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Summary
Marine cyanobacteria of the genera Prochlorococcus
and Synechococcus are important contributors to
global primary production occupying a key position
at the base of marine food webs. The genetically
diverse nature of each genus is likely an important
reason for their successful colonization of vast tracts
of the world’s oceans, a feature that has led to
detailed analysis of the distribution of these genetic
lineages at the local and ocean basin scale. Here, we
extend these analyses to the global dimension, using
new data from cruises in the Pacific, Indian and Arctic
Oceans in combination with data from previous
studies in the Atlantic Ocean, Arabian Sea, Red Sea
and a circumnavigation of the southern hemisphere
to form a data set which comprises most of the
world’s major ocean systems. We show that the distribution patterns of Prochlorococcus and Synechococcus lineages are remarkably similar in different
ocean systems with comparable environmental conditions, but producing a strikingly different ‘signature’ in the four major ocean domains or biomes (the
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Polar Domain, Coastal Boundary Domain, Trade
Winds Domain and Westerly Winds Domain). This
clearly reiterates the idea of spatial partitioning of
individual cyanobacterial lineages, but at the global
scale.
Introduction
With cell numbers of up to 106 and 105 cells ml-1, respectively, the unicellular cyanobacteria Prochlorococcus and
Synechococcus are the most abundant representatives of
picophytoplankton in marine systems responsible for up
to 50% of CO2 fixation in some oceanic regions (Li, 1994;
Liu et al., 1997; Veldhuis et al., 1997).
Prochlorococcus was first isolated less than 20 years
ago (Chisholm et al., 1988; 1992) and is probably the most
abundant photosynthetic organism on Earth (for reviews
see Partensky et al., 1999a; Scanlan and West, 2002). At
least two distinct ecotypes are known, which can be traced
by 16S rRNA gene phylogeny and differ markedly in their
photophysiology and consequently pigment configuration
(Moore and Chisholm, 1999; Partensky et al., 1999a).
These ecotypes, termed high light (HL) and low light (LL)
adapted, are further subdivided into HLI and HLII, and LLI,
LLII, LLIII, LLIV (Rocap et al., 2002) or, more recently, into
ecotype ‘type strains’ (Ahlgren et al., 2006b).
Synechococcus comprising marine subcluster 5.1
(Herdman et al., 2001), the most abundant Synechococcus throughout the euphotic zone in marine systems,
are phylogenetically closely related to Prochlorococcus,
together forming a discrete picophytoplankton clade
(Urbach et al., 1998). The two genera are distinguishable
however, by their possession of dissimilar light-harvesting
apparatus (Ting et al., 2002). Based on 16S rRNA gene
analysis, 10 lineages within the Synechococcus 5.1 subcluster have been described (Fuller et al., 2003), while
five more potential lineages have been designated based
on ITS and ntcA gene sequence analysis (Ahlgren and
Rocap, 2006a; Penno et al., 2006) and this number
appears likely to grow further (e.g. see Muhling et al.,
2006). With this large number of phylogenetically distinct
lineages, the community structure of Synechococcus is
likely much more complex than that of Prochlorococcus
and is currently still poorly understood.
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Although certain aspects of the ecology of Prochlorococcus and Synechococcus are well documented, namely
that (i) where they co-occur Prochlorococcus peak cell
abundances are about one order of magnitude higher
than Synechococcus, (ii) Prochlorococcus is more abundant in warm (> 15°C) oligotrophic waters, whereas Synechococcus dominates in coastal and more temperate/
mesotrophic open ocean waters (see Partensky et al.,
1999b) and (iii) data from several North-South Atlantic
transects have shown that standing stocks of Synechococcus and Prochlorococcus are relatively stable and
undergo little interannual variation (Heywood et al., 2006),
it is only relatively recently that specific spatial distribution
patterns of marine picocyanobacterial lineages have been
reported (Fuller et al., 2005; 2006; Bouman et al., 2006;
Johnson et al., 2006; Garczarek et al., 2007; Zwirglmaier
et al., 2007). For Prochlorococcus, this has highlighted
that specific vertical partitioning of HL and LL ecotypes
occurs over large spatial scales in stratified water
columns, and that the relative abundance of HL ecotypes
is related to the structure and strength of this vertical
mixing as well as with temperature. For Synechococcus,
although reports of depth preferences of individual clades
in specific oceanic regions exist (Ferris and Palenik, 1998;
Toledo and Palenik, 2003), more clear is that horizontal
partitioning of specific lineages occurs, as demonstrated
from transect work conducted in both the Arabian Sea
and Atlantic Ocean (Fuller et al., 2006; Zwirglmaier et al.,
2007).
Understanding the genetic structure of these cyanobacterial picophytoplankton in situ is important for accurately
modelling growth and carbon fixation by these organisms
(Follows et al., 2007) but also for elucidating the biological
and physical factors controlling the presence or absence
of particular lineages in any particular locality. This latter
goal overlaps with issues of microbial biogeography, particularly the endemic versus cosmopolitan nature of
bacterial populations, a topic that is receiving increasing
interest (see Dolan, 2005; Martiny et al., 2006). Furthermore, the recent availability of full genome sequences for
several Prochlorococcus and Synechococcus strains
(Dufresne et al., 2003; Rocap et al., 2003; Palenik et al.,
2003; 2006) which, although already leading to new
insights into mechanisms of niche adaptation (Johnson
et al., 2006), still requires a more detailed ecological
framework to fully facilitate the evolutionary context and
bioinformatic ‘mining’ of such genetic data.
With these requirements in mind, we present here new
spatial partitioning data for picocyanobacterial lineages in
three oceanic systems, and then extend our analysis to
the global scale by combining these three new data sets
with previously published ones. This allowed unprecedented insight into the phylogeography of Synechococcus and Prochlorococcus. Statistical approaches were

