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Abstract

The elemental composition of marine cyanobacteria is an important determinant of the ecological stoichiometry
in low-latitude marine biomes. We analyzed the cellular carbon (C), nitrogen (N), and phosphorus (P) contents of
Prochlorococcus (MED4) and Synechococcus (WH8103 and WH8012) under nutrient-replete and P-starved con-
ditions. Under nutrient-replete conditions, C, N, and P quotas (femtogram cell ) of the three strains were 46 =+ 4,
9.4 = 0.9, and 1.0 £ 0.2 for MED4; 92 = 13, 20 = 3, and 1.8 = 0.1 for WH8012; and 213 = 7, 50 * 2, 3.3 £
0.5 for WH8103. In P-limited cultures, they were 61 + 2, 9.6 = 0.1, and 0.3 = 0.1 for MED4; 132 + 6, 21 * 2,
and 0.5 += 0.2 for WH8012; and 244 = 21, 40 += 4, and 0.8 = 0.01 for WH8103. P limitation had no effect on
the N cell quota of MED4 and WH8012 but reduced the N content of WH8103. The cellular C quota was consis-
tently higher in P-limited than in nutrient-replete cultures. All three strains had higher C:P and N: P ratios than
the Redfield ratio under both nutrient-replete and P-limited conditions. The C:N molar ratios ranged 5-5.7 in
replete cultures and 7.1-7.5 in P-limited cultures; C: P ranged 121-165 in the replete cultures and 464—779 under
P limitation; N:P ranged 21-33 in the replete cultures and 59-109 under P limitation. Our results suggest that
Prochlorococcus and Synechococcus may have relatively low P requirements in the field, and thus the particulate
organic matter they produce would differ from the Redfield ratio (106C: 16N : 1P) often assumed for the production

of new particulate organic matter in the sea.

The marine cyanobacterium Prochlorococcus is a small
photosynthetic prokaryote (diameter, 0.5-0.8 um) that is
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ubiquitous in the euphotic zone of tropical and subtropical
oceans (40°S-40°N; Chisholm et al. 1988; Partensky et al.
1999). Abundances in warm surface waters are typicaly
>10° cells ml 2, and cells are found as deep as 200 m below
the surface (Campbell et al. 1994; Partensky et al. 1999).
These features make Prochlorococcus the numerically dom-
inant oxygenic phototroph in the oceans. Its close relative,
Synechococcus, is also important in subtropical ecosystems.
Although concentrations are typically an order of magnitude
lower than those of Prochlorococcus (Campbell et al. 1994,
DuRand et al. 2001), their larger average cell size (diameters
of 0.6-2.1 um; Herdman et al. 2001) makes them approxi-
mately equal in terms of global photosynthetic biomass. Sy-
nechococcus cells are usually limited to the upper 100 m of
the water column (Partensky et al. 1999) but have a broader
latitudinal distribution than Prochlorococcus; they are not
limited to warm oceanic waters but can be encountered at
temperatures as low as 2°C (Shapiro and Haugen 1988).
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Fig. 1. Morphology and size of nutrient-replete Synechococcus WH8012, WH8103 and Proch-
lorococcus MED4. Cells are stained with 4',6’-diamidino-2-phenylindole and have been delineated
using the edge detection operator in the Scion Image 4.0.2 software.

The marine carbon cycle is a key component of the global
cycling of carbon (Field et a. 1998). The nutritional require-
ments of marine phytoplankton, which supply the photosyn-
thetically fixed carbon (C) for higher trophic levels (i.e., net
primary production), have played a central role in dictating
the elemental composition of seawater over evolutionary
time (Redfield 1934) and influence the dynamics and avail-
ability of nitrogen (N), phosphorus (P), and other potentially
limiting nutrients in the oceans (Falkowski et al. 1998; Tyr-
rell 1999).

Marine eukaryotic plankton typically conform to the Red-
field ratio (molar C:N:P of 106:16:1; Redfield 1958), a
stoichiometric relationship that is characteristic for bulk par-
ticulate matter in oceanic environments (Copin-Montegut
and Copin-Montegut 1983; Falkowski 2000). This empiri-
cally derived ratio, which reflects the average biochemical
composition of the major food-web components in oceanic
environments, is frequently used in biogeochemical models
to estimate ocean productivity and export production and
also to differentiate N limitation from P limitation in the
ocean (Codispoti 1989; Falkowski 1997; Falkowski et al.
1998; Tyrrell 1999). The C:N:P ratio, especially the C: P
ratio, also sets a constraint on carbon sequestration (Mi-
chaels et al. 2001).

Even though the average C:N:P of oceanic particulate
matter is close to the Redfield ratio, selected regions, depths,
and seasons vary considerably in this regard (Copin-Mon-
tegut and Copin-Montegut 1983; Hebel and Karl 2001). This
local and temporal variation in the elemental composition of
particles could be linked to the composition and structure of
the food webs (Geider and La Roche 2002). Oceanic food
webs are typically dominated by marine microalgae and het-
erotrophic bacteria (Campbell et al. 1994; Gasol et al. 1997),
and previous studies have shown that not only do the cellular
C:N:P ratios of both bacteria and phytoplankton vary be-
tween different organisms but also that the elemental com-
position of individual species may vary extensively as a
function of environmental constraints (Herbert 1961; Rhee
1973; Geider and La Roche 2002; Vrede et al. 2002). The
physiological responses causing changes in cellular C:N: P
stoichiometry of microorganisms involve systematic changes

in the cellular content of quantitatively important biopoly-
mers such as proteins, nucleic acids, carbohydrates, lipids,
and polyphosphate (Herbert 1961; Geider and La Roche
2002). However, the available information is almost exclu-
sively based on studies that involved a few cultured hetero-
trophic bacteria or eukaryotic microalgae, whereas very little
information is available on the regulation of C:N:Pin ma
rine cyanobacteria (Cuhel and Waterbury 1984; Geider and
La Roche 2002).

