,
Polyscience) were also used as an internal standard for
counting (Olson et al. 1993).

The forward scatter, side scatter, and 2 fluorescence
intensities (FL2, orange, 564 to 586 nm; FL3, red, 675 to
715 nm) excited at 488 nm of light were recorded for
each cell. The orange fluorescence intensity (FL4, 564
to 586 nm) excited at 514 nm of light was also
recorded. The forward and side scatters are related to
the cell size and internal cell structure, respectively.
The red fluorescence (FL3) indicates the cellular
chlorophyll contents, and the orange (FL2) fluores-
cence is mainly related to the PUB contents of a Syne-
chococcus cell. The orange fluorescence (FL4, excited
at 514 nm) is also related to the PUB + PEB contents
of the cell. At an excitation of 514 nm, PUB and PEB
absorb almost equally, while, at an excitation of
488 nm, PUB absorbs more efficiently than PEB (Olson
et al. 1988). Thus, the ratio of FL2:FL4 indicates the
relative content of PUB:PEB of the Synechococcus
cell. All parameters were normalized with 2 µm
fluorescent beads (Polyscience). To determine the
relative content of PUB:PEB, the ratios of FL2:FL4 of
the cells were calculated.

Spectrofluorometry. The fluorescence spectra of PE
in sorted Synechococcus cells were analyzed with a
scanning spectrofluorometer (F-2500, Hitachi). The
fluorescence intensities were measured at 575 nm as
well as the changes in excitation wavelength every
0.5 nm between 400 and 560 nm. The band passes of
the excitation and emission wavelengths were 10 and
5 nm, respectively, and the scan speed was 1.5 nm s–1.
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RESULTS

Kyucho occurrence

An increase in water temperature at Fukuura, Uchi-
umi, Shimonada, Kitanada, and Shitaba indicated the
occurrence of a Kyucho between 25 and 30 November
2003 (Fig. 2). The intrusion did not reach sites in the
northern Bungo Channel, such as Hokestu and Yusu
(Fig. 1). On 26 November, when the transect investiga-
tion was conducted, the oceanic water had intruded
into Fukuura and Uchiumi, but had not yet reached
Shimonada, Kitanada, and Shitaba.

Transect investigation

The water temperature was relatively low in the Seto
Inland Sea (<20°C) and the northern part of the Bungo
Channel (20 to 21°C; Fig. 3a). At Stn 15, the water tem-
perature increased to 22°C because of the Kyucho
(Fig. 3a). Salinity was also low in the Seto Inland Sea
and increased in the Bungo Channel and the Kuroshio
region (Fig. 3b). Nutrient concentrations in the Seto
Inland Sea were low (<1 µmol N l–1, 0.4 µmol P l–1) rel-
ative to those in the northern part of the Bungo Chan-
nel (>2 µmol N l–1, >0.6 µmol P l–1; Fig. 3c–e). From
Stns 15 to 20, the nutrient concentrations were also
low. The chl a concentration was high in the Seto
Inland Sea (>2 µg l–1) and low in the Kuroshio region
and in the southern part of Bungo Channel (<0.5 µg l–1;

Fig. 3f). Through the occurrence of the Kyucho, 3
regions were identified: the southern part of the Bungo
Channel and the Kuroshio region, the northern part of
the Bungo Channel, and the Seto Inland Sea. The
ranges in water temperature and salinity in the 3
regions were >21.4°C and >34.3 (the southern part of
the Bungo Channel), 20.6 to 21.4°C and 33.9 to 34.3
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Fig. 2. Changes in water temperature at stations located in the
eastern part of the Bungo Channel during the study period. 

Data are mean values for 1 d

Fig. 3. Distributions of (a) wa-
ter temperature, (b) salinity,
(c) NO2 + NO3, (d) NH4, (e)
PO4, and (f) chlorophyll a con-
centrations from the Seto In-
land Sea to the Kuroshio re-
gion. Horizontal axes indicate
north–south transect from
Stns 2 to 43. Lines in (a) and
(b) show CTD casts. Dots in (c)
to (f) show the depths and sta-
tions of the samples collected

by Niskin water samplers
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(the northern part of the Bungo Channel), and <20.6°C
and <33.9 (the Seto Inland Sea), respectively.