Fig. 1. Map of the cruise tracks analysed in this study. See Table 1
for further information. The four major ocean biomes as defined by
Longhurst (1995; 2007) are also indicated.

used to relate the distribution patterns to environmental
gradients and various factors influencing the distribution
of individual clades are discussed.
Results and discussion
Geographic areas
We analysed samples from seven cruises that took place
between 1999 and 2004 and one station in the northern
Red Sea that was sampled at monthly intervals through
an annual cycle (1999–2000). The cruise tracks are
depicted in Fig. 1 with additional information summarized
in Table 1. The geographic areas studied represent a
number of the world’s major ocean systems, including the
Indian, eastern South Pacific, Atlantic and Arctic Oceans,
covering the four major ocean domains (biomes) defined
by Longhurst (1995; 2007). They also span different temperature zones ranging from arctic to temperate, subtropical and tropical, as well as contrasting oceanic provinces
(defined by their nutrient status) such as gyres, upwelling,
equatorial and coastal regions. Picocyanobacterial community structure analysis of the three previously unpublished cruise tracks is presented first, before we explore
more general distribution patterns using the whole
data set.
Eastern South Pacific Ocean (BIOSOPE cruise 2004)
Samples were collected during October–December
2004 on the BIOSOPE cruise which traversed an
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Table 1. Details of cruises; for cruise tracks see Fig. 1.
Cruise

Date

Geographic region

Latitude/longitude

Sampling

Reference

1 – AMBITION

September 2001

Arabian Sea

1°S–26°N,
56–67°E

11 stations,
6 depths

Fuller et al. (2006)

2 – AMT15

September–October 2004

Atlantic Meridional
Transect

48°N–40°S,
25°W–10°E

21 stations,
6 depths

Zwirglmaier et al. (2007)

3 – ARCTIC

August 2002

Arctic Ocean

70–79°N,
3–23°E

11 stations,
5 depths

This study

4 – BEAGLE

August 2003–January 2004

Circumnavigation
of the southern
hemisphere

20–32°S

15 stations,
surface only

Bouman et al. (2006)
and this study

5 – BIOSOPE

October–December 2004

Eastern South
Pacific Ocean

8–34°S,
141–72°W

11 stations,
6 depths

This study

6 – VANC10MV

May–June 2003

Indian Ocean

35–12°S,
24–113°E

15 stations,
6 depths

This study

7 – PROSOPE

September–October 1999

Mediterranean Sea

31–43°N,
10°W–22°E

9 stations,
5 depths

Garczarek et al. (2007)

8 – RED SEA

February 1999–January 2000

Red Sea

29°N, 34°E

One station,
6 depths over
an annual cycle

Fuller et al. (2005)