Because the collective biomass of Prochlorococcus and
Synechococcus is often a significant fraction of the total bio-
mass in oligotrophic ecosystems (e.g., ~50% at Sta. ALO-
HA [A Long-term Oligotrophic Habitat Assessment]; Karl
and Dobbs 1998), it would help to understand the bounds
of their C: N: P ratios when trying to interpret the dynamics
of these ratios in ecosystems where these organisms domi-
nate. Because axenic cultures of Prochlorococcus MED4 re-
cently became available (Saito 2000; Moore et al. 2002), this
is now possible. The goal of the work reported herein was
to obtain robust estimates of the cellular content of C, N,
and P in Prochlorococcus and two strains of Synechococcus,
to help assess and model their role in the flux of carbon and
other nutrients through oceanic food webs.

Materials and methods

Axenic Prochlorococcus MED4 was derived from the
original MED4 strain (isolated by D. Vaulot) as described in
Saito (2000). The axenic strains of Synechococcus WH8103
and WHB8012 were obtained from the Cyanobacterial Culture
Collection at the Woods Hole Oceanographic Institution
(courtesy of John Waterbury). Prochlorococcus MED4 be-
longs to the high-light adapted (low B/A) clade 1 and were
isolated from the Mediterranean Sea, whereas the two Sy-
nechococcus strains belong to the closely related marine Sy-
nechococcus cluster A and were isolated from the Sargasso
Sea (Waterbury et al. 1986; Rocap et a. 2002). All three
strains used in this study have a rod-shaped to spherical mor-
phology but vary in size (Prochlorococcus MED4 < Syne-
chococcus WH8012 < Synechococcus WH8103; Fig. 1).
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Despite the apparent morphological similarities and close
phylogenetic relationships, pigmentation is very different in
the three strains; for example, Prochlorococcus lack phyco-
biliproteins but instead synthesize divinyl-chlorophyll a and
b (Partensky et al. 1999), and the Synechococcus strains dif-
fer in their relative content of phycouribilin and phycoery-
thrin (Rocap 2002). Furthermore, Synechococcus WH8103
is motile, whereas the other two strains lack any form of
swimming motility (Waterbury 1986; Rocap 2002).

All cultures were maintained at 22°C in constant light at
30—-40 umol quanta m=2 st Cool-white fluorescent lamps
were used for al incubations. Batch cultures were grown in
25 ml Sargasso Sea—based medium added to 50-ml borosil-
icate glass tubes with 25 mm inner diameter (Moore et al.
2002). Filter-sterilized and autoclaved seawater was amend-
ed with filter-sterilized stock solution of NH,Cl to a final
concentration of 800 wmol L%, and a stock solution of
NaH,PO, was added to either 50 or 1 umol L~ to obtain
media with molar N : P ratios of 16 and 800, respectively. A
filter-sterilized trace-metal stock solution was added to the
following final concentrations: 1.17 wmol L-* ethylene dia-
minetetraacetic acid, 8 nmol L~* zinc, 5 nmol L~* cobalt, 90
nmol L~ manganese, 3 nmol L~* molybdenum, 10 nmol L—*
selenium, 10 nmol L-* nickel, and 1.17 uwmol L-* iron.

All cultures were acclimated to the irradiance conditions
and the respective growth medium (P-replete and P-limited)
for a minimum of three transfers before the start of the ex-
periment. Eighteen replicate cultures were set up for each
medium and organism combination, and the growth of each
culture was monitored on a daily basis by noninvasive in
vivo chlorophyll fluorescence using a Turner 10AU fluorom-
eter (Turner Designs). The P-replete cultures were harvested
during the midexponential growth phase (after 7-9 d), and
the P-limited cultures were harvested during the early sta-
tionary growth phase (1214 d) (Fig. 2). Nine replicate cul-
tures (three pooled samples of three tubes) were collected
on combusted Whatman GF/F filters (2 h at 450°C) for the
analysis of particulate C and N, and six single cultures were
harvested in a similar way for the analysis of particulate P
All filtrations were done under low vacuum (<10 kPa) in
an acid-washed and rinsed filtration funnel made of glass.
Additiona filtrations with 25—-75 ml of 0.2-um-filtered me-
dia from the harvested cultures were done as controls for
adsorption of dissolved nutrients to the Whatman GF/F fil-
ters. All filters were dried at 60°C (1-2 d) and stored in the
dark in a desiccator until analysis. The three remaining cul-
tures for each treatment were used to monitor growth of the
various cultures after the end-point sampling for particulate
C,N,and P

To determine the number of cells captured on each filter,
1-ml samples were collected before harvesting the cultures
and in all filtrates for subsequent analysis by flow cytometry
and epifluorescence microscopy. Samples were preserved in
cryovias by first adding 0.2-um-filtered glutaraldehyde to a
final concentration of 0.125%, followed by rapid freezing
and subsequent storage in liquid nitrogen. The filtration ef-
ficiency (percentage of cells captured on filters) was >99%
for Synechococcus WH8103, >97% for Synechococcus
WHB8012, and >95% for Prochlorococcus MEDA4, indicating
a highly efficient harvesting of cells by low vacuum filtration
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Fig. 2. Growth curves for (A) Prochlorococcus MED4, (B) Sy-
nechococcus WH8012, and (C) Synechococcus WH8103 based on
in vivo chlorophyll fluorescence. Parallel growth curves are shown
for cyanobacteria growing in P-replete (squares) and P-limited (tri-
angles) medium. Black symbols indicate fluorescence of cultures
used for CNP analysis (n = 15), and white symbols indicate fluo-
rescence of triplicate cultures used for monitoring growth after har-
vesting cells for CNP analysis. Error bars represent the standard
deviation (often hidden in symbol). Cultures used for CNP analyses
were harvested after 4-12 d, as indicated by the disappearance of
the solid symbols in the graphs. The triplicate cultures used to mon-
itor growth in the P-limited cultures were amended with P during
the late stationary growth phase, to assess P limitation. The growth
rate in the exponential growth phase (indicated by brackets) is
shown for each treatment (r2 > 0.97, n > 4).
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through combusted Whatman GF/F filters. To verify that the
cyanobacterial cultures were axenic, subsamples were asep-
tically added at 1:5 (v:v) to Marine Purity Broth (17 g AC
broth [Difco], 8 g MgSO, X 7H,0, 20 g NaCl, and 1.5 g
CaCl, X 2H,0 in 1 liter of distilled water). No growth was
detected during the 1-week incubation at 22°C, whereas pos-
itive controls had visible growth of heterotrophic bacteriain
<2d.

The chlorophyll fluorescence in the P-limited cultures
without any P addition typically decreased during the late
stationary phase (data not shown). We used the triplicate
cultures remaining after the end-point filtrations to verify the
P limitation of cell growth in the supposedly P-limited cul-
tures by doing simple rescue experiments. Cultures were
spiked with an additional 25 wmol L-* NaH,PO, during the
plateau phase, and the growth response was monitored daily
by in vivo fluorescence. In addition, samples for flow cy-
tometry were collected 8 d after the amendment. The P ad-
ditions caused an increase in chlorophyll fluorescence (Fig.
2). The increase in chlorophyll fluorescence was accompa-
nied by an increase in cell concentrations of 770% for
Prochlorococcus MED4 and 284% for Synechococcus
WHB8012, indicating strong P limitation for these cells. The
concentration of Synechococcus WH8103 cells only in-
creased by 10% during the 8 d after the P addition, whereas
the corresponding chlorophyll fluorescence increased two-
fold. This may indicate a delayed growth response of the
P-starved Synechococcus WH8103 to externally added nu-
trients but nevertheless supports a general P limitation in
these cultures.

Cell concentrations were analyzed on a modified FAC-
Scan (Becton Dickinson) flow cytometer. Cells were sepa-
rated from externally added fluorescent microspheres (0.47
pm diameter, Fluoresbrite; Polysciences) in alog/log plot of
side scatter and chlorophyll fluorescence using a long-pass
emission filter (>650 nm). Microspheres were added to final
concentrations of 8 X 10* or 3 X 10° beads ml -2, depending
on the expected density of the cultures, and cell counts were
normalized to externally added beads to obtain cell concen-
trations. In addition, a regular FACScan flow cytometer
(Becton Dickinson) set to alow flow rate (12 ul min—t) was
used to measure the forward-angle light scatter (FALS) of
cells stained with the nucleic acid stain Syto 13 (del Giorgio
et a. 1996). Externally added fluorescent microspheres (1.58
um diameter, Fluoresbrite; Polysciences) were added as an
internal reference.

Selected samples from the P-replete cultures were stained
with 4',6’-diamidino-2-phenylindole (DAPI; Porter and Feig
1980). Cells were delineated using the edge detection op-
erator in Scion Image 4.0.2 software (Scion Corp., Frederick,
Maryland). The same software was used to roughly estimate
the length and width of 20—100 cells. The average diameter
for Prochlorococcus MED4 was 0.73 um, and Synechococ-
cus WH8012 and WH8103 had average diameters of 0.87
and 1.17 pum, respectively.

Particulate C and N were analyzed on a CN analyzer
(model NA1500 NC; Fisons Instruments) using acetanilide
(71.09% C and 10.36% N) as the reference material. All
samples were corrected for the background of C and N
caused by the adsorption of dissolved compounds to the fil-
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ters. This background was approximately equal for all treat-
ments and organisms (for 75 ml filtered medium; 31 = 6
png Cand 8 = 1 ug N filter-, n = 10).