Most of the available light in the deeper layer (25
and/or 35 m depth) at Stns 6 and 13 for the growth of
Synechococcus was in the 480 to 560 nm range
(Fig. 4a,b). In contrast, the dominant light in the deeper
layer (deeper than 25 m depth) at Stns 15 and 43 was

within the 450 to 500 nm range (Fig. 4c,d). The KPAR

was high at Stns 6 and 13 (>0.15 m–1; data not shown),
but low at Stns 15 and 43 (<0.07 m–1). The K495:K545 was
also high at Stns 6 and 13 (>0.86; data not shown), but
low at Stns 15 and 43 (<0.71).

Distributions of Prochlorococcus and 
Synechococcus cells

Prochlorococcus cells were not detected in the Seto
Inland Sea (Stns 2 and 6; Fig. 5). In the northern part of
the Bungo Channel, the cell densities of Prochlorococ-
cus were low (Stn 13, <1 × 103 cells ml–1; Fig. 5). Inter-
estingly, a relatively high abundance (10 × 103 to 47 ×
103 cells ml–1) was observed in the Kuroshio region
(Stns 20 and 43) and the southern part of the Bungo
Channel, where oceanic water intruded (Stn 15). Cell
distribution of Prochlorococcus was vertically uniform.

Two types of Synechococcus cells with different
FL2:FL4 ratios were identified from the flow cytometric
signatures (Fig. 6): one had a lower ratio of FL2:FL4
(the low-PUB type), while the other had a higher
FL2:FL4 ratio (the high-PUB type). Cell densities of the
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Fig. 4. Spectral distributions of downward irradiance in (a) the Seto Inland Sea, (b,c) the Bungo Channel, and (d) the
Kuroshio Region

Fig. 5. Distribution of Prochlorococcus (×103 cells ml–1) from
the Seto Inland Sea to the Kuroshio region. Horizontal axis
indicates north–south transect from Stns 2 to 43. Dots show
the depths and stations of the samples collected by Niskin 

water samplers

Fig. 6. Flow cytometric signatures of Synechococcus cells in (a) the Seto Inland Sea, (b,c) the Bungo Channel, and (d) the Kuroshio
region. FL2 and FL4: PUB and PEB (phycoerythrobilin) + PUB (phycourobilin) contents in Synechococcus cells, respectively 
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high-PUB type of Synechococcus were higher in the
Kuroshio region and the southern part of the Bungo
Channel (Stns 15, 20, and 43, >10 × 103 cells ml–1;
Fig. 7a), where oceanic water intruded. High-PUB-
type cells were not found at Stn 2. Overall, the distrib-
ution of the high-PUB type was quite similar to that of
Prochlorococcus. In contrast to the high-PUB type of
Synechococcus and Prochlorococcus, the low-PUB-
type cells were higher in the Seto Inland Sea and the
northern part of the Bungo Channel (Stns 2, 6, and 13,
>4 × 103 cells ml–1; Fig. 7b) than those in the southern
part of the Bungo Channel and the Kuroshio region
(Stns 15, 20, and 43, <3 × 103 cells ml–1). Cell densities
of both high- and low-PUB types of Synechococcus
were also vertically uniform.

Analysis of the fluorescence characteristics of
Synechococcus cells

The fluorescence spectra of sorted cells indicated
that the Ex 495:545 was different within the high-PUB-
type cells (Fig. 8). The high-PUB type in the Kuroshio
region had a higher Ex 495:545 (1.9) than the same
type of cells in the northern part of the Bungo Channel
(0.9). We found a strong correlation between Ex
495:545 and FL2:FL4 (R = 0.878, n = 9; Fig. 9).

A histogram of FL2:FL4 for each discriminated Syne-
chococcus cell by dual laser flow cytometry indicated 3
peaks (Fig. 10). The FL2:FL4 for the low-PUB type

ranged from 0.02 to 0.045 and seemed to form 1 peak.
In contrast, there were 2 peaks in the distribution of
FL2:FL4 within the high-PUB type: one ranged from
0.075 to 0.09, and the other from 0.095 to 0.115. In addi-
tion, these 2 sub-types were obtained at different sta-
tions. The high-PUB type with 0.075 to 0.09 of FL2:FL4
was from the Seto Inland Sea and the northern part of
the Bungo Channel. The other type was from the
Kuroshio region and the southern part of the Bungo
Channel. These findings demonstrate that cells of the
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Fig. 7. Distribution of (a) high- and (b) low-PUB type of Syne-
chococcus (×103 cells ml–1) from the Seto Inland Sea to the
Kuroshio region. Horizontal axis indicates north–south tran-
sect from Stns 2 to 43. Dots show the depths and stations of

