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Abstract

Alkaline phosphatase (AP) activity (APA) was measured at several stations in the North Pacific Subtropical
Gyre in July 2008, and in a series of nutrient addition experiments: nitrate plus ammonium (+N) or phosphate
(+P), to study APA regulation and to evaluate the capacity of picoplankton organisms (i.e., in the 0.2–2-mm size
range) to access the AP-hydrolyzable fraction of dissolved organic phosphorus (DOP). The data indicated a
primary limitation of the biomass by nitrogen. Both total (measured with a soluble DOP analog) and cell-specific
(measured with the enzyme-labeled fluorescence [ELF] phosphate cell labeling method) APA were enhanced in
the +N samples and reduced in the +P samples, suggesting that DOP is an important resource for picoplankton
nutrition. Cell-free APA represented . 65% of the APA in all samples, but its contribution to total APA
significantly decreased in the +N treatment as microbial biomass increased. In the +N treatment, , 5% and up to
96% of the cells in the heterotrophic bacteria-enriched and picophytoplankton-enriched fractions, respectively,
were ELF-alcohol–labeled after 5 d. Following N enrichment, the microbial assemblage shifted from cell-free
phosphatase dominated under N limitation and P stress (i.e., physiological response) to picophytoplankton-based
phosphatase dominated under P limitation (i.e., production or growth rate limitation). If, as predicted, the ocean
evolves towards P limitation, DOP availability would become of major importance to sustain productivity.

Phosphorus (P), generally in the form of phosphate, is an
essential nutrient for life (Karl 2000). P availability in the
ocean is considered to have a predominant role in
controlling planktonic biomass and production (Karl et
al. 2001; Van Wambeke et al. 2002; Moutin et al. 2008).
Among the P reservoirs in the ocean, dissolved inorganic P
(DIP) is directly incorporated by microorganisms whereas
dissolved organic P (DOP) must generally be enzymatically
hydrolyzed to release DIP that can be transported and
incorporated into the cell. There are many enzymes that
hydrolyze DOP (e.g., phosphodiesterases, phosphomono-
esterases, and phosphonatases, to name a few), but alkaline
phosphatase (AP) is the best studied and arguably the most
important for nutrition, because it has the potential to
hydrolyze a broad spectrum of DOP compounds (e.g., the
phosphomonoesters) and is produced by a majority of
marine heterotrophic bacteria and phytoplankton (Cem-
bella et al. 1984; Hoppe 2003). Consequently, AP plays a
prominent role in the recycling of organic P. AP activity
(APA) has been shown to be regulated by DIP supply
(Cembella et al. 1984) and is thus considered to be an
indicator of P stress or P limitation (Hoppe 2003; Dyhrman
and Ruttenberg 2006; Nedoma et al. 2006). P stress is
defined as a physiological response to a low level of P: the
organisms may up-regulate proteins or enzymes to aid in P
scavenging but at this stage the production rate is not P-
limited and is sustained. The extent to which these P-
stressed cells are able to scavenge P will result in either P
limitation or recovery (Beardall et al. 2001; Dyhrman and
Ruttemberg 2006). Production or growth rate limitation is
a later stage of nutrient starvation wherein the organisms
cannot reach their nutrient needs and the biomass will

consequently be reduced (Van Wambeke et al. 2002;
Nedoma et al. 2006). Nevertheless, APA is not necessarily
an unequivocal indicator of P stress because it can be
constitutive, it is not universal to all microorganisms, and it
is expressed in deep ocean waters where DIP concentra-
tions are high (for review, see Hoppe 2003). The
distribution of APA is highly variable and can be found
in both the particulate (i.e., . 0.2 mm) and the dissolved
(i.e., , 0.2 mm) fractions of seawater. In many marine
ecosystems, the contribution of the dissolved fraction can
be high (. 70%; Hoppe 2003).

DIP concentrations have been shown to be limiting in
various marine systems, and many oligotrophic habitats
seem to be particularly prone to severe P-limiting condi-
tions (Karl 2000). Because DOP concentrations often
exceed DIP concentrations in surface waters, this pool is
increasingly recognized as being important to sustaining
microbial growth by providing an alternative P source
(Orrett and Karl 1987; Karl and Björkman 2002).
Therefore, regeneration of DIP by enzymatic hydrolysis
from the DOP may be essential to the plankton. Expected
increases in CO2 levels and temperature in the future ocean
may lead to an increase in global dinitrogen (N2) fixation,
fundamentally altering the current marine nitrogen (N)
cycle and potentially driving some oceanic regimes towards
P stress and increasing demand for DOP (Karl 1999; Karl
et al. 2001; Hutchins et al. 2007). As such, the extent to
which microbes are able to access the hydrolyzable DOP
reservoir will drive the capacity of the ocean to sustain
productivity under conditions of DIP stress. This process is
particularly important for oligotrophic environments,
which cover more than 75% of the global ocean surface
and contribute to approximately 80% of the total oceanic
production (Ryther 1969). In such environments, free-* Corresponding author: solange@hawaii.edu
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living picoplankton (i.e., heterotrophic prokaryotes, here-
after termed bacteria, and autotrophic prokaryotes and
eukaryotes, hereafter named phytoplankton, in the 0.2–2-
mm size range: Prochlorococcus, Synechococcus, and pi-
coeukaryotes) are predominant in abundance, biomass,
and production (Agawin et al. 2000). The aims of this study
were to investigate the P status (i.e., P stress or limitation)
and APA regulation capacity of picoplankton groups from
the North Pacific Subtropical Gyre (NPSG) to better
understand nutrient controls and stress or limitation
responses of natural picoplankton populations, and to
determine P-related responses to increased N supply
predicted with future ocean climate interactions. The
contribution of APA in the dissolved fraction and its
variations with nutrient status was also investigated.

Methods

Field site—Seawater samples were collected during the
Pacific Open Ocean Bloom cruise in July 2008. One of the
goals of this cruise was to study summer phytoplankton
blooms occurring in the subtropical front of the NPSG
(between approximately 30u and 32uN). We used moderate
resolution imaging spectroradiometer (MODIS) satellite
images to locate a patch of high chlorophyll a (Chl a)
associated with a summer phytoplankton bloom. Samples
were taken at four stations: Sta. A–D (Fig. 1). Sta. A was
located outside of the patch of elevated Chl a that was
observed by satellite images (Fig. 1), and Sta. B–D were
located within the patch. Physicochemical characteristics of
the four stations are listed in Table 1. Samples correspond-
ing to a photosynthetically active radiation (PAR) level of
50% of surface irradiance (typically, 15–20 m) were taken
in the study area using NiskinH type polyvinyl chloride
bottles. The PAR was determined using a biospherical
sensor attached on the conductivity–temperature–depth
rosette frame. Samples were collected into acid-cleaned

(10% HCl) bottles rinsed three times with sample water
prior to analysis.

Nutrient addition experiments—Nutrient addition exper-
iments were conducted at Sta. A and D. Water was
prescreened through 202-mm NitexH mesh to remove large
zooplankton and collected into acid-cleaned (10% HCl) 4-
liter polycarbonate carboys rinsed three times with sample.
Nine replicate carboys were prepared for each treatment,
corresponding to (1) control (Ctrl, not amended), (2) N-
amended (+N, 3 mmol L21 dissolved inorganic N as
equimolar additions of NaNO3 plus NH4Cl), and (3)
phosphate-amended (+P, 1 mmol L21 DIP as KH2PO4).
These concentrations were chosen to be at least an order of
magnitude larger than expected surface concentrations. A
set of triplicate samples was also prepared to measure
initial conditions. Each treatment (Ctrl, +N, and +P) was
incubated and sampled on days 1, 3, and 5. At each time
point, triplicate randomized carboys of each treatment
were analyzed and sacrificed in order to avoid perturbation
and possible contamination by resampling. Each treatment
was sampled for total and cell-specific APA, cell abun-
dance, and Chl a and P stocks concentrations.

Nutrient analysis—DIP concentrations were determined
on triplicate 50-mL samples by the magnesium-induced
coprecipitation (MAGIC) method (Karl and Tien 1992)
followed by the molybdenum blue reaction (Murphy and
Riley 1962). Total dissolved P was measured as described
elsewhere (Björkman et al. 2000) and DOP estimated as
(total dissolved P 2 DIP). AP-hydrolyzable DOP was
measured according to the method of Strickland and
Parsons (1972) based on P release by adding Escherichia
coli AP (EC 3.1.3.1). Triplicate 50-mL samples were
incubated with 1 mL of Tris buffer solution (pH 8.00)
and 1 mL of E. coli AP (EC 3.1.3.1, Worthington
Biochemical Corporation) solution (1 unit mL21) at 30uC
for 2 h. DIP concentrations were determined by the
MAGIC method before and after the enzyme treatment
to determine the concentration of DIP released with
hydrolysis and obtain AP-hydrolyzable DOP concentra-
tions. Glucose-6-phosphate was used for calibration and
enzyme efficiency controls. For each series of measure-
ments, a triplicate blank was prepared from the resulting
supernatant obtained after the enzymatic and MAGIC
precipitation treatments and was processed as a regular
sample. All P analyses were corrected for arsenate
interference (Johnson 1971) and measured by absorption
spectrophotometry (880 nm; Beckman DUH640).

Picoplankton analysis—Chl a was measured on 200-mL
samples collected onto 0.2- and 0.6-mm-porosity polycar-
bonate filters (47-mm diameter), using 100% acetone
extraction and a Turner 10-AU fluorometer. Samples for
picoplankton enumeration were fixed in a final concentra-
tion of 0.2% paraformaldehyde, flash-frozen in liquid N, and
stored at 280uC. In addition to a whole water sample, , 0.6-
mm samples (corresponding to the filtrate from the 0.6-mm-
filtered sample) were also prepared for each treatment.
Picophytoplankton and heterotrophic bacterial abundances

Fig. 1. Station locations on average MODIS chlorophyll for
30 June–07 July. White areas have no data because of cloud cover.
Figure credit: Cara Wilson.
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were determined using a Cytopeia Influx flow cytometer.
Samples were processed according to Marie et al. (2000).

APA—Total APA was measured using the fluorogenic
phosphatase substrate 6,8-difluoro-4-methylumbelliferyl
phosphate (DiFMUP, Molecular Probes), at a final concen-
tration of 2 mmol L21 (saturating, data not shown). Four
types of samples were analyzed to separate activity due to
total (20 mL of total sample), dissolved (20 mL of , 0.2-mm
sample), heterotrophic bacteria-enriched, and phytoplank-
ton-enriched fractions. Heterotrophic bacteria-enriched frac-
tion corresponded to 20 mL sample filtered on a 0.2-mm
polycarbonate filter, whereas phytoplankton-enriched frac-
tion was prepared from 500 mL sample collected on a 0.6-
mm-porosity polycarbonate filter. Because the large majority
of the cells found in the 0.6-mm phytoplankton-enriched
fraction were smaller than 2 mm, this fraction is reported as
the picophytoplankton-enriched fraction, and is likely
dominated by Synechococcus. The filters were put in 4 mL
of filtered, boiled seawater (natural 0.2-mm-filtered seawater,
collected at the same stations, boiled for 1 min and cooled
before use) and thus all assays were done in the presence of
ambient DIP. All samples were incubated in the dark at in
situ temperature in a water bath. Hydrolysis of DiFMUP to
6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU) was
measured on a Perkin Elmer LS-5 luminescence spectrometer
at room temperature (excitation and emission: 359 and
449 nm). At least four measurements were obtained within
12 h (the linearity of the assay was verified). A standard curve
from 0 to 4.5 mmol L21 in filtered, boiled seawater was used
to calculate DiFMUP hydrolysis rates. Blanks (i.e., ultrapure
water) and killed controls (i.e., sample fixed with 0.2%
paraformaldehyde [final concentration]) were run periodi-
cally and indicated no significant autohydrolysis of the
substrate. The filtered, boiled seawater was also periodically
assayed to control for possible dissolved APA and showed no
significant hydrolysis of the substrate. We report cell-
abundance–specific APA corresponding to DiFMUP hydro-
lysis rates normalized to cell abundance.

Samples for cell-specific APA were assayed with enzyme-
labeled fluorescence (ELF) phosphate (ELFP) as previously
described (Duhamel et al. 2008; Van Wambeke et al. 2008).
Briefly, 20- and 500-mL samples were filtered onto black 0.2-
and white 0.6-mm polycarbonate filters, respectively, for the

heterotrophic bacteria- and picophytoplankton-enriched
fractions, respectively. As suggested by previous studies,
dim Prochlorococcus autofluorescence prevents quantitative
enumeration by epifluorescence microscopy, and its abun-
dance could bias bacterial and picophytoplankton counts.
Flow cytometry counts were thus systematically processed
on a whole and on , 0.6-mm samples in order to determine
Prochlorococcus contribution to the 0.6-mm filter. Results
showed that . 70% of the Prochlorococcus cells were present
in the fraction smaller than 0.6 mm. Prochlorococcus may
represent 5–19% of the total counts on the 0.2-mm (i.e., the
heterotrophic bacteria-enriched) fraction. Each filter was
put on a microscopy slide and 40 mL of the 1 : 20 diluted
ELFP solution (E 6601, Molecular Probes) was spread onto
the filter. The incubation time was determined according to
kinetics made on initial samples as described elsewhere
(Duhamel et al. 2009). The reaction was stopped with a
solution of phosphate-buffered saline (10 mmol L21, pH 7.5)
with 1% formaldehyde, for 15 min (in the dark). Cells on 0.2-
mm filters were counterstained with 49,6-diamidino-2-phe-
nylindole (DAPI, 2.5 mg mL21 final concentration; Duhamel
et al. 2008). The filter was then mounted with immersion oil
onto a glass slide for microscopic analysis. Heterotrophic
bacteria and phytoplankton cells were identified using a
Nikon Eclipse E600 microscope. Phytoplankton cells were
identified using a Chl a filter set and heterotrophic bacteria
were identified using a DAPI long pass filter set. The cells
were scored as positive or negative according to the presence
or absence of the green ELF-alcohol (ELFA) precipitates,
resulting from the ELFP hydrolysis, using a DAPI long pass
filter set.

Statistical analysis—One-way analysis of variance (AN-
OVA) was performed to compare between initial conditions
and days 1, 3, and 5, and significance is reported where p # 0.05.
Pairwise comparisons between treatments and controls were
performed using a t-test, and significance is reported where p #
0.05. Analyses were made using SigmaStat 3.1 software.

Results

Four stations were sampled for total APA, picoplankton
abundances, and Chl a and DIP concentrations (Table 1).
According to satellite images (Fig. 1, average MODIS

Table 1. Physicochemical and microbiological characteristics (average 6 SD, n 5 3) for the four sites sampled: Sta. A–D. The
precision of the nitrate + nitrite concentration was 3%.

Characteristics Sta. A Sta. B Sta. C Sta. D

Coordinates 30u009N,
146u309W

31u469N,
140u509W

30u369N,
139u429W

31u319N,
140u359W

Sample depth (m) (50% PAR) 20 17 15 15
Salinity 35.35 34.71 34.40 34.69
Temperature (uC) 22.85 21.63 21.53 21.95
Chl a (mg L21) 0.0760.005 0.12 0.06 0.0860.006
DIP (nmol L21) 1361 3361 5965 3860
Nitrate + nitrite (nmol L21) 2.1 2.6 8.5 3.5
Picoplankton abundance (3105 cell mL21) 4.960.2 8.161.0 8.360.2 6.760.2
Total APA (nmol DiFMU L21 h21) 1.28 0.36 0.84 0.89
Cell-abundance–specific APA (fmol DiFMU cell21 h21) 2.67 0.41 1.03 1.36
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chlorophyll for 30 June–7 July), a high–Chl a patch had
developed at Sta. B–D, whereas Sta. A was outside this
patch. However, when visiting these stations on July 5 and
July 14 for Sta. A and Sta. D, respectively, Chl a
concentrations measured at both stations were similar
(Table 1). Nevertheless, picoplankton cell abundances were
significantly higher at Sta. D (Table 1). Results from silicon
biomass and uptake measurements show that the bloom
was probably in decline (J. Krause and M. Brzezinski pers.
comm.), explaining the lower Chl a measured at Sta. B–D
than expected from the prior week’s satellite images. The
high–Chl a patch detected by ocean color satellite images,
between 30 June and 7 July, was located in the surrounding
area of the northern subtropical front of the NPSG. The
position of the subtropical front was defined from
temperature–salinity diagrams. Sta. B and D were located
outside the transition zone (i.e., north of the front), whereas
Sta. C was in the transition zone. Sta. B showed the highest
Chl a concentration (Table 1). The total APA was
normalized to picoplankton (i.e., heterotrophic bacteria
plus picophytoplankton enumerated by flow cytometry)
cell abundance (i.e., cell-abundance–specific APA; Ta-
ble 1). Sta. A had the highest cell-abundance–specific
APA value (2.67 fmol DiFMU cell21 h21) and the lowest
DIP concentration and picoplankton cell abundance values
(13 6 1 nmol P L21 and 4.9 6 0.2 3 105 cell mL21). Sta. B,
which had the highest Chl a concentration and picoplank-
ton abundance values (8.1 6 1.0 3 105 cell mL21), also had
the lowest cell-abundance–specific APA value (0.41 fmol
DiFMU cell21 h21), whereas DIP concentration (33 6
1 nmol P L21) was intermediary to those found at other
stations. Sta. C and Sta. D were characterized by higher
DIP concentrations (59 6 5 and 38 6 0 nmol P L21) and
lower Chl a values falling in the range of that measured at
Sta. A. The cell-abundance–specific APA values were
intermediary to those observed at Sta. A and Sta. B (1.03
and 1.36 fmol DiFMU cell21 h21 for Sta. C and Sta. D,
respectively).

Changes in APA were characterized outside and inside
the high Chl a patch detected by ocean color satellite
images, by conducting nutrient-addition experiments at
Sta. A and Sta. D, respectively, at depths corresponding to
50% of surface PAR (i.e., 20 and 15 m for Sta. A and Sta.
D, respectively; Table 1). Although Sta. D had slightly
lower salinity and temperature values (34.69 and 21.95uC,
respectively) than Sta. A (35.35 and 22.85uC, respectively),
it had higher Chl a, picoplankton abundances, DIP, and
nitrate + nitrite concentrations (0.08 6 0.006 mg L21, 6.7 6
0.2 3 105 cell mL21, 38 6 0 nmol L21, and 3.5 nmol L21,
respectively) than Sta. A (0.07 6 0.005 mg L21, 4.9 6 0.2 3
105 cell mL21, 13 6 1 nmol L21, and 2.1 nmol L21,
respectively; Table 1).

In both incubation experiments there was a significant
increase in Chl a concentration (by factors of 5.3 and 5.5
for Sta. A and Sta. D, respectively) in the +N treatment
compared to the initial conditions, with maximum values
reached after 5 d (0.37 6 0.05 mg L21, p 5 0.002) for Sta. A
and after 3 d (0.44 6 0.07 mg L21, p 5 0.005) for Sta. D
(Fig. 2C,D) of incubation. The maximum Chl a concen-
trations obtained at both stations were not significantly

different (p 5 0.284). The Chl a concentrations reached in
the +N treatment were significantly higher (p 5 0.008 and p
, 0.001 for Sta. A and Sta. D, respectively) than in the Ctrl
whereas those from the +P treatment were not significantly
different from the Ctrl (p 5 0.057 and p 5 0.842 for Sta. A
and Sta. D, respectively). No significant difference was
measured between the initial sample and the Ctrl at D5 for
Sta. A (p 5 0.620). Nevertheless, at Sta. D, Chl a
concentrations measured in the Ctrl after 3 d (0.08 6
0.01 mg L21) were lower (p 5 0.046) than in the initial
sample (0.07 6 0.00 mg L21). In both incubation
experiments, picoplankton total abundances significantly
decreased with incubation time between the initial and
control samples (p , 0.05), because of a reduction in
heterotrophic bacteria and Prochlorococcus abundances,
over extended incubation.

Cell-abundance–specific APA also increased significant-
ly in the +N treatment relative to the control, with
maximum values reached at day 5 for both stations (52.7
6 2.1 and 27.9 6 9.6 fmol cell21 h21 for Sta. A and Sta. D,
respectively; Fig. 2A,B), whereas no significant change was
observed in the +P treatment relative to the Ctrl (p 5 0.087
and 0.948 for Sta. A and Sta. D, respectively). The cell-
abundance–specific APA reached values significantly high-
er at Sta. A (p 5 0.002) where the lower initial DIP
concentrations were found. Indeed, at both stations, DIP
concentrations decreased with time in the Ctrl and +N
treatments, but the initial DIP concentrations were three
times higher at Sta. D (p , 0.001; Fig. 2G,H). DIP
concentrations increased with incubation time in the +P
treatments at Sta. A (Fig. 2G) whereas they decreased at
Sta. D (Fig. 2H). The proportion of dissolved APA in both
experiments showed approximately the same trend
(Fig. 2E,F). Whereas the proportion of dissolved activity
was high and stable with time in the Ctrl and +P treatment,
it was lower and significantly decreased with time in the +N
treatment when expressed as a proportion of total activity
(ANOVA: p 5 0.007 and p 5 0.002 for Sta. A and Sta. D,
respectively). At day 5, when cell-abundance–specific APA
was maximum, the proportion of dissolved activity in the
+N treatment represented 43% 6 16% and 41% 6 9% of
the total APA at Sta. A and Sta. D, respectively, whereas
the proportion of dissolved activity in the control and +P
treatments represented 67% 6 14% to 115% 6 29% of the
total APA (Fig. 2E,F).

APA was also studied by concentrating particles on two
types of filters: 20 mL of whole water sample filtered onto a
0.2-mm filter to examine APA associated with the
heterotrophic bacteria-enriched fraction and 500 mL of
sample filtered onto a 0.6-mm filter to examine APA
attributable to the picophytoplankton-enriched fraction.
Both total and cell-specific APA (with DiFMUP and
ELFP, respectively) were measured on these sample
preparations. For each experiment, the heterotrophic
bacteria-enriched fraction (Fig. 3A,C,E,G) showed increas-
ing values with time for both total (ANOVA: p 5 0.022)
and cell-specific APA (ANOVA: p , 0.001) in the +N
treatment and reached maximum values after 5 d. The same
general trend was observed for the picophytoplankton-
enriched fraction. However, in the +N treatment, whereas
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total APA in the picophytoplankton-enriched fraction
(0.79 6 0.33 and 0.69 6 0.06, for Sta. A and Sta. D,
respectively) was equal to or lower than (p 5 0.333 and p 5
0.049 at Sta. A and Sta. D, respectively) that in the
heterotrophic bacteria-enriched fraction (1.31 6 0.09 and

2.29 6 0.67, for Sta. A and Sta. D, respectively) after 5 d,
the proportion of ELFA-labeled picophytoplankton
reached up to 29 times the proportion of ELFA-labeled
heterotrophic bacteria. Moreover, the proportion of
ELFA-labeled picophytoplankton cells reached significant-

Fig. 2. Plots from the two nutrient addition experiments (Sta. A: plots A, C, E, and G; Sta.
D: plots B, D, F, and H). All graphs are plotted with control (Ctrl), nitrogen-amended (+N), and
phosphate-amended (+P) treatments for initial conditions and for days 1, 3, and 5 (D1, D3, and
D5, respectively) of incubation. (A, B) Cell-abundance–specific APA, normalized to picoplank-
ton cell abundance; (C, D) chlorophyll a (Chl a) concentration; (E, F) dissolved APA expressed as
a percentage of the total APA; (G, H) dissolved inorganic phosphate (DIP) concentration. In all
cases, error bars denote standard deviations (n 5 3). Significance (t-test, df 5 11, p # 0.05) is
indicated by an asterisk for pairwise comparisons between the +N or the +P treatments and
the control.
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Fig. 3. Plots from the two nutrient addition experiments (Sta. A: plots A, B, C, and D; Sta.
D: plots E, F, G, and H). (A, B, E, and F) Alkaline phosphatase activity (APA). (C, D, G, and H)
Percentage of ELFA-labeled cells. APA and ELFA-labeled cells are given for the heterotrophic
bacteria-enriched fraction (i.e., Hb on the plots, corresponding to 20 mL sample filtered on 0.2-
mm filter) and for the picophytoplankton-enriched fraction (i.e., Phy on the plots, corresponding
to 500-mL sample filtered on 0.6-mm filter—only the cells smaller than 2 mm were taken into
account). In all cases, error bars denote standard deviations (n 5 3). Note the difference in APA
scales for heterotrophic bacteria- and picophytoplankton-enriched fractions plots and in ELFA-
labeled cells for heterotrophic bacteria-enriched fractions from Sta. A and D. Significance (t-test,
df 5 11, p # 0.05) is indicated by an asterisk for pairwise comparisons between the +N or the +P
treatments and the control.
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ly lower values (p 5 0.001) at Sta. D (50% 6 3%) compared
to Sta. A (96% 6 7%), whereas no significant difference (p
5 0.178) was observed for the heterotrophic bacteria-
enriched fraction. At day 5, total and cell-specific APA of
both cell fractions were lower than in the Ctrl for the +P
treatments, but the difference was not significant (p .
0.05).

Discussion

Although DIP is readily available for assimilation by
microorganisms, its concentration in the surface waters of
the open ocean is often lower than 50 nmol L21, which
makes it a potentially limiting factor for net growth.
Therefore, microorganisms with the genetic potential to
utilize P from the much larger pool of DOP may be at a
competitive advantage. Whether microorganisms utilize
DOP and, if so, how DOP assimilation is regulated are
relevant issues in contemporary marine microbial ecology.
As detailed earlier, APA has been used to characterize P
stress or limitation in aquatic systems (Nedoma et al. 2003;
Dyhrman and Ruttemberg 2006; Duhamel et al. 2008), and
to examine these systems for potential utilization of DOP.
APA can be studied using soluble substrate analogs that
yield soluble (such as DiFMU) or insoluble (such as ELFA)
products upon hydrolysis. The utilization of the first family
of compounds provides information on the kinetic param-
eters of the enzyme activity in the whole seawater samples
(i.e., total APA), whereas the utilization of the second
family provides an identification and quantification of
substrate reactive cells (i.e., cell-specific APA). Data from
total APA measurements are difficult to compare with
other studies because the substrate choice (e.g., 4-methyl-
umbelliferyl phosphate, nitrophenyl phosphate, 3-O-
methylfluorescein phosphate, 3,6-fluorescein diphosphate,
Attophos, DiFMUP), its concentration (e.g., saturating or
not), and even the sample preparation methods (e.g.,
different volume of the whole or filtered sample, different
filter pore size, presence or absence of ambient P) vary
widely among studies (Table 2). Moreover, there is a wide
range of total microbial biomass encountered in systems
ranging from oligotrophic open ocean systems to eutrophic
coastal systems such that total APA measurements are
difficult to compare unless total cell numbers or biomass is
also reported.

In this study, both total and cell-specific APA were
measured. APA was present at all stations and corresponds
to the lower range of values typically measured in
oligotrophic environments (Table 2). Nevertheless, consid-
ering the DIP uptake rates measured at the same stations
with a 32P-DIP tracer (0.24 and 0.12 nmol L21 h21 at Sta.
A and Sta. D, respectively, data not shown), the DIP
released from APA could fulfill P needs at both stations if
the APA-hydrolyzable fraction of the DOP were in
sufficient concentration (here a supply rate of 2.88–
5.76 nmol L21 d21). APA-hydrolyzable DOP concentra-
tions assayed in this study were below the detection limit of
the method (i.e., , 5 nmol L21). Regardless of the standing
stock, it is well known that DOP is also produced during
DIP assimilation within complex open ocean food webs

(Orrett and Karl 1987), so the daily supply of bioavailable
DOP (including phosphomonoesters) can easily exceed the
ambient concentration at any given time. It is reasonable to
assume that bioavailable DOP compounds, including
phosphomonoesters, could be rapidly cycled and present
at low to undetectable concentrations if they are important
sources of P for the microbial community.

Measuring the presence of APA alone, without comple-
mentary data on the physiological or genetic regulation of
this enzyme, makes interpretation of the nutrient status of
the population challenging (Karl and Björkman 2002;
Dyhrman and Ruttenberg 2006). To answer this question,
we conducted 5-d incubations in 4-liter enclosures with
different nutrient amendments. Studies using incubation of
water samples under conditions that simulate natural
conditions have shown changes in growth, in activity, and
in taxon composition (ZoBell 1943; Agis et al. 2007).
Recent studies also showed contradictory results (Hammes
et al. 2010). Comparing Chl a concentration and pico-
plankton abundances in the initial and control samples, we
found either no significant change or a decrease over 5 d,
further highlighting the challenges associated with incubat-
ing natural populations over an extended period. Nitrate
plus ammonium amendments (i.e., +N treatment) were
used to force community drawdown of DIP by the coupled
incorporation of N plus P into biomass. In this treatment,
cell-abundance–specific APA increased by factors of 27.5
and 26.3 between initial conditions and day 5 for
experiments conducted at Sta. A and Sta. D, respectively,
underlining a large capacity for regulation of the commu-
nity APA. If the predictions that the ocean may be evolving
towards a system with increased N2 fixation and resultant P
limitation (Karl et al. 2001; Barcelos e Ramos et al. 2007;
Hutchins et al. 2007) are correct, our results suggest that
APA will be an important process in P acquisition in the
future ocean. This also underscores that ambient phospho-
monoester concentration is sufficient to meet P demand in
these experiments. In the +P treatments, APA significantly
decreased compared to the control (Figs. 2, 3), indicating
that the DIP additions decreased the need for DOP
hydrolysis and resulted in a decline in the APA. Although
the Chl a biomass increased only in the N treatment,
suggesting biomass N limitation in the study area, APA
was depressed in the P treatment, suggesting that organisms
were under P stress in situ. In an additional N plus P
treatment, the Chl a biomass might have been stimulated
more than with N addition alone. Taken together, these
results suggest that in a future ocean scenario of increased
N2 fixation and P demand, the ambient phosphomonoester
pool will be critical to supporting planktonic biomass and
production.

Although the proportion of ELFA cells significantly
increased in the +N treatment of both experiments, it
reached the highest values at Sta. A, the station with the
lowest DIP concentration. Previous studies have tried to
find a threshold value in DIP concentrations where APA
would be stimulated above the constitutive level. Results
vary according to studied areas and methods (Sebastián et
al. 2004; Dyhrman and Ruttenberg 2006; Nedoma et al.
2006) and require many measurements in a broad range of
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DIP concentrations to be able to accurately identify a
threshold for a given system or season, if there is one.
Results from ELF labeling showed that a majority of the
activity was due to picophytoplankton cells (likely Syne-
chococcus). Although some larger (. 2 mm) phytoplankton
cells (mostly diatoms and dinoflagellates, data not shown)
were also labeled, the cell abundance on the filters was not
high enough to provide reliable results. Nevertheless, the
presence of APA associated with these populations is
consistent with previous work in both open ocean and
coastal systems (Lomas et al. 2004; Dyhrman and Rutten-
berg 2006). Larger sample volumes would be necessary to
examine the regulation patterns of large phytoplankton for
the NPSG. In the 5-d shipboard incubation experiments,
the proportion of ELFA-labeled picophytoplankton cells
(likely Synechococcus) increased in the +N treatment,
reaching 95% 6 9% and 50% 6 3% at Sta. A and Sta. D
(Fig. 3D,H), respectively, whereas only a small percentage
(, 4.5%) of the cells in the heterotrophic bacteria-enriched
fraction was ELFA labeled (Fig. 3C,G). This fraction
contained Prochlorococcus cells, which were not distin-
guishable from the heterotrophic bacteria by epifluores-
cence microscopy. Neither can we assign a lower detection
limit for APA by the ELFA labeling procedure. For these
reasons, the estimations of ELFA-labeled heterotrophic
bacteria may be biased. Moreover, we cannot conclusively
comment on the labeling of the Prochlorococcus popula-
tions. Nevertheless, using flow cytometry, Duhamel et al.
(2008) showed that Prochlorococcus cells were not signif-
icantly ELFA labeled in the P-limited Mediterranean Sea.
A similar application of flow cytometry to study cell-
specific APA of Prochlorococcus populations in other P-
limited areas would be a fruitful area of future research.
These results emphasize the response capacity of the
Synechococcus-like cells to changes in P demand, with
essentially all the cells producing APA. In other oligotro-
phic environments, authors rarely observed ELFA-labeled
picophytoplankton, whereas larger cells, such as diatoms,
dinoflagellates, and autotrophic flagellates, showed high
ELFA labeling during low P concentration periods of the
year (Lomas et al. 2004; Mackey et al. 2007). However,
they used a cell membrane permeabilization step with 70%
ethanol, which may damage the cells and fade Chl a,
making these small cells difficult or even impossible to
identify by epifluorescence microscopy (Nedoma et al.
2003).

The low percentage of ELFA-labeled cells in the
heterotrophic bacteria-enriched fraction is surprising com-
pared to the percentages reached for the picophytoplank-
ton-enriched fraction, whereas total APA values were in the
same order of magnitude for each fraction. However, the
APA rates were assayed at a saturating substrate concen-
tration, and represent maximum potential rates. Kinetic
studies on size-fractionated samples in this environment
would be useful in the context of further work to better
characterize the competitive capacities of each fraction.
Although there are very few studies dealing with hetero-
trophic bacteria cell–specific APA in the marine environ-
ment, previous results also showed very low percentages
(, 5%) of ELFA-labeled heterotrophic bacteria in oligo-

trophic P-limited marine waters (Duhamel et al. 2008; Van
Wambeke et al. 2008). Moreover, previous studies showed
that although Prochlorococcus grown in low-P medium
exhibit ELFA labeling, natural populations lacked ELFA
labeling even in very-low-P environments (Mackey et al.
2007; Duhamel et al. 2008). Thus, even under a range of P
concentrations in different systems, the proportion of
heterotrophic bacