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T

he oceans’ subtropical gyres, once likened to marine deserts,
are now recognized to play an important role in the global
carbon cycle (1, 2). Collectively, these regions are responsible for
as much as half of the total organic carbon export to the deep sea
(3). Yet the relative importance of nitrogen, phosphorus, or
trace metal availability in controlling the production of organic
matter within each gyre is poorly constrained (1, 4). Although
phosphorus must regulate global production on geological timescales (5), subtropical gyres are highly dynamic and may experience periods when phosphorus is either replete or scarce
relative to other essential nutrients (2).
The climatic and oceanographic regime of the North Pacific has
undergone dramatic changes since the 1970s, which have led to
numerous responses in the chemical cycling and ecology of the
North Pacific subtropical gyre (NPSG), the world’s largest biome
(2). The most notable of these changes include enhanced photosynthesis (6) driven by nitrogen fixation (1), increased inventories of
organic carbon (7), and decreased availability of dissolved phosphorus (1, 6). It has been hypothesized that these biological and
chemical changes were accompanied by a ‘‘domain shift’’ in the
composition of the phytoplankton community, during which algae
of the domain Eukarya were supplanted by photosynthetic organisms of the domain Bacteria, primarily the unicellular cyanobacterium Prochlorococcus (6). Prochlorococcus is characterized by its
extremely small physical size (0.6 m), relatively small genome
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0600540103

(⬍2.5 Mbp), and physiologically diverse genotypes present throughout the euphotic zone in subtropical and tropical latitudes (8, 9). It
also apparently is able to outcompete eukaryotic phytoplankton for
dissolved nutrients in the NPSG (10) and other oligotrophic gyres
where phosphorus availability may be an important control on
various aspects of planktonic growth and activity (11, 12). In the
NPSG, Prochlorococcus are often so dominant that they are, in
effect, the only phytoplankton cells present (10). Indeed, culture
studies with Prochlorococcus have indicated that these organisms
contain very little phosphorus per cell (13, 14); phosphorus:carbon
ratios may approach 1:500, much lower than the canonical Redfield
ratio of 1:106 for mean plankton (13).
Very little is known of the biochemical partitioning of phosphorus by living plankton. Nearly all of the phosphorus found in
suspended marine particulate matter is present as phosphoesters
(15, 16), but these molecular structures are characteristic of all three
major classes of phosphorus-containing biochemicals: DNA, RNA,
and phospholipids. Calculations based on the genome size of the
MED4 strain of Prochlorococcus suggest that as much as half of the
cellular phosphorus is contained in DNA (13), which would leave
the rest as RNA, phospholipids, and other biochemicals (e.g., ATP,
phosphorylated proteins, etc.). We sought to elucidate the biochemical adaptations that allow Prochlorococcus to maintain low
cellular phosphorus content and dominate potentially phosphoruslimiting gyre environments. Therefore, we investigated the cellular
reservoirs of membrane phospholipids from the total planktonic
community in the NPSG as well as laboratory cultures of Prochlorococcus and other plankton.
Results and Discussion
Incorporation of Phosphorus into Membrane Lipids by Subtropical
3⫺
Gyre Plankton. We traced the incorporation of 33PO4 into phos-