the samples collected by Niskin water samplers

Fig. 8. Fluorescence excitation spectra of the sorted Synecho-
coccus cells

Fig. 9. Correlation between Ex 495:545 and FL2:FL4 of
Synechococcus cells
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high-PUB type were different in the northern part of
the Bungo Channel and the Kuroshio region, while the
Ex 495:545 of the low-PUB type was almost identical.

Vertical distribution of Ex 495:545 for each type is
shown in Fig. 11. Ex 495:545 for both high- and low-
PUB types were almost the same with depth, although
slightly higher values were found in the deeper layer
for the high-PUB type at Stns 15, 20, and 43 and for the
low-PUB type at Stns 20 and 43. At Stn 2, only the low-
PUB type of Synechococcus cells was detected, as
mentioned above (Fig. 7, Table 1). At Stns 6 and 13,
we found the high-PUB type with 0.075 and 0.090 of

FL2:FL4, although the contribution was 5 and 28%,
respectively (Table 1). From Stns 13 to 15, the PE-pig-
ment-type composition of Synechococcus drastically
changed, probably due to the intrusion of oceanic
water resulting from the Kyucho. At Stn 15, most Syne-
chococcus cells were of the high-PUB type with 0.095
and 0.115 of FL2:FL4. Similar results were found at
Stns 20 and 43. PE-pigment-type composition was
similar at Stns 15, 20, and 43.

DISCUSSION

Advection of prokaryotic picophytoplankton 
resulting from the Kyucho

On 26 November, when the transect investigation was
conducted, the oceanic water had intruded into Fukuura
and Uchiumi, but had not yet reached Shimonada, Ki-
tanada, and Shitaba (Fig. 2). The front of intruding water
was located between Stns 13 and 15 (Fig. 1). Between
Stns 13 and 15, a drastic shift in the prokaryotic picophy-
toplankton abundance was also observed (Figs. 5 & 7).
At Stns 15, 20, and 43, high abundances of Prochlorococ-
cus (>20 × 103 cells ml–1) and the high-PUB type of Syne-
chococcus (>15 × 103 cells ml–1) were detected. In con-
trast, the abundances of both Prochlorococcus and the
high-PUB type of Synechococcus were low at Stns 2, 6,
and 13 (Figs. 5 & 7). Most Synechococcus cells were low-
PUB type at Stns 2, 6, and 13 (Fig. 7, Table 1). These re-
sults clearly show that Prochlorococcus and the high-
PUB type of Synechococcus were advected as a result of
a Kyucho from the Pacific Ocean to the Bungo Channel.

Generally, the distribution of Prochlorococcus is lim-
ited in the oligotrophic open ocean (Partensky et al.
1999). In the Mississippi River Plume and its adjacent
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Fig. 10. Distributions of the FL2:FL4 ratio of Synechococcus
cells collected from different stations

Fig. 11. Vertical distributions of the FL2:FL4 ratio of Synechococcus cells in (a) the Seto Inland Sea, (b) the Bungo Channel, and
(c) the Kuroshio region
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waters, Prochlorococcus has been detected only in
oceanic waters (Liu et al. 2004). In the East China Sea,
no Prochlorococcus has been detected in coastal
waters (Pan et al. 2005). However, in Suruga Bay (Shi-
mada et al. 1995) and in Uchiumi Bay, located in the
Bungo Channel (Katano et al. 2005), Prochlorococcus
has been detected. Since the Kyucho also occurs in
Suruga Bay (Inaba et al. 2003), the detected Prochloro-
coccus may have been transported from the open
ocean.