Particulate P was analyzed colorimetrically after an initial
hydrolysis of the cellular material. To ensure that hydrolysis
and subsequent detection of cellular P was complete, two
independent methods were used: (1) flow injection analysis
of phosphate using the stannous chloride method on a FIA-
star autoanayzer after an initial hydrolysis of the sample
with potassium peroxysulfate and heating at 125°C for 30
min (standard method SIS 028127; Valderrama 1981) and
(2) analysis of soluble reactive P using molybdenum blue
spectrophotometry after sequential combustion of the sam-
ples at 475-500°C for 3 h and acid hydrolysisin 0.5 M HCI
at 80—-90°C for 1.5 h (Hebel and Karl 2001). For both meth-
ods, samples were background-corrected for adsorption of
dissolved P to the combusted GF/F filters in the different
treatments. The average background for P-limited cultures
was 0.09 ug filter-* (<32% of sample signal), whereas the
background for P-replete cultures was higher; 0.25 ug fil-
ter—* (<22% of sample signal; both values for filtration of
25 ml medium). The two methods were in excellent agree-
ment (regression slope 1.03, r2 = 0.94, n = 24). The mo-
lybdenum blue spectrophotometry method has been used ex-
tensively for analysis of total P in marine plankton (Goldman
et a. 1979; Bjorkman 2000; Hebel and Karl 2001), and we
therefore use these total P values consistently throughout the
present article.

Results

As expected, cultures reached the stationary phase at
much lower fluorescence in P-limited (N:P 800) than in
P-replete (N:PB 16) cultures (Fig. 2). The growth rates
achieved during exponential growth were dlightly lower in
the low-P mediafor al three strains, but the differences were
not statistically significant (F-tests, P > 0.05).

The C content of Prochlorococcus MED4 grown under
P-replete (45.8 fg C cell -%) and P-limited (60.9 fg C cell 1)
conditions was similar to previously published estimates ob-
tained using both volumetric methods, dry weight estimates,
and direct analysis of particulate carbon with corrections for
contaminating heterotrophic bacteria (Table 1). For all three
organisms, the C content was consistently lower in P-replete
cultures than in the corresponding P-limited cultures har-
vested in the early stationary phase (Table 2).

Flow cytometrically derived FALS is related to cell vol-
ume (Robertson et al. 1998) and thus should be related to
cellular C content. When we compared the average FALS
for cells from our six treatments (three different cyanobac-
teria, two different growth conditions), we observed a sig-
nificant linear correlation between FALS and the average
carbon content of the cells (Fig. 3), which was independent
of growth condition or strain.

The impact of growth conditions on cellular N content
was more variable, with insignificant effects on the cellular
N in Prochlorococcus MED 4 and Synechococcus WH8012,
whereas the P-replete cells of the larger Synechococcus
WH8103 had a higher N content than the P-limited station-
ary-phase cells (Table 2).
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Table 1. Published estimates of cellular carbon content of Prochlorococcus sp.

Reference fg C cell *

Analytica method

Cailliau et al. 1996

49 = 9 POC, non-axenic cultures, corrected for presence of

contaminating bacteria*

Campbell et al. 1994 53

Average cell size assumed (0.6 um diameter), volume

to carbon conversion (470 fg C um-=3)

POC, axenic culture (high irradiance)
Cell size determination and volume to carbon conver-

sion (325 fg C um=3)t

Average cell size assumed (0.8 wm diameter), volume

to carbon conversion (220 fg C um~3)

Primary production estimates*
Dry weight determination and assumed carbon content

of 50% in biomass*

Average cell size assumed (0.6 um diameter), volume

to carbon conversion

Claustre et al. 2002 17-38
Durand et al. 2001 54
Li et al. 1992 59
Moore 1997 61-94
Shaw 2001 78
Veldhuis and Kraay 1990 124
This work 46-61

Particulate carbon, exponentialy growing or P-limited

axenic cultures*

* Analysis based on cultures of Prochlorococcus MEDA4.

T Flowcytometric analysis of volume.

In contrast, the cellular P content was consistently three-
to fourfold lower in the P-limited cultures than in P-replete
cultures (Table 2). These results indicate that the content of
P-rich cell constituents such as RNA and DNA may be de-
pleted to very low levels in response to decreased nutrient
availability.

The molar ratios of cellular C: N were similar for al three
organisms. Exponentially growing cells were dlightly en-
riched in N relative to the Redfield ratio of 6.6 (Redfield
1958), whereas cells from P-limited cultures had a molar
C:N dlightly above this ratio (Fig. 4A). These C: N values
are hoth close to reports on the average composition of ma-

rine particul ate matter and the average composition of awide
range of nutrient-replete marine phytoplankton cultures (Ta-
ble 3).

All three strains had a low relative content of cellular P
The molar ratios of both C: P and N : P in the nutrient-replete
cultures were at the higher end of the spectrum or exceeded
previously reported values for nutrient-replete marine phy-
toplankton (Table 3; Fig. 4B,C). P-limited cells were even
more depleted in B, with a molar C: P ratio of 464—779 and
amolar N: P ratio of 59-109, which suggests that P-starved
cells can alter their relative content of P-rich constituents
substantially (Fig. 4B,C).

Table 2. Cellular carbon, nitrogen, and phosphorus in axenic cultures of Prochlorococcus mar-
inus MED4 and Synechococcus WH8012 and WH8103 in P-replete or P-limited conditions. Cell
concentrations are given for each culture at the time of cell capture for elemental analysis. Arith-
metic means of triplicate samples are presented with standard deviation between brackets. Signifi-
cance levels (unpaired t-test) are given for differences between P-replete and P-limited growth
conditions for each strain and element (degrees of freedom, 4).

Cell
Organism concentration
condition (200 cells mi—1) Carbon* Nitrogen* Phosphorus*
Prochlorococcus MED4
P-replete 110 (5) 45.8 (4.0) 9.4 (0.9) 0.98 (0.19)
P-limited 56 (4) 60.9 (1.8) 9.6 (0.07) 0.34 (0.08)
Student’s t — p < 0.01 NSt p < 0.01
Synechococcus WH8012
P-replete 54 (11) 92.4 (13.3) 20.0 (2.7) 1.84 (0.13)
P-limited 49 (10) 132 (6.2) 20.6 (2.0) 0.47 (0.17)
Student’s t — p < 0.01 NS p < 0.01
Synechococcus WH8103
P-replete 11 (0.6) 213 (7.3) 50.2 (1.8) 3.34(0.51)
P-limited 31 (4) 244 (20.7) 39.8 (3.8) 0.81 (0.01)
Student’s t — p<01 p < 0.05 p < 0.01
* In fg cell %

T Not significant (p > 0.1).
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Fig. 3. The correlation between forward-angle light scatter
(FALS) and analyzed cellular carbon content for cultures of Proch-
lorococcus MED4, Synechococcus WH8012, and Synechococcus
WH8103. Black symbols represent P-limited cultures, and white
symbols represent exponentially growing cells in P-replete medium.
Each data point represents the average cellular C content for trip-
licates of a single treatment, with error bars denoting standard de-
viations. FALS is reported as the median of the average cyanobac-
terial FALS intensity of Syto 13-stained cells normalized to 1.58
um fluorescent microspheres in triplicate cultures. Error bars rep-
resent the maximum—minimum range (n = 3), and the line repre-
sents a linear regression of all data points.

Discussion

Nutrient stoichiometry—The most striking feature of the
C:N:P ratios of these cyanobacterial strains is the low cel-
lular P content relative to C and N. In a recent survey of
the C:N: P variability in marine microalgae, Geider and La
Roche (2002) reported molar C: P ratios of 27-135 and mo-
lar N:P ratios of 7-19 for various nutrient-replete phyto-
plankton cultures. Their survey was based on data from eu-
karyotic phytoplankton, but no data were available for
marine cyanobacteria, and some of the lower C:P and N: P
ratios are likely due to the accumulation of polyphosphate
or other P-rich compounds. The corresponding elemental ra-
tios for nutrient-replete Prochlorococcus and Synechococcus
reported here range 121-165 for C:P and 21-33 for N: P
(Fig. 4, Table 3). Hence, our results indicate that marine
Prochlorococcus and Synechococcus, which often dominate
phytoplankton communities in oligotrophic waters, have
very low P requirements. The low cellular P is in agreement
with aprevious study of C: N : Pin Synechococcus WH7803,
in which the molar ratio of C:P was 115 in exponentialy
growing cells (Table 3; Cuhel and Waterbury 1984). A re-
cently completed study, conducted using X-ray microanal-
ysis, also supported the result of low cellular P requirements
in Prochlorococcus and Synechococcus (Table 3; Heldal et
al. 2003).

The average C:P and N:P ratios of marine particulate
matter is typically lower than our estimates for marine cy-
anobacteria (Table 3). An extensive survey of >500 pairwise
analyses of these elements in particulate matter from diverse
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tios of triplicate cultures with cells growing either exponentialy in
P-replete medium (white bars) or cells experiencing severe P limi-
tation (black bars). Error bars represent the combined standard de-
viation, calculated to account for the propagation of errors. The
dashed line represents the Redfield ratio (Redfield 1958).
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Table 3. Elementa ratios (molar C:N, C:B and N:P) for marine phytoplankton cultures, bacteria, and particulate organic matter.

Arithmetic means are presented, with standard deviation between brackets.

Sample C:N C:P N:P Reference
Prochlorococcus Med4
P-replete 5.7 (0.7) 121 (17) 21.2 (4.5) This study
P-limited 7.4(0.2) 464 (28) 62.3 (14.1)
Synechococcus WH8012
P-replete 5.4(1.1) 130 (19) 24.0(3.6) This study
P-limited 7.5(0.8) 723 (61) 96.9 (37)
Synechococcus WH8103
P-replete 5.0(0.2) 165 (8) 33.2(5.2) This study
P-limited 7.1(0.9) 779 (122) 109 (10.5)
Exponential* Prochlorococcus
(6 strains) 8.5-9.9 156-215 15.9-24.4 Heldal et al. 2003
Exponential* Synechococcus
WH8103 10 150 15 Heldal et al. 2003
WH?7803 8.9 113 13.3
Exponential Synechococcus
WH7803 7 115 16.4 Cuhel and Waterbury 1984
Marine phytoplankton culturest
Average 7.7 (2.6) 75 (31) 10.1 (3.9) Geider and La Roche 2002
Range 4-17 27-135 5-19
Marine particulate mattert
Average 7.3 (1.7) 114 (45) 16.4 (6.2) Geider and La Roche 2002
Range 3.8-125 35-221 5-34
Marine bacterial cultures
Exponential 3.8-6.3 26-50 55-7.9 Vrede et a. 2002
P-limited 7.7-12 176-180 16-19

* Cells cultured in PCR-S11 medium (Partensky et al. 1999), sampled in exponential phase.