8000-km-long transect from subequatorial mesotrophic
waters near to the Marquesas islands through hyperoligotrophic waters of the South Pacific gyre, considered
to be some of the ‘clearest’ natural waters on Earth (Morel
et al., 2007), and extending to more eutrophic waters off
the Chilean coastal upwelling near Concepción (Figs 1
and 2A).
Synechococcus abundance was low in the gyre
(maximum 4 ¥ 103 cells ml-1), slightly higher in the subequatorial area (5 ¥ 103 to 2 ¥ 104 cells ml-1) and highest
in the upwelling region (up to 105 cells ml-1), while
Prochlorococcus cell numbers were highest adjacent to
the hyperoligotrophic gyre area (up to 4 ¥ 105 cells ml-1),
and slightly lower within the gyre (up to 1.6 ¥ 105
cells ml-1). Genetically, Synechococcus clades IV (up to
90% relative hybridization based on dot blot hybridization data) and I (up to 7% relative hybridization) dominated the upwelling region off Concepción, clade II was
restricted to one station near the Marquesas while
clades III and V/VI/VII were more broadly distributed
along the transect (Fig. 2A). Prochlorococcus populations were dominated by the HLII lineage closest to the
gyre centre giving a signal (up to 96% relative hybridization) that was two to three times higher and spatially
separated from the HLI lineage whose maximum signal
occurred adjacent to the hyperoligotrophic gyre area (up
to 28% relative hybridization). LL Prochlorococcus lineages showed a particularly interesting distribution being
fairly broadly distributed deep down in the water column
throughout the cruise track, though with a greater signal
at the eastern end of the transect (up to 60% relative
hybridization signal) in transition waters between the
South Pacific gyre and the coastal upwelling region.

Indian Ocean (VANC10MV cruise 2003)
Samples were collected on the VANC10MV cruise during
May–June 2003 which travelled between Cape Town,
South Africa and Port Hedland, Australia and passed
through the south central Indian Ocean gyre (Figs 1 and
2b). Synechococcus cell numbers were up to 4 ¥ 104
cells ml-1 in the coastal shelf area near Cape Town, dropping to 103 cells ml-1 in the gyre. In contrast, Prochlorococcus abundance peaked in the gyre with up to 2.5 ¥
105 cells ml-1.
Synechococcus community structure comprised clade
II genotypes in coastal waters near Cape Town (up to 16%
relative hybridization in surface waters), whereas the
clade V/VI/VII signal dominated further offshore (28%
relative hybridization). Clades I and IV were barely
detected anywhere along the cruise track (maximum 7%
relative hybridization of clade IV, again in coastal waters
off Cape Town, and generally with signals for both clades
< 1% throughout the transect). For Prochlorococcus, HLI
and HLII genotypes dominated the upper 50–100 m of the
water column but were themselves strictly spatially separated, HLI being restricted to the western section of the
transect and HLII the eastern section. LL genotypes were
again confined to deeper waters, but the hybridization
signal revealed a broader longitudinal distribution than
either of the HL ecotypes and apparently horizontally
separated ‘between’ the HLI and HLII signals (Fig. 2B).

Arctic Ocean
Samples were collected in an area between the Norwegian, Greenland and Barents Seas in two transects during

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 10, 147–161

150 K. Zwirglmaier et al.
A

Synechococcus cells ml−1

50

150000

100

150

250
0

0

100

6

150

4

250

0

60

100
300000

250

80

100

60

150

40
Ocean Data View

50

250

HL II

20

0

II

0

20

0

10

50

8

100

6

150

4

200

250

III

2

0

10

80

50

8

100

60

100

6

150

40

150

4

20

200

0

250

250

Ocean Data View

50

Ocean Data View

0

2

0

V/VI/VII

LL

50

80

50

8

100

60

100

6

150

40

150

4

200

250

140°E

120°E

Longitude

100°E

80°E

20

0

Ocean Data View

10

Ocean Data View

0

200

250

140°E

120°E

100°E

80°E

2

0

% rel. hybridisation

100

0

% rel. hybridisation

100

200

% rel. hybridisation

100

200

200

250

0

HL I

0

Ocean Data View

100000

Ocean Data View

Ocean Data View

200000

200

0

40

150

150

% rel. hybridisation

80
50

400000
100

2

IV

0
500000

Depth (m)