Since Prochlorococcus was not detected throughout
the year in Uchiumi Bay, the transported cells could
not sustain its presence in the bay (Katano et al. 2005).
The Prochlorococcus growth rate in coastal waters is
probably lower than the grazing-loss rate. However,
we still do not have enough information to speculate
on the critical factor responsible for the disappearance
of Prochlorococcus in coastal waters, since field obser-
vation data are still limited. Water temperature (Moore
et al. 1995, Partensky et al. 1999), salinity, and turbid-
ity (Pan et al. 2005), as well as trace metal concentra-
tions (Mann et al. 2002), are considered possible rea-
sons for the disappearance of Prochlorococcus in
coastal waters. Prochlorococcus has evolved to be
adapted to the environment of the open ocean (Rocap
et al. 2003). For example, Prochlorococcus lost a nitrate
reductase gene cluster, but still possesses iron-related
genes that are missing in Synechococcus (Rocap et al.
2003). Thus, these cells can utilize the most prevalent
nitrogen forms, i.e. ammonium and nitrite (Moore et al.
2002). The possession of iron-related genes may
explain their dominance in the iron-limited equatorial
Pacific (Campbell et al. 1997). In the course of evolu-
tion, Prochlorococcus probably lost essential genes for
growth in coastal environments, and the crucial factor
for its growth may differ according to each coastal
environment.

The high-PUB type of Synechococcus
was also advected as a result of the Kyu-
cho, as reported above. In contrast to
Prochlorococcus, the high-PUB type of
Synechococcus actively grows in Uchi-
umi Bay (Katano et al. 2005, Katano &
Nakano 2006) and has been detected
throughout the year (Katano et al. 2004).
However, the fluorescence properties of
high-PUB-type cells were different from
those in the northern part of the Bungo
Channel. The PE pigment type of Syne-
chococcus seemed highly complex
(Figs. 7 & 10, Table 1). In the following
section, we discuss the effect of the Kyu-
cho on the PE-pigment-type composition
and on the shift in the pigment-type com-
position from oceanic to coastal waters.

PE-pigment-type composition of Synechococcus

The classification of Synechococcus cells into 2 types
has been conducted using different flow cytometers
(Olson et al. 1988, 1990, Campbell & Vaulot 1993,
Campbell et al. 1998). Since the PUB:PEB ratio of
Synechococcus cells continuously varies among strains
(Wood et al. 1985, Waterbury et al. 1986, Toledo et al.
1999, Palenik 2001, Rocap et al. 2002, Fuller et al.
2003), it is difficult to simply classify isolated strains of
Synechococcus into low- and high-PUB types. Thus, it
is difficult to compare the ratios of PUB:PEB of the dis-
criminated sub-populations of Synechococcus with
flow cytometry in each environment. In the present
study, we demonstrated the usefulness of determining
the Ex 495:545 ratio for each type of cell, showing that
dual laser flow cytometer combined with spectrofluo-
rometry is a powerful tool for analyzing the PUB:PEB
ratio of Synechococcus cells in marine environments.

The present study showed a shift in the PE-pigment-
type composition of Synechococcus from oceanic to
coastal waters (Fig. 7, Table 1). Previous studies using
spectrofluorometry also showed a difference in PE
between oceanic and coastal waters (Lantoine &
Neveux 1997, Wood et al. 1998, Wood 1999). Similar to
distinct Prochlorococcus ecotypes (adapted to high
light and low light), which vertically partition the
water column (Moore & Chisholm 1999), different
types of Synechococcus cells horizontally partition
marine environments from oceanic to coastal waters.
This is one explanation for the ubiquitous distribution
of Synechococcus.

We found variation in the PUB:PEB ratio within the
high-PUB type (Fig. 10). The low-PUB type found in
the present study had almost the same Ex 495:545, and
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Stn Synechococcus cell density Contribution of n
(×103 cells ml–1) high-PUB type

high-PUB type low-PUB type (%)

Seto Inland Sea
2 0 4.3 ± 0.4 0 3
6 0.2 ± 0.0a 4.1 ± 0.4 4.5 ± 0.7 4

Bungo Channel
13 2.3 ± 0.7a 5.9 ± 1.8 28.2 ± 0.7 4
15 21.1 ± 3.1b 1.2 ± 0.2 94.7 ± 0.8 5

Kuroshio region
20 18.8 ± 2.3b 0.7 ± 0.1 96.3 ± 0.7 5
43 15.3 ± 3.3b 0.6 ± 0.3 96.0 ± 1.2 5

aFL2:FL4 = 0.075 to 0.090
bFL2:FL4 = 0.095 to 0.115

Table 1. Shift in pigment type composition of Synechococcus from the Seto In-
land Sea to the Kuroshio region. Values show means (±SD). PUB: phycourobilin
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its distribution extended from the coastal to open
ocean (Fig. 11). In contrast, the Ex 495:545 of the high-
PUB type in the Bungo Channel was obviously lower
than that in the Kuroshio region (Figs. 10 & 11). As far
as we know, this is the first study to demonstrate that
the shift in Synechococcus composition from oceanic to
coastal waters was due, not only to the changes in the
composition of the PE pigment type (the increase in the
contribution of the low-PUB type to the total), but also
to changes in the PUB:PEB in each PE pigment type (a
decrease in the PUB:PEB ratio within the high-PUB
type). Thus, the shift in the Synechococcus community
composition from oceanic to coastal waters is highly
complex.