T Meta-analysis of nutrient-replete eukaryotic marine phytoplankton cultures.
T Meta-analysis of marine particulate matter.

oceanic environments (Indian Ocean, Atlantic Ocean, South-
ern Ocean, and Mediterranean Sea) demonstrated an average
C:P ratio of 103 and an average N:P ratio of 16.4, even
though there was a considerable variability between the dif-
ferent sites (Copin-Montegut and Copin-Montegut 1983).
Hence, it appears that either marine picocyanobacteria are
not well represented in the analyzed particulate fractions or
that other organisms or particlesrich in P counterbalance the
signal from the low-P cyanobacteria. Both of these expla-
nations are possible, but neither seems likely for the vast
low-nutrient open-ocean gyres that dominate our planet.

First, particulate matter is an operational definition, and
most analyses of particulate C: N : P ratios have used filters
with nominal pore sizes of 0.7-1.2 um, which may be more
or less efficient in capturing the smaller unicellular micro-
organisms such as Prochlorococcus and Synechococcus. In
agreement with earlier studies (Chavez et a. 1995), our re-
sults show that gentle filtration through a glass-fiber filter
with a nominal pore size of 0.7 um efficiently captures even
small Prochlorococcus cells (diameter, 0.7 um).

Second, next to marine picocyanobacteria, heterotrophic
prokaryotes represent a dominant biomass component of ma-
rine food webs (Campbell et al. 1994; Gasol et a. 1997).
Studies of indigenous freshwater bacterioplankton and cul-

tured aquatic bacteria have suggested that these organisms
may be enriched in phosphorus (Table 3; Fagerbakke et al.
1996; Vrede et al. 2002), which suggests that they would be
able to counterbalance the high C:P and N:P ratios in cy-
anobacteria. This hypothesis is supported by the often tight
spatial and temporal coupling between these two groups of
organisms in oceanic systems (Li et al. 1992); for example,
cyanobacteria and other primary producers supply the en-
ergy and nutrients required for heterotrophic growth of bac-
teria, “‘the microbial loop” (Azam et al. 1983). However, a
recent study of indigenous aquatic bacteria collected in the
Sargasso Sea (Gundersen et al. 2002) suggested that the cel-
lular ratios of C:N:P in marine bacteria are close to the
Redfield ratio of 106:16:1, and, if these ratios are repre-
sentative for bacterioplankton in a wider range of open-
ocean systems, the balancing effect would be minimal.

The cellular C: N in the nutrient-replete cultures of Pro-
chlorococcus and Synechococcus varied between 5 and 5.7
(Table 3). These ratios are within the observed range of
C:N for nutrient-replete cultures of marine eukaryotic phy-
toplankton (Table 3) and are also consistent with reported
values of C: N in two different marine Synechococcus strains
(range, 4.4-8.7; Biddanda and Benner 1997; Lourenco et al.
1998). The largest proportion of cellular N in phytoplankton



1728

is bound in protein and free amino acids (>70%), and a
detailed study of internal N pools in a strain of marine Sy-
nechococcus showed that proteinaceous material contributes
between 74% and 84% of total cellular N, whereas the cel-
lular N contained in other organic biomolecules such as pig-
ments and nucleic acids is minor (<3%) (Lourenco et al.
1998).

The C:N of Prochlorococcus and Synechococcus har-
vested in the early stationary phase in P-limited cultures was
also close to the Redfield ratio (Table 3, Fig. 4A). The dlight-
ly higher C:N ratio in the stationary growth phase agrees
with earlier observations of Synechococcus batch cultures
(Biddanda and Benner 1997; Lourenco et al. 1998) and may
suggest an intracellular depletion of amino acids, proteins,
and/or phycobiliproteins as cells enter the stationary phase.
An aternative explanation could be an intracellular accu-
mulation of C-rich biomolecules that do not contain N (e.g.,
lipids or carbohydrates). The latter explanation is supported
by the nearly constant fraction of cellular N associated with
proteinaceous material in the exponential and stationary
growth phase of seven cultured phytoplankton, including a
marine Synechococcus strain (Lourenco et al. 1998) and the
higher C content of the P-limited cells in our study (Table
2). still, the cellular N content in both Prochlorococcus and
Synechococcus appears to be relatively stable, even under
contrasting nutrient conditions, and this agrees with obser-
vations of the C: N ratios of marine particul ate matter, which
are much more constrained than elemental ratios involving
phosphorus (Geider and La Roche 2002). Still, earlier studies
of eukaryotic phytoplankton have demonstrated that N star-
vation may result in a threefold higher cellular C:N ratio
than nutrient-replete conditions (Goldman et al. 1979; Geider
and La Roche 2002), and we may expect a more dramatic
change in cellular C: N ratios in response to N-limited con-
ditions.

Nutrient limitation and cellular phosphorus—As one
would expect from many early studies of P limitation in
eukaryotic phytoplankton (e.g., Goldman et al. 1979; Tett et
al. 1985), cells harvested from P-limited cultures had high
cellular C:P and N: P ratios (Table 3) and a three- to four-
fold decrease in the absolute amount of P per cell compared
with P-replete cultures (Table 2). This reflects the ability of
phytoplankton to dramatically lower their cellular content of
P when this resource is scarce in the surrounding medium.
This could be accomplished by lowering the cellular content
of P-rich cell components such as nucleic acids (e.g., RNA
and DNA).

A closer look at the biochemical composition of the
P-starved cultures of Prochlorococcus MED4 and Synecho-
coccus WH8012 indicates that the cellular P content is close
to the minimum level possible in these cultures. A single
copy of the 1.66-Mb genome of Prochlorococcus MED4
(http://www.jgi.doe.gov) contains 0.18 fg P (assuming 1 P
per nucleotide in the double-stranded genomic DNA).
Hence, for cells containing a single copy of the genome,
>50% of the total measured cellular phosphorus would be
bound in DNA (Table 2). The exact genome size of Syne-
chococcus WH8012 is not known, but that of its close rel-
ative Synechococcus WH8102 is 2.4 Mb (http://mww.jgi.
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doe.gov) and would contain 0.26 fg phosphorus if we make
the same assumptions. Because the average P-starved Sy-
nechococcus WH8012 cell contains 0.47 fg P cell -1, geno-
mic DNA is probably the dominant pool of cellular P in
these cells as well, and this is in agreement with a previous
study that demonstrated RNA/DNA ratios close to 1 for a
marine Synechococcus strain (Lourenco et al. 1998).

Cellular carbon and cell volume—Previous surveys have
indicated that Prochlorococcus is not only abundant in the
tropical and subtropical oceans but also constitute a major
biomass component in these habitats (Li et al. 1992; Camp-
bell et a. 1994; Karl and Dobbs 1998; Du Rand et al. 2001).
The biomass estimates have mostly been based on Prochlo-
rococcus cell volumes and subsequent volume to C trans-
formations (Veldhuis and Kraay 1990; Li et al. 1992; Camp-
bell et a. 1994). This approach has great uncertainty,
because it is known that the level of cellular C per cell vol-
ume for marine bacteria varies between 33 and 241 fg C
um~3 among different microbial isolates and within single
populations growing under different environmental condi-
tions (Vrede et al. 2002). Studies of naturally occurring bac-
terial cells collected from oceanic surface waters have sug-
gested an even larger variability in cellular C content in situ
(24-537 fg C wm=3, Gundersen et al. 2002). The uncertain-
ties are also apparent for Prochlorococcus, in which the es-
timated C content of cells with the same average diameter
(0.6 wm) ranges from 53 fg C cell -* (Campbell et al. 1994)
to 124 fg C cell * (Veldhuis and Kraay 1990).

In alater study, Caillau et a. (1996) directly analyzed the
particulate organic C of cells in a set of nonaxenic cultures
of a single Prochlorococcus strain using a regression-based
approach to correct for the C contributed from contaminating
heterotrophic bacteria The obtained estimate of 49 fg C
cell tislikely more robust, but the analysis relies on certain
critical assumptions—for example, that the cellular C con-
tent is independent of light conditions and growth rate. De-
spite these large uncertainties in the various extrapolation
factors used, our chemically measured C content in Prochlo-
rococcus is similar to many of the earlier estimates (Table
1). The volume of the exponentialy growing Prochlorococ-
cus MED4, roughly determined from epifluorescence mi-
croscopy of DAPI-stained cells, was ~0.20 wm3, indicating
a volume to C transformation factor ~226 fg C um-2. The
average cell volume estimated for the P-replete Synechococ-
cus WH8012 and WH8103 was 0.38 and 0.91 um?, with
corresponding volume to C conversion factors of 260 and
270 fg C wm=3. Hence, in the present study, cell volume
could be used to predict the C content of the nutrient replete
unicellular picocyanobacteria, even though there were some
differences between the three strains. We also observed a
linear correlation between FALS and cellular C content (Fig.
3). This strong linear correlation is not surprising per se,
because FALS is positively related to both cell diameter and
the refractive index of the analyzed particle—two factors
that are aso likely to covary with cellular C content. A sim-
ilar linear relationship between FALS and cellular C content
has been observed in a previous study of eight different
Prochlorococcus isolates in which C content was estimated
from photosynthetic rate measurements (Moore 1997). Here
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we extend this observation with direct measurements of car-
bon per cell for both nutrient-replete and P-limited cultures.
The robust relationship between FALS and C per cell sug-
gests that FALS could be used, with the proper calibrations,
to directly compare the relative biomass of Prochlorococcus
and Synechococcus in oceanic surface waters and also to
estimate their absolute biomass.

Heldal et al. (2003) used transmission electron micros-
copy and X-ray microanalysis to determine the size and cel-
lular carbon content of six Prochlorococcus isolates har-
vested during the late exponential phase. They report an
average of 30 fg C cell %, which is somewhat lower than
our results but close to the values used by Bjorkman et al.
(2000) in their investigation of the central North Pacific gyre.
This lower cellular C content could at least partly be ex-
plained by the smaller size of some cells analyzed in the
Heldal et al. (2003) study. Nevertheless, the estimated vol-
ume to C transformation factors in their study ranged 140—
280 fg C um~3, compared with our result of 226 fg C um-=3,
which indicates considerable variability in volumetric C con-
tent between strains.