8

200

50

Depth (m)

50

50000

Prochlorococcus cells ml−1

0

Depth (m)

10

Ocean Data View

200

Depth (m)

I

0

100000

Ocean Data View

Depth (m)

200000

% rel. hybridisation

0

Longitude

Fig. 2. Distribution of Prochlorococcus ecotypes and Synechococcus clades along the BIOSOPE (A), Indian Ocean (B) and Arctic Ocean (C)
cruise tracks. Contour plots indicate percentage relative hybridization (as a proportion of all amplified by primers OXY107F and OXY1313R) of
the different lineages, or abundance (cells ml-1) based on flow cytometry data. Black dots represent the sampling points. For Synechococcus,
only clades that reached relative hybridization values > 5% are shown. Note the differences in scale on the y-axis.
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August–September 2002 (Figs 1 and 2C). Synechococcus cell number ranged between 3 ¥ 103 and 4 ¥ 104
cells ml-1. As expected, no Prochlorococcus was found in
these high-latitude waters. The Synechococcus population was again dominated by clades I and IV, which
co-occurred at the same stations (Fig. 2C). Interestingly,
here clades I and IV gave approximately equal hybridization signals, whereas in the eastern South Pacific Ocean
(see above) and Atlantic Ocean (Zwirglmaier et al., 2007),
the clade IV signal was 5–10 times greater than clade I.
Construction of clone libraries, and subsequent phylogenetic analysis at two stations along the transect that
extended south to the Norwegian coastline (Fig. 2C, black
triangles), confirmed the dominance of these lineages

(14 of 15 sequences were either from clades I or IV) in this
oceanic region.
Prochlorococcus community structure: global insights
Analysis of the combined data sets outlined in Fig. 1
revealed a general spatial partitioning of HL ecotypes,
with HLI genotypes dominating more temperate latitudes
(35°–48°N and 35°–40°S), and HLII restricted to subtropical and tropical regions (30°N–30°S), although there is
some overlap at the transition between temperate and
subtropical zones (Fig. 3). In contrast, LL Prochlorococcus ecotypes were relatively evenly distributed throughout
40°S–48°N although it should be noted that neither LLII
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(eSS120) or LLIII (eMIT9211) (see Ahlgren et al., 2006b)
is detected by our LL probe. A more detailed analysis with
additional probes might reveal a distinct pattern for these
strains.
Subsequent scatter plot analysis (Fig. 4A) reveals that
temperature is a major determinant of this spatial partitioning of ecotypes, with the HLII ecotype distributed over

a temperature range of 23–30°C, nicely reflecting their
latitudinal distribution, while the ranges for the HLI and LL
ecotypes are considerably lower (14–24°C and 14–25°C
respectively). Laboratory culture work has previously also
demonstrated this differential temperature optima for
growth, certainly in HL ecotypes (Johnson et al., 2006),
while here we now show that earlier basin-scale studies
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Fig. 3. Global distribution of Synechococcus
clades and Prochlorococcus ecotypes
analysed by dot blot hybridization. Size of the
circle delineates the abundance of the
lineage: small: 5–20%, medium: 20–50%,
large: > 50% relative hybridization signal.
Values < 5% are not shown.

where temperature has been implicated as a key ecological determinant dictating Prochlorococcus community
structure (Bouman et al., 2006; Johnson et al., 2006;
Zwirglmaier et al., 2007) can now be extended to the
global scale.
Similarly, in addition to this horizontal spatial separation
of HLI and HLII ecotypes, the ‘global’ data set (Fig. 4B)
also reiterates the already well-documented observation
of vertical separation of HL and LL ecotypes (see Partensky et al., 1999a; West and Scanlan, 1999; Johnson et al.,
2006; Garczarek et al., 2007; Zwirglmaier et al., 2007)
especially at relative hybridization values above 20%, and
which equate to fully stratified water bodies. The reported
exceptions to this paradigm, for example, of HLII genotypes extending to the base of the euphotic zone (West
et al., 2001) or LL ecotypes dominating in surface waters
likely equate to physically well-mixed water columns and
are seen as outlying data points in Fig. 4B.

Synechococcus community structure: global insights
Specific Synechococcus lineages also show distinct distribution patterns at the global scale (Fig. 3). However,
there is considerable variation in the abundance of specific lineages based on relative hybridization data. Clades
I, II and IV were the only ones appearing in high abundance reaching levels up to 90% relative hybridization
signal in different regions. Maximum signals for clade III
(approximately 40% relative hybridization) and clades
V/VI/VII (approximately 20% relative hybridization), the
latter targeted by a single probe, suggest moderate abundance for these clades, while clades VIII, IX and X appear
to be in low abundance as signals were always well below
5% relative hybridization.
Certainly the most striking observation was the
co-occurrence and high relative hybridization signal of
clades I and IV in the coastal boundary zone, reiterating
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Fig. 4. Scatter plots of percentage relative
hybridization values of Prochlorococcus
ecotypes (n = 439 samples) and
Synechococcus clades (n = 526)
versus temperature and depth.

higher ratio. A comparison of these cruises with regard to
various physical and chemical parameters, e.g. latitude,
temperature, nutrient concentration and time of the year
sampled, did not point out any common factors for the
cruises with the same I:IV clade ratio or differing factors
for the cruises with differing ratios, suggesting that there
are other ‘unknown’ factors determining the dominance of
either clade I or IV in an environment. Recent genomic
120
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recent observations along an Atlantic Meridional Transect
(AMT) (Zwirglmaier et al., 2007) and off the Californian
coast (Brown et al., 2005). This co-occurrence was
observed in eastern South Pacific Ocean, Mediterranean
Sea and Arctic Ocean waters, but not in the Red Sea,
Arabian Sea or Indian Ocean, where both clades I and IV
were virtually absent. Thus, clades I and IV appear to be
largely confined to higher latitudes, above c. 30°N and
below 30°S, but not in the subtropical and tropical regions
between. This distribution pattern may partly be explained
by seawater temperature. Certainly, a scatter plot of clade
I and IV relative hybridization values against temperature
(Fig. 4C) shows the temperature range for clades I and IV
to be very similar and clearly below that of other Synechococcus clades. Within their latitudinal range, clades I and
IV are predominantly found in the coastal boundary zone,
alongside a broad range of nitrate and phosphate concentrations (0.03–14.5 mM and 0.2–1.2 mM, respectively, data
not shown).
Although there is a strong correlation of co-occurrence
of clades I and IV (0.695, P < 0.001, n = 525), the ratio of
I:IV varies considerably (Fig. 5). Interestingly, the ratio is
constant within samples from a particular cruise, samples
from AMT (Atlantic Ocean) and BIOSOPE (eastern South
Pacific) have a low clade I:IV ratio, while the PROSOPE
(Mediterranean Sea) and Arctic Ocean cruises have a
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Fig. 5. Relative hybridization values of Synechococcus clade I
plotted against clade IV for various cruises.
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data for Synechococcus sp. CC9311, a clade I strain
(Palenik et al., 2006), has revealed several features
reflecting an adaptation to a coastal environment, such as
a restricted phosphate regulatory and scavenging system
as well as a greater capacity for uptake, use and storage
of several metals, especially copper and iron. Interestingly, genomic data for Synechococcus sp. BL107 (a
clade IV strain) show similar features (M. Ostrowski and
D.J. Scanlan, unpubl. data). This raises the question,
whether clades I and IV compete for the same ecological
niche, or whether there are synergistic effects between
the two promoting the growth of both together, but not
without the other.
Synechococcus clade II may be the subtropical/tropical
‘counterpart’ of clades I and IV, as it appears in high
abundance (up to 90% relative hybridization signal)
usually in coastal/continental shelf zones, but in contrast
to clades I and IV only in the subtropical/tropical latitudes
between 30°S and 30°N. It is virtually absent above or
below these latitudes (Fig. 3), although there is some
overlap with clades I and IV in boundary waters (see also
Ferris and Palenik, 1998). Similarly, the temperature
profile for clade II (Fig. 4C), ranging between 22°C and
28°C, is considerably higher than that for either clade I or
clade IV.
A comparison of the hybridization signal for the
universal Synechococcus probe, SYN1258 (Fuller et al.,
2003), with the sum of all lineage-specific probes in this
global data set reveals that in the vast majority of
samples > 95% of the total Synechococcus signal is
detected by the suite of specific probes for clades I–X
(data not shown). However, there are some samples
where a considerable fraction (10–30%) of Synechococcus remains unidentified. These samples are mostly
coastal, in subtropical/tropical latitudes, and contain a
high abundance of clade II genotypes based on relative
hybridization data. Hence, it is possible that this as yet
unidentified fraction contains a ‘partner’ clade to clade II,
analogous to the clade I/IV relationship. Certainly,
several new Synechococcus lineages have been
described recently (Ahlgren and Rocap, 2006a; Penno
et al., 2006), but as 16S rRNA gene sequence data for
these clades are not yet available it is unclear whether
they are detected by our current suite of 16S rRNA gene
probes.
Clade II genotypes appear to have a broad depth distribution (Fig. 4D), from the surface down to c. 200 m,
although most of these ‘deep’ measurements are derived
from Red Sea seawater samples obtained during spring
and winter, when the water column was mixed (Fuller
et al., 2005). Hence, it is still possible that some clade II
Synechococcus strains are more abundant in surface
layers of the euphotic zone as has been reported previously (Toledo and Palenik, 2003). Certainly there was no
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obvious depth partitioning for any of the major Synechococcus lineages in the global data set, although the major
abundance of clades I and IV was often in surface waters
(Fig. 4D).
In contrast to clades I, II and IV, clades III and V/VI/VII
showed no obvious latitudinal preference (Fig. 3).
However, clade III genotypes were confined to a fairly
narrow window of nitrate and phosphate macronutrient
concentration (data not shown) suggesting members of
this clade are oligotrophs. Certainly, genomic data for the
clade III isolate Synechococcus sp. WH8102 (Palenik
et al., 2003), which show it contains a plethora of nutrient
transporters but little regulatory machinery, also point to
occupation of a stable, low-nutrient environment. Clades
V, VI and VII genotypes appear to be widely distributed in
oceanic waters, perhaps suggesting members of these
clades are ‘generalists’ or ‘opportunists’. However, as
these clades are detected only by a single 16S rRNA gene
oligonucleotide probe, some caution needs to be placed
here. Use of a less conserved marker gene, e.g. rpoC1 or
ITS, in future molecular ecological studies will help to
discern whether the individual lineages transgress from
this ‘general’ distribution and confer specific distribution
patterns.
Picocyanobacterial community structure and
oceanic biomes
Four major ocean domains or biomes have been reported
for oceanic systems: the polar domain, coastal boundary
domain, westerly winds domain and trade winds domain
(Longhurst, 1995; 2007; see Fig. 1). These domains differ
in their temperature range, nutrient concentration and
degree of seasonal changes in mixing, light conditions
and primary production. Comparing the abundance of
individual Synechococcus and Prochlorococcus lineages
reveals a distinct pattern or ‘fingerprint’ distribution for
each domain (Fig. 6). The polar domain (Fig. 6A) is dominated by Synechococcus clades I and IV, with other Synechococcus lineages appearing only in low abundance
while Prochlorococcus, due to the high latitudes of this
biome, are completely absent. The coastal boundary
domain (Fig. 6B), on the other hand, is dominated by
Synechococcus clade II, although sporadically high abundance of other lineages, especially Synechococcus clade
IV, can appear. The trade winds domain (subtropical and
tropical latitudes) (Fig. 6C) and westerly winds domain
(temperate latitudes) (Fig. 6D) both show a similar and
rather balanced distribution of all Synechococcus lineages in low to moderate abundance. They are clearly
dominated by Prochlorococcus, but whereas HLII
ecotypes are more prevalent in the trade winds domain,
HLI ecotypes predominate in the westerly winds domain.
The weak seasonality of the trade winds domain and
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Fig. 6. Box and whisker plots of Synechococcus and Prochlorococcus lineage distribution in the four major ocean domains. (A) Polar domain
(PD), (B) coastal boundary domain (CBD), (C) trade winds domain (TWD), (D) westerly winds domain (WWD). The box represents the
interquartile range including the median, the ends of the whiskers represent the 10th and 90th percentile, outliers > 90% and < 10% are shown
as dots. Number of samples analysed in each domain: PD: n = 55, WWD: n = 63, TWD: n = 228, CBD: n = 179.

hence relatively constant mixed-layer depth of this biome,
in contrast to the strongly seasonal mixed-layer depth of
the westerlies biome (Longhurst, 2007), likely underlies
this observation. Certainly, it is entirely consistent with
HLII genotypes dominating surface waters of regions with
high stratification, whereas HLI is more prevalent in
surface waters with moderate stratification and mixed
layer depth (Bouman et al., 2006).
Multivariate analysis – correlations of lineage
abundance to environmental parameters
Factor analysis was used to analyse the relative hybridization patterns of the different Synechococcus and
Prochlorococcus lineages (Fig. 7). Separate analyses
were performed using data from different geographic
areas: the Atlantic Ocean (AMT15 cruise, Fig. 7A),

eastern South Pacific (BIOSOPE cruise, Fig. 7B) and a
‘global’ data set using data from the AMT, AMBITION
(Arabian Sea), BIOSOPE, PROSOPE (Mediterranean
Sea), BEAGLE and Arctic Ocean (Fig. 7C). The results
for these three data sets are remarkably similar in that (i)
each discriminates Prochlorococcus and Synechococcus
lineages into two clearly separable groups on axis 1,
presumably reflecting their observed largely complementary distribution patterns in the environment, (ii) Prochlorococcus ecotypes form a rather tight cluster, while
Synechococcus clades show a broader discrimination,
either on axis 1 or axis 2, perhaps a function of a
broader physiological diversity in the latter genus, and
(iii) Synechococcus clades I, IV on axis 1 and 2 and
Synechococcus clade II on axis 1, which occur in high
abundance in specific areas, occupy extreme positions
in the graph.
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Table 2. Variation partition analysis.

% of variance explained by physical parameters
% of variance explained by chemical parameters
Shared
Unexplained

A correlation analysis between the two first ordination
axes and explanatory variables was performed to understand the main factors controlling the distribution of the
two picocyanobacterial genera (arrows in Fig. 7). Arrows
represent correlation coefficients between the explanatory variables and the first two ordination axes. Prochlorococcus appears to be more influenced by the physical
parameters temperature and depth (Fig. 7C, dashed
arrows) and Synechococcus by nutrients (PO43–, NO2–
and NO3–; Fig. 7C, solid arrows). This last observation
was further confirmed by variation partition analysis (Muylaert et al., 2002; Jardillier et al., 2005), which showed
that for Prochlorococcus 40.7% of the variance can be
significantly explained by the physical parameters temperature, light and depth, while nutrients (PO43–, NO2– and
NO3–) account for 22.4% of the variance of Synechococcus lineages (Table 2). It is striking that, for both genera,
Prochlorococcus but especially Synechococcus, a large
part of the variation remains unexplained (48% and 64%
respectively) by the parameters analysed here, even
though these are the parameters that are most commonly
considered when attempting to explain spatial partitioning
patterns. Clearly, other physical and biological factors
must be taken into account to understand the observed
community structure of these organisms.
Certainly missing from our data set are any trace metal
measurements, and as marine picocyanobacteria show
differential toxicity to copper (Mann et al., 2002), or conversely potential limitation for other metals, e.g. cobalt/
iron (Mann and Chisholm, 2000; Saito et al., 2002; 2005),
then further information on in situ trace metal chemistry
and associated trace metal physiology of these organisms
is clearly needed. Moreover, there are relatively few data
focused towards understanding how biotic factors, e.g.
grazing, phage infection or competition, affect community
structure. Indeed, simple differences in cell size between
the two genera and concomitant effects on nutrient uptake
and/or grazing potential may likely explain some of this
variation. Furthermore, biotic and abiotic factors may not
be mutually exclusive given that copper has been shown
to cause induction of a temperate marine cyanophage
(Sode et al., 1997) while phosphate limitation has been
implicated in inducing pseudolysogeny in marine Synechococcus, in which a phage-infected cell grows and
divides even though its virus is pursuing a lytic infection
(Mann, 2003).

Prochlorococcus

Synechococcus

40.7
6.8
10.6
41.9

7.4
22.4
6.8
63.4

Conclusions
Spatial partitioning of specific picocyanobacterial lineages
at the global scale resulting in distinct signatures for specific ocean biomes is a basic requirement for predictable
modelling of bacterial community structure in marine
ecosystems. That this large-scale partitioning is evident
even though there is likely microscale heterogeneity in
environmental niche space that can give rise to extensive
genotypic diversity within bacterial populations (see
Thompson et al., 2005; Rusch et al., 2007) suggests
there is still a lot to learn, however, about the general
principles, particularly at the genomic level, governing
bacterial population structure. Whether this involves a
dynamic interplay between ecology and evolution within
communities, as has recently been suggested (Johnson
and Stinchcombe, 2007), awaits further work.

Experimental procedures
Sampling
Environmental samples (n = 525) were collected on several
cruises between 1998 and 2004 (summarized in Table 1) and
processed as described previously (Zwirglmaier et al., 2007).
Flow cytometric analyses for the BIOSOPE, Indian Ocean
and Arctic Ocean cruises were performed as described in
Grob and colleagues (2007), F. Not, M. Latasa, R. Scharek,
M. Viprey, P. Karleskind, I. Ontoria, A. Cumino, E. Goetze, D.
Vaulot, and R. Massana (submitted) and Not and colleagues
(2005) respectively.

Dot blot hybridization
Dot blot hybridization was carried out as described previously
(Fuller et al., 2003; Zwirglmaier et al., 2007) using a set of
16S rRNA-targeted probes specific for Synechococcus
clades I–X (Fuller et al., 2003) and Prochlorococcus
ecotypes HLI, HLII and LL (West and Scanlan, 1999; Fuller
et al., 2005). Relative hybridization for each sample represents the signal of the picocyanobacterial lineage-specific
probe as a proportion of the total oxygenic phototroph 16S
rRNA gene sequences amplified by the OXY107F–
OXY1313R primer pair.

Clone library construction and DNA sequencing
16S rRNA gene clone libraries were constructed from two
stations along the Arctic Ocean cruise track which showed
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high abundance of Synechococcus at 5 m depth (Fig. 2C,
black triangles). The 16S rRNA gene was amplified using the
polymerase chain reaction (PCR) with oxygenic phototroph
specific primers OXY107F and OXY1313R (West et al.,
2001) and cloned into Escherichia coli using the Invitrogen
TOPO TA cloning kit (Invitrogen, USA). Polymerase chain
reaction products were sequenced bidirectionally using Big
Dye Terminator Version 3.1 Chemistry (Applied Biosystems,
Foster City, CA) and run on the 3100 Genetic Analyser. The
sequences reported in this article have been deposited in the
GenBank database under the following Accession No.
EF622489 to EF622503.

Statistical analyses
A matrix of Synechococcus and Prochlorococcus flow
cytometry cell counts, and percentage relative hybridization
data for individual picocyanobacterial lineages was subjected to factor analysis using the ADE4 software package
(http://cran.r-project.org/). Correlation analysis between the
two ordination axes and explanatory (environmental) variables was performed to understand the main factors controlling picocyanobacterial lineage distribution patterns.
Explanatory variables were log(n + 1) transformed prior to
analysis; response variables (clade abundance) were
square root transformed.
To evaluate the effects of physical and chemical parameters on Prochlorococcus and Synechococcus abundance,
multivariate analysis with variation partitioning (variation
partitioning analysis or VPA) was used (see Borcard et al.,
1992; Muylaert et al., 2002). All explanatory variables were
divided into two groups: chemical variables (PO43–, NO2–
and NO3–) and physical variables (temperature, depth, light).
For each experiment, we selected only variables that independently explained a significant proportion (P < 0.05) of
the variation in Prochlorococcus and Synechococcus
abundance by forward canonical correspondence analysis
(CCA). For both CCA and VPA analyses, the vegan
package within the R software was used (http://cran.rproject.org/). Then, for the set of chemical and physical variables separately, we generated a minimal set of explanatory
variables explaining variation in cyanobacterial abundance.
Variation partitioning analysis allowed us to distinguish
purely chemical or physical effects on Prochlorococcus and
Synechococcus community structure as well as the part
explained by both these effects (i.e. the shared part).
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