The high-PUB type, with an Ex 495:545 of 1.6 to 1.8,
was dominant at locations where most available light
in the deeper layer was in the 450 to 500 nm range,
corresponding to the peak wavelength for PUB
absorbance (Fig. 4, Table 1). This is consistent with the
spectrofluorometry study by Lantoine & Neveux
(1997), in which most PE had an Ex 495:545 of 1.6 to
1.9 in oligotrophic waters in the Atlantic Ocean. The
high-PUB type seems to be well adapted to the spectral
light quality of its habitat. In contrast, the low-PUB
type was dominant when the available light was in the
480 to 580 nm range (Fig. 4, Table 1). Previous studies
demonstrated that the content of PUB in Synechococ-
cus cells is the result of adaptation for the efficient uti-
lization of blue light in the open ocean (Wood 1985,
Glover et al. 1986).

Generally, PE fluorescence of the cell increases with
depth, as a result of photo-acclimation (Olson et al.
1990, Neveux et al. 1999). Olson et al. (1990) reported
that PE fluorescence increased with depth by >100-fold
in some cases. In addition, Lantoine & Neveux (1997)
found an increase in the PUB:PEB ratio of PE with
depth at oligotrophic stations in the Atlantic Ocean.
Therefore, the PUB:PEB ratio of the cells along the
depth gradient is of interest. However, we could not
find any trend in PE fluorescence or the FL2:FL4 of the
cells with depth (Fig. 11). Furthermore, the cell densi-
ties of both Synechococcus and Prochlorococcus were
also uniform in their vertical distributions (Figs. 5 & 7).
Water temperature and other physico-chemical factors
indicate the vertical mixing of water in the euphotic
layer (Fig. 3). Thus, in the present study, we could not
discuss the vertical distribution of both high- and low-
PUB types, or the PUB:PEB ratio of the cells in relation
to the shift in light quality along the water depth gradi-
ent. Hence, we focused on the horizontal distribution of
the high- and low-PUB types of Synechococcus in rela-
tion to the underwater light conditions.

The synthesis of PE by Synechococcus is genetically
programmed and invariant within genotypes, even
though some of the strains can synthesize 2 types of PE

(Wood et al. 1985, Ong & Grazer 1991, Palenik 2001,
Everroad et al. 2006). Wood et al. (1998) suggested that
natural selection maintains the dominance of pigment
types in certain regions: PUB-containing PE has an
advantage in capturing the blue-light photons that are
dominant in open oceans, but PUB-containing PE has
never evolved in the green-light-dominated coastal
waters. However, there was no significant difference
in the growth rate between the low- and high-PUB
types in the deeper layer (10 and 20 m depth) of the
bay, where available light in the 480 to 570 nm range
was dominant (Katano & Nakano 2006). Even though
PUB-containing PE has evolved in oceanic ‘blue’
waters, the high-PUB type has the capability of grow-
ing in the light environment of the bay.

The composition of the PE pigment in Uchiumi Bay, a
body of water in the Bungo Channel, fluctuated signifi-
cantly (Katano et al. 2004, Katano & Nakano 2006). In
2001, there were 2 peaks of Synechococcus abundance
in June and August (Katano et al. 2004). Analysis of the
PE-pigment-type composition using single laser flow
cytometry showed that the high-PUB type contributed
75% in June, but the contribution decreased to 40% in
August (Katano et al. 2004). In 2003, the contribution of
the high-PUB type estimated with dual laser flow
cytometry increased from 38% in May to 75% in July
(Katano & Nakano 2006). In the present study, the Kyu-
cho mainly advected the high-PUB type of Synechococ-
cus cells (Fig. 7, Table 1). In the region of origin of the
Kyucho (Kuroshio), the high-PUB type probably pre-
dominates in the Synechococcus community. Gener-
ally, Kyucho events occur from June to October, when
the water column is thermally stratified (Takeoka et al.
2000) and there is no intrusion of coastal water from the
Seto Inland Sea, where the low-PUB type was domi-
nant. Thus, the composition of the pigment type of
Synechococcus in the Bungo Channel during the
thermally stratified period may be highly affected by
the Kyucho rather than by the light environment.