Cellsin the P-limited cultures always had a higher C con-
tent than exponentially growing cells (Table 2), and this
higher C content appears to be coupled to an increase in size
(Fig. 3). One putative explanation for this observation could
be an inability of the P-limited cells to divide due to a de-
ficiency in the P needed for chromosome replication with a
resulting cell cycle arrest or an intracellular accumulation of
energy-rich organic compounds low in N and P (e.g., lipids)
when nutrients are scarce.

Potential ecological implications—There are several im-
portant ecological considerations that derive from these new
data on the bioelemental compositions of Synechococcus and
Prochlorococcus growing under different nutrient condi-
tions. First and foremost are the extremely low P cell quota
requirements for both species, especially Prochlorococcus.
The P requirements are low both in absolute terms and with
respect to the C and N cell quotas, yielding new biomass
with C:P and N:P ratios that are well in excess of those
anticipated for other microorganisms, especially under
P-limited conditions. Although we have not made an effort
to determine the subcellular distribution of B, calculations
indicate that nearly one half of the total cell P is contained
in genomic DNA; this is a minimum estimate based on the
assumption that there is only a single complement of DNA.
If there were no other P demands for phospholipids or poly-
saccharides, this would limit the RNA content to—at most—
a pool equivalent to DNA or a RNA :DNA ratio of 1. In
most prokaryotic microorganisms, the RNA : DNA ratio is
>1, even for slow-growing cells, and the ratio generally
increases with increasing specific growth rate (Maalge and
Kjeldgaard 1966). Slow growth coupled to low P-require-
ments would be an advantage under conditions of chronic
nutrient limitation, and this would preadapt Prochlorococcus
for survival in the hyperoligotrophic midocean gyres where
they appear to dominate. Such an adaptation could explain
the inverse relationship between soluble reactive P and the
abundance of Prochlorococcus that has been observed in the
North Atlantic Ocean, paralleled by a positive correlation
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between this indicator of bioavailable P and bacterial abun-
dance (Cavender-Bares et al. 2001).

A low P cell quota may have other, more cryptic, ecolog-
ical advantages that could also promote survival in selected
habitats. For example, P limitation and low relative P cel-
lular stoichiometry may influence the top-down control of
microbial populations by altering the feeding rates and ef-
ficiencies of microbial grazers such as protozoans. Elemental
imbalances between producers and grazers can affect both
the consumer population and the ecosystem as a whole (El-
ser and Hassett 1994). It is well known that many grazers
of small particles selectively remove or retain particles of
greatest nutritive benefit. By virtue of growing with alow P
content relative to C and N, Prochlorococcus cells with a
low P content may be aless desirable particulate matter food
resource, and this may result in selection against removal by
particle consumers, provided that there is a better source of
food available to them. In nature it is likely that other en-
vironmental variables, such as light quality and quantity,
might also affect the ecological stoichiometry of marine ses-
ton (Urabe et al. 2002); in our laboratory studies, we applied
a constant light flux of 30—40 umol quanta m=2 s, so this
remains to be tested.

In addition, both the frequency and pattern of viral infec-
tion may be influenced by a low intracellular P content. In
previous P-limited laboratory studies of Synechococcus, cy-
anophages established a nonlethal lysogenic association with
host cells (Wilson et al. 1996) compared with P-replete cul-
tures. This results from the high demand for viral P during
the lytic cycle. By maintaining a low cell quota of P, even
when external P supplies are nonlimiting, Prochlorococcus
would retain an intracellular P limitation, which could ex-
tend lysogeny and protect the species from lytic infections.
The tradeoff of slow growth potential for long-term survival
may be a key ecophysiological strategy that is common in
open-ocean species such as Prochlorococcus.

Finally, the very high C:P and N:P ratios that we ob-
served for the P-limited cultures of Synechococcus and
Prochlorococcus in the present study (C:P > 400 and N: P
> 60) are unlike any particulate matter ratios reported for
the open sea. This suggests that there are other living and
nonliving components in marine ecosystems that are domi-
nated by these species that might effectively shift the stoi-
chiometric balance toward a Redfield ratio reconciliation or
that the marine ecosystems studied to date have not yet been
forced to the physiological limits (e.g., P limitation) that we
observed in these laboratory experiments; without any direct
proof, we suspect the latter. In most oceanic habitats, severe
P limitation never sets in because there is consecutive nu-
trient colimitation by N or a required trace element such as
iron. What our data imply is that Prochlorococcus and Sy-
nechococcus can, under certain growth conditions, produce
new bhiomass with a bioelemental stoichiometry well in ex-
cess of the canonical Redfield ratio. We could envision a
warm, dust (iron)—rich future ocean that was trace element
sufficient and N, fixation conducive. Under these hypothet-
ical conditions, species like Prochlorococcus and Synecho-
coccus would thrive, dominate, and ultimately establish a
new P-depleted, relative to C and N, stoichiometric balance
that would have numerous and far-reaching ecological con-
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sequences from changes in the structure of the food web to
enhanced carbon sequestration into the mesopelagic and
abyssal zones as high C: P ratio particulate organic matter
is removed by the ocean’s biological carbon pump.
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