pholipids of the total planktonic community during four cruises to
station ALOHA (22.75oN, 158oW) in the NPSG. Although orthophosphate is by no means the only source of dissolved phosphorus
to plankton at this location, it is the most biologically available
chemical form and may account for as much as half of the total
uptake from dissolved phosphorus sources (10). We found that
18–28% of the 33PO3⫺
4 taken up into the total planktonic community during a 24-h incubation was incorporated into phospholipids
(Fig. 1). This observation was supported by measurements of
lipid-phosphorus concentrations (3.1 ⫾ 2.5 nM phosphorus in total
seawater), which composed approximately one-fourth of the total
suspended particulate phosphorus (13.6 ⫾ 2.2 nM phosphorus;
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There is growing evidence that dissolved phosphorus can regulate
planktonic production in the oceans’ subtropical gyres, yet there is
little quantitative information about the biochemical fate of phosphorus in planktonic communities. We observed in the North
Pacific Subtropical Gyre (NPSG) that the synthesis of membrane
lipids accounted for 18 –28% of the phosphate (PO43ⴚ) taken up by
the total planktonic community. Paradoxically, Prochlorococcus,
the cyanobacterium that dominates NPSG phytoplankton, primarily synthesizes sulfoquinovosyldiacylglycerol (SQDG), a lipid that
contains sulfur and sugar instead of phosphate. In axenic cultures
of Prochlorococcus, it was observed that <1% of the total PO43ⴚ
uptake was incorporated into membrane lipids. Liquid chromatography兾mass spectrometry of planktonic lipids in the NPSG confirmed that SQDG was the dominant membrane lipid. Furthermore,
the analyses of SQDG synthesis genes from the Sargasso Sea
environmental genome showed that the use of sulfolipids in
subtropical gyres was confined primarily to picocyanobacteria; no
sequences related to known heterotrophic bacterial SQDG lineages
were found. This biochemical adaptation by Prochlorococcus must
be a significant benefit to these organisms, which compete against
phospholipid-rich heterotrophic bacteria for PO43ⴚ. Thus, evolution
of this ‘‘sulfur-for-phosphorus’’ strategy set the stage for the
success of picocyanobacteria in oligotrophic environments and
may have been a major event in Earth’s early history when the
relative availability of sulfate and PO43ⴚ were significantly different
from today’s ocean.
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higher C:P ratio than Redfield plankton (13, 14). It also suggests
that heterotrophic bacteria, which are relatively phosphorus-rich
(i.e., lower C:P) (20), are responsible for most of the phospholipid
synthesis in the NPSG.
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Fig. 1. The fraction of total 33PO43⫺ uptake that was recovered as phospholipids
in incubations of NPSG total plankton (striped), Prochlorococcus cultures (white),
AP bacteria cultures (gray), and heterotrophic bacteria cultures (black).

data provided by K. Björkman and D. Karl, University of Hawai’i,
Manoa). This proportion of phospholipids is higher than that
reported in one study of coastal waters (3–14%) (17) and may
reflect the higher relative abundance of bacterial cells in open ocean
vs. coastal waters. Our data from the NPSG show that the total
planktonic community, which in addition to Prochlorococcus is
composed almost exclusively of heterotrophic bacteria (10), devotes
a significant fraction of its phosphorus uptake to cell membrane
synthesis.
We repeated 33PO3⫺
4 uptake incubations with laboratory cultures
of Prochlorococcus and found that in contrast to the total planktonic
community of the NPSG, ⬍4% of the 33PO3⫺
4 taken up by these
organisms was incorporated into lipids (Fig. 1). Of the four Prochlorococcus strains we tested, only the MED4 cultures were axenic
(i.e., completely pure; devoid of contaminating heterotrophic bactaken up was
teria), and we observed that ⬍1% of 33PO3⫺
4
incorporated into lipids by this strain. Although the concentration
of PO3⫺
4 in the culture media was 3 orders of magnitude higher than
that typically observed in the NPSG (50 M vs. 50 nM), it was the
same as that used in other studies that showed a low cell quota for
phosphorus in Prochlorococcus (13, 14). Thus, it was highly unlikely
that luxury uptake of phosphorus occurred in these incubations,
which could have skewed the relative incorporation of 33PO3⫺
4 into
phospholipids. Furthermore, because PO3⫺
4 was the only source of
dissolved phosphorus in the culture media, we make the relatively
safe assumption that 33PO3⫺
4 representatively traced total phosphorus incorporation. The observations of MED4 are consistent with
a measurement reported ⬎20 years ago for Synechococcus WH
7803 (18), another marine unicellular picocyanobacterium representing a sister genus to Prochlorococcus (19). Other strains we
tested, MIT9312, NATL1A, and SS120, although not axenic, still
showed only 2–4% incorporation of 33PO3⫺
4 into lipids. Thus, the
values for 33PO3⫺
4 uptake presented for these latter three strains
represent upper limits on the amount of phosphorus dedicated to
lipid synthesis by Prochlorococcus. This observation that much more
33PO3⫺ was incorporated into lipids by the total planktonic com4
munity than could be accounted for by Prochlorococcus is consistent with published data showing that these organisms have a much
8608 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0600540103

Molecular Distribution of Membrane Lipids in Gyre Plankton. We
screened the structural diversity of polar membrane lipids extracted
from the Prochlorococcus cultures using HPLC兾electrosprayionization ion-trap mass spectrometry (HPLC兾ESI-IT-MSn) (21).
We found that the vast majority of membrane lipids in Prochlorococcus were either sulfolipids or glycolipids, compounds that contain either sulfate兾sugar- or sugar-based polar head groups instead
of PO3⫺
4 -based polar head groups (Fig. 2 and Table 1). Specifically,
the sulfolipid sulfoquinovosyldiacylglycerol (SQDG) and the glycolipids monogalactosyldiacylglycerol and digalactosyldiacylglycerol composed 94 ⫾ 5% of the total mass of lipids extracted
from marine picocyanobacteria (i.e., Prochlorococcus and Synechococcus). The primary remaining cellular lipid was the phospholipid
phosphatidylglycerol (PG), but in some of the nonaxenic cultures
phosphatidylethanolamine (PE) and phosphatidylcholine (PC) also
were observed.
A few freshwater cyanobacteria have been investigated previously, and these also contained SQDG, monogalactosyldiacylglycerol, and digalactosyldiacylglycerol, whereas PG was the only
phospholipid (22, 23). However, none of these strains showed nearly
as strong a preference for SQDG over PG as seen in marine
Prochlorococcus and Synechococcus, and it is uncertain whether the
difference between these previous studies and the observations
presented here are an artifact of the lower SO2⫺
4 concentrations that
are used in ‘‘freshwater’’ culture media vs. ‘‘seawater’’ media. These
previous studies used TLC for the analysis of intact membrane
lipids, yet HPLC兾ESI-IT-MSn analysis of SQDG and PG in the
cyanobacteria Synechocystis sp. PCC6803 (Table 1) agreed almost
exactly with the data generated by other investigators using
TLC (22).
SQDG and PG are the only membrane lipids in cyanobacteria
with a net negative charge and are likely to serve a similar purpose
in the cell (23). Benning (23) hypothesized that SQDG may replace
PG in cyanobacteria when ambient phosphate is scarce. If this
‘‘sulfolipid–phospholipid substitution hypothesis’’ is true, then we
might expect that the SQDG兾PG ratio of Prochlorococcus cells to
be even higher in the NPSG than the 37 ⫾ 7 that we observe in
3⫺
cultures because the ratio of dissolved SO2⫺
4 to PO4 is nearly 3
orders of magnitude higher in the NPSG than in the culture media.
We know of no reports of PE or PC in cultured cyanobacteria
(22), and, thus, it is likely that these molecules we observed in the
nonaxenic cultures originated from heterotrophic bacterial contamination. We examined cultures of the marine heterotrophic
bacteria Vibrio fischeri and Pseudomonas putida and observed that
PG, PE, and PC were all abundant, whereas no sulfolipids or
glycolipids were detected (Table 1). This result is consistent with the
substantive body of literature showing that marine heterotrophic
bacteria have polar membrane lipids composed almost exclusively
of phospholipids (e.g., ref. 24).
Despite the dominance of Prochlorococcus in the NPSG, on
average 52% of lipids extracted from the total planktonic
community in the NPSG were phospholipids (Fig. 2 and Table
1). This observation is consistent with cell counts reported for
this environment indicating that heterotrophic bacteria compose
at least half of the total planktonic biomass (10). The abundant
phospholipids in the NPSG samples, PG, PE, and PC, are all
common in heterotrophic bacterial cells (24). The SQDG兾PG
ratio of whole plankton from the NPSG was ⬇1, and, given the
SQDG兾PG ratio of our cultures of Prochlorococcus, it is likely
that ⬎90% of the PG in the NPSG was derived from organisms
other than Prochlorococcus.
We used preparative HPLC to preclude the possibility that all of
the 33PO3⫺
4 that we traced into planktonic lipids was simply due to
Van Mooy et al.
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Potential Planktonic Sources of Sulfolipids in Gyres. Aside from

cyanobacteria and the chloroplast membranes of photosynthetic
eukaryotes, SQDG has only been confirmed in bacteria from the ␣and ␥-proteobacterial lineage (23), although some Archaea possess
Van Mooy et al.

homologs of sqdB, a gene involved in sulfolipid biosynthesis (23, 26).
Among the proteobacteria, SQDG has been reported in some
caulobacteria (27) and in the anoxygenic photosynthetic (AP)
bacteria. AP bacteria are heterotrophs that use light to subsidize
energy requirements and appear to compose a small but ubiquitous
fraction of bacterial cells in oligotrophic marine ecosystems (28, 29).
However, the presence of SQDG is not universal in AP bacteria
(23), and it was not present in cultures of Roseobacter denitrificans
that we analyzed (Table 1). Instead, R. denitrificans allocated 16 ⫾
6% of PO3⫺
4 uptake to the synthesis of phospholipids (Fig. 1). This
allocation of PO3⫺
4 to lipids is more similar to that of heterotrophic
bacteria we investigated (17 ⫾ 9%) than to that of axenic Prochlorococcus (0.4 ⫾ 0.3%). Indeed, it is likely that an even greater
uptake is used for phospholipid synthesis by
fraction of PO3⫺
4
heterotrophic bacteria under NPSG conditions than under our
culturing conditions because rapidly growing heterotrophic bacterial cells synthesize greater amounts of phosphorus-rich RNA than
slowly growing cells (30, 31). Our heterotrophic bacterial cultures
grew 2 orders of magnitude faster (⬇20 d⫺1) than is typical of
oligotrophic environments (0.05–0.3 d⫺1) (32).
To evaluate the potential contribution of heterotrophic bacteria
to SQDG pools in the oligotrophic ocean, we examined sequence
reads from a shotgun genomic DNA library collected from the
Sargasso Sea (33) for the presence and phylogenetic affinity of
sqdB. The numerically dominant fraction of sqdB genes (77%) were
picocyanobacterial in origin (Fig. 3), whereas none were found to
be closely related to the AP bacterial lineage. A scenario where AP
bacteria contribute significantly to SQDG synthesis without contributing a single copy of the sqdB gene to the environmental
PNAS 兩 June 6, 2006 兩 vol. 103 兩 no. 23 兩 8609
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the rapid synthesis of PG by cyanobacteria. Our data showed that
more than half of the uptake of 33PO3⫺
4 could be accounted for by
the synthesis of PE and PC alone (see Fig. 4, which is published as
supporting information on the PNAS web site); again, these two
compounds were not present in our axenic Prochlorococcus and are
not found in cyanobacteria. Thus, organisms of noncyanobacterial
origin contributed substantially to the incorporation of 33PO3⫺
4 into
lipids in the NPSG.
We have observed that the nitrogen-fixing cyanobacterium Trichodesmium erythreaum consistently contains more PG than Prochlorococcus (Table 1), but in the NPSG Trichodesmium are only
observed during ephemeral blooms and were not present during
our cruises. Eukaryotic algae, although rich in chloroplast-derived
glycolipids, also contain a variety of phospholipids (predominantly
PC). However, these organisms are unlikely to be the primary
source of the phospholipids because they compose only a small
fraction of the total planktonic biomass in the near-surface waters
of the NPSG (11), and our mass spectra show that the phospholipids
from the NPSG did not contain an abundance of the polyunsaturated fatty acids that are characteristic of eukaryotic algae (25). In
summary, our findings support the conclusion that most of the
phospholipids that were present in the NPSG originated from
heterotrophic bacteria and that these organisms were responsible
for most of the uptake of 33PO3⫺
4 into phospholipids.
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Fig. 2. HPLC兾ESI-IT-MSn base peak chromatograms of membrane lipids for Prochlorococcus 9312 (Upper) and the total planktonic community from the NPSG
(Lower). The vertical axis approximates relative abundance, although the MS is more sensitive to PG than SQDG, which exaggerates the relative size of the PG
peaks. Fractions of each membrane lipid are listed in Table 1. Broad or doublet peaks are due to variations in fatty acid chain length. Generic formulas are used
to represent common fatty acid tail groups of the intact lipid molecules. Abbreviations for chemical names are given in the text.

Table 1. Molecular distribution of membrane lipids in plankton cultures and total planktonic
community of the NPSG
Culture or sample
Prochlorococcus
MED4
NATL1A
SS120
MIT9312
Synechococcus
WH8103
WH8113
WH8020
WH8018
WH8101
WH8102
Other cyanobacteria
Synechocystis sp. PCC6803
Synechocystis sp. PCC6803*
Gloeobacter violaceus
Trichodesmium erythraeum
Heterotrophic bacteria
Vibrio fischeri
Roseobacter denitrificans
Pseudomonas putida
NPSG plankton
October, 2002
July, 2003
March, 2004
July, 2004

Axenic

MGDG

DGDG

SQDG

PG

PE

PC

SQDG兾PG

Yes
No
No
No

22
25
17
31

10
10
7
53

66
50
61
7

2
9
8
9

–
5
5
tr

–
tr
1
–

33.5
NA
NA
NA

Yes
Yes
Yes
Yes
Yes
No

7
5
11
4
18
14

37
26
31
48
41
25

52
56
47
45
38
50

3
8
7
3
3
8

–
–
–
–
–
2

–
–
–
–
–
–

17.3
7.0
6.7
15.0
12.7
NA

Yes
Yes
Yes
Yes

14
59
5
45

56
17
78
16

19
16
–
20

10
8
17
18

–
–
–
–

–
–
–
–

1.9
2.0
NA
1.1

Yes
Yes
Yes

–
–
–

–
–
–

–
–
–

10
44
13

76
–
65

–
39
–

NA
NA
NA

NA
NA
NA
NA

ND
ND
16
15

ND
ND
7
8

ND
ND
25
24

ND
ND
21
24

ND
ND
9
10

ND
ND
22
19

ND
ND
1.2
1.0

Values are percent of total polar membrane lipids as determined by HPLC兾ESI-IT-MSn. –, none detected; tr,
trace (⬍0.5%); ND, not determined; NA, not applicable; MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol.
*Ref. 22.

genome is unlikely. So although AP bacteria are present in both the
NPSG (34) and the Sargasso Sea (M. Koblı́z̆ek, personal communication), these organisms, similar to R. denitrificans, apparently do
not carry the capability to synthesize SQDG. Thus, the environmental genome strongly supports our other data suggesting that the
majority of the SQDG we observe in the NPSG is derived from
cyanobacteria, rather than from AP or heterotrophic bacteria.
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Significance of Sulfolipids in Cyanobacteria. The biochemical re-

quirement of heterotrophic bacteria to use environmentally scarce
phosphorus atoms to synthesize phospholipids, vs. abundant sulfur
and carbon atoms to synthesize sulfolipids, could put heterotrophic
bacteria at a disadvantage against Prochlorococcus in the nutrientdepleted waters of the subtropical gyres. Because phospholipids in
heterotrophic bacteria are such a large biochemical sink for phosphorus, these organisms, which are responsible for respiration,
could be more ‘‘limited’’ by phosphorus availability than those
responsible for photosynthesis (7, 35). This result would be at odds
with work suggesting that respiration outweighs photosynthesis in
the open ocean (36) but could explain, at least to some degree, the
conflicting trends of increasing inventories of organic carbon (7)
and decreasing inventories of nutrient phosphorus in the NPSG (1,
6). Indeed, Prochlorococcus is abundant in other oligotrophic
environments where PO3⫺
4 is an order of magnitude less abundant
than in NPSG (11). Yet it appears that not all marine cyanobacteria
are equal in their ability to substitute SQDG for PG. For example,
our lipid extracts from marine Synechococcus, which were grown at
phosphate concentrations similar to Prochlorococcus cultures, show
significantly lower SQDG兾PG (12 ⫾ 5 vs. 37 ⫾ 7), which is
consistent with observations that Prochlorococcus are more tolerant
of low-phosphorus conditions than Synechococcus (11, 12).
Evolution of the ability of photosynthetic cells to substitute
3⫺
sulfate (SO2⫺
4 ) for PO4 in lipids may have led to major changes in
the cycling of carbon, phosphorus, and sulfur in the ocean. There
8610 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0600540103

is much debate about how photosynthetic bacteria diversified into
their current major lineages (37, 38). Although it is likely that the
biochemical pathways for SQDG synthesis evolved only once in
Earth’s history (23), it is not clear in which bacterial lineage this
innovation occurred; the observation that the marine picocyanobacterial sqdB lineage is more similar to that of the AP bacteria
than to other cyanobacteria such as T. erythraeum further complicates this issue (Fig. 3). In any case, the absence of both SQDG
(Table 1) and the sqdB gene in the basally branching cyanobacterial
genome Gloeobacter violaceus, and the presence of the lipid and the
gene in at least four of the seven major lineages of cyanobacteria,
suggests that the capability for SQDG synthesis either evolved or
was acquired early in the cyanobacterial radiation. If our results
from AP bacteria and other strictly heterotrophic bacteria that lack
SQDG (Fig. 1) are representative of photosynthetic bacteria that
existed before the evolution of SQDG, then the switch from PO3⫺
4
to SO2⫺
4 for lipid synthesis would have reduced cellular phosphorus
3⫺
requirements by 15–25%. In an ocean limited by PO4 , this
reduction also would have led to a concomitant 15–25% increase in
organic carbon production, because the PO3⫺
4 that normally would
have been used for phospholipid synthesis would be available to fuel
further production.
During the Archean, cyanobacteria and other photosynthetic
bacteria evolved in an ocean that probably contained much lower
2⫺
concentrations of PO3⫺
4 and SO4 than the modern ocean (5, 39,
2⫺
40); SO4 concentrations were apparently low enough to limit
bacterial uptake in some regions of the ocean (40). But by the
mid-Proterozoic, SO2⫺
4 inventories increased substantially (40), and
we hypothesize that the elevation of the ratio of dissolved SO2⫺
4 to
could have provided the environmental impetus for the
PO3⫺
4
evolution of SQDG. Depending on the exact timing of SQDG
evolution, the rate at which SQDG-containing cyanobacteria radiated throughout the oceans, and the extent of phosphorus limitation, the upshift in organic carbon production allowed by the use of
Van Mooy et al.
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Fig. 3. Tree of SqdB sequences from the Sargasso Sea environmental genome (denoted SSEG) (33) and representative phytoplankton and heterotrophic
bacteria. UDP-galactose 4-epimerases are used as outgroups. The quantities of closely related SSEG sequences are indicated in parentheses. (Scale bar indicates
substitutions site⫺1.)

SQDG in cyanobacteria could have contributed to the observed
major shifts in carbon cycling in the Proterozoic. Furthermore, the
3⫺
potential for SO2⫺
4 to act as a substitute for PO4 calls into question
the often assumed constancy of phosphorus (vs. nitrogen) limitation of photosynthetic carbon production over geological
timescales.
In phosphorus-limited region of the modern ocean, it is quite
likely that both picocyanobacteria and heterotrophic bacteria are
under intense pressure to reduce their cellular phosphorus demands. Indeed, it has been observed that respiration by heterotroVan Mooy et al.

phic bacteria may currently be limited by available PO3⫺
4 in the
Sargasso Sea (35). Thus, the distinctive ability of picocyanobacteria
to minimize their phosphorus requirements through the synthesis of
SQDG could be the basic biochemical adaptation that has allowed
these organisms to dominate photosynthetic carbon production in
phosphorus-limited marine environments.
Methods
Seawater was collected from a depth of 5 m in the NPSG at station
ALOHA, aboard research cruises supported by the Hawaiian
PNAS 兩 June 6, 2006 兩 vol. 103 兩 no. 23 兩 8611
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Ocean Time-series (HOT) program. Incubations were conducted in
acid-cleaned polycarbonate bottles, spiked with tracer-level quantities (⬇25 pM) of carrier-free 33PO3⫺
4 , and incubated in on deck
flowing seawater incubators under ambient light conditions for
24 h. Aboard the ship, the incorporation of 33PO3⫺
4 into suspended
particulate matter was determined by the ratio of 33P radioactivity
in filtered (0.2 m pore size) and unfiltered aliquots of seawater.
For lipid analysis, suspended particulate matter from the incubations was collected by filtration on precombusted alumina membranes (0.2 m), which were immediately placed in liquid nitrogen
and transported to the laboratory on dry ice. In the laboratory,
lipids were extracted from both suspended particles and cell cultures using a modified Bligh–Dyer method. Phospholipid concentrations in suspended particles were determined from an aliquot of
the extraction by analysis of soluble reactive phosphorus after
persulfate oxidation (41).
For the Prochlorococcus culture experiments, cells were grown in
artificial seawater supplemented with 800 M NH4Cl, 50 M
NaH2PO4, and trace metal mix described in refs. 9 and 13. Exponential phase cultures were maintained at constant growth rates
(ranging from 0.35 to 0.5 day⫺1 depending on the strain) at 22–24°C
under constant light provided by cool-white fluorescent lamps at
irradiances of 30 M䡠quanta䡠m⫺2䡠s⫺1. Cultures of heterotrophic
bacteria were grown in Marine Broth at 30°C and harvested in late
exponential phase. Prochlorococcus and heterotrophic bacteria
cultures were spiked with 33PO3⫺
4 , incubated for 2–24 h, and
analyzed for 33P uptake into lipids as was done with NPSG whole
plankton.
Intact polar lipids were analyzed as described in ref. 21 from
duplicate cultures (not 33PO3⫺
4 -labeled). Briefly, a LiChrospher
Diol column was used with a linear gradient of normal phase
eluents. MSn experiments were performed by using a LCQ Deca
XP ion trap mass spectrometer (ThermoFinnigan, San Jose, CA)
with an electrospray (ESI) interface. The mass spectrometer was
configured such that the base peak from each full scan (500–2000
Da) was fragmented up to MS3. Separate runs for positive and
negative ion modes yielded complementary structural information.

Authentic standards were used for quantification and to aid structural identification.
The entire data set of individual sequence reads from the
Sargasso Sea environmental genome (SSEG) sequencing project
(33) was downloaded from GenBank and searched by using
TBLASTN with the SqdB amino acid sequences of Prochlorococcus
MED4, Synechococcus WH8102, Trichodesmium erythraeum,
Rubrobacter xylanophilus, Sinorhizobium meliloti, Rhodobacter sphaeroides, Nitrosococcus oceani, and Sulfolobus tokodaii. All reads with
a score ⬎100 from each search were retained for further analyses.
This analysis resulted in 106 sequence reads representing 99 independent clones. The raw trace data for each read was trimmed so
that no more than 5 of 25 consecutive bases on either the 5⬘ or 3⬘
end had a confidence score of ⬍20. The resulting sequences were
aligned with full-length SqdB sequences from cultured organisms.
Phylogenetic trees were inferred with MRBAYES (http:兾兾
mrbayes.csit.fsu.edu). Samples used for the assembly of the SSEG
were collected by Venter et al. (33) from waters with below(data from Bermuda Atlantic Timedetectable levels of PO3⫺
4
Series Study; http:兾兾bats.bbsr.edu).
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