The co-occurrence of at least 2 PE pigment types in
Synechococcus cells is frequently found in coastal
waters (Wood et al. 1985, Olson et al. 1990, Campbell
et al. 1998, Liu et al. 1998, 2004, Collier & Palenik 2003,
Jiao et al. 2005). In such areas, where co-occurrence
of the 2 types has been observed, there are physical
disturbances, such as monsoons in the Arabian Sea
(Campbell et al. 1998, Liu et al. 1998), upwelling off
California (Collier & Palenik 2003), and the Kuroshio
Current in the East China Sea (Jiao et al. 2005). Un-
fortunately, there is insufficient information about the
underwater light environment and physical processes
combining oceanic and coastal waters. However, it is
possible that the co-occurrence in coastal waters is
related to both the underwater light environment and
the physical disturbance. 
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Some of the strains possess the ability to change the
PUB:PEB ratio depending on the light environment
(Palenik 2001, Everroad et al. 2006). However, the dis-
tribution of such cells has not been evaluated in a
marine environment. In addition, few studies have
evaluated the ratio of PUB:PEB in natural Synechococ-
cus, and the ecological meaning of the high variation
of PUB:PEB among Synechococcus strains has not
been clarified. Thus, even if there were chromatically
adapted Synechococcus cells, it would still be mean-
ingful to evaluate the PUB:PEB ratio of each type of
Synechococcus cell in a given light environment.

There are 2 mechanisms to explain the shift in
PUB:PEB in bulk PE from oceanic to coastal areas, as
already reported (Lantoine & Neveux 1997, Wood et al.
1998, Neveux et al. 1999): one is the shift in the com-
munity composition on a genetic level and the other is
chromatic adaptation. In the present study, we demon-
strated the co-occurrence of at least 2 different PE pig-
ment types in the Kuroshio region and the Seto Inland
Sea (Table 1). Here, a shift in the PE-pigment-type
composition from oceanic to coastal waters was ob-
served, as mentioned above. This suggests the exis-
tence of cells that do not have a chromatic adaptation
ability. Olson et al. (1990) found 3 distinct populations
with different cellular PUB:PEB ratios in a coastal sam-
ple. It is possible that these 3 populations corre-
sponded to the 1 low- and 2 high-PUB types of Syne-
chococcus cells found in the present study. If so, the
cells lacking chromatic adaptation ability may co-
occur in the same water body.

On the contrary, Everroad et al. (2006) pointed out
the ubiquitous distribution of chromatic adapters in the
oceans. It is also possible that high-PUB-type cells that
advected from the Pacific Ocean adapted chromati-
cally to the light environment of the Bungo Channel or
the Seto Inland Sea, although some of the individual
cells did not have such an ability (Table 1). In such a
case, the time may not have been sufficient for the
high-PUB type to adapt chromatically, since our sam-
pling was conducted just after the Kyucho occurrence
(Fig. 2). To clarify such quandaries, other techniques
should be used.

Synechococcus is divided into at least 10 clades
based on 16S rRNA gene sequencing (Fuller et al.
2003). In at least 3 of these clades, strains differing in
PE pigment composition were found within a single
clade. The fact that differences in pigment composition
were observed in >1 clade suggests differences in
physiological traits, such as nitrogen requirements,
motility, or halotolerance other than photophysiology
within cells with similar or identical PUB:PEB ratios.
Fuller et al. (2003) expected that Synechococcus lin-
eages define a more complicated suite of niches and
underlying physiologies. As we demonstrated in the

present study, the shift in the composition of the PE
pigment type from oceanic to coastal waters was
highly complex. Other traits are presumably also
related to the ubiquitous distribution of Synechococcus
in marine environments. In addition to the PUB:PEB
ratio, the genetic variation of Synechococcus should be
examined along the environmental gradient from open
to coastal waters to better understand this important
contributor to primary production in the oceans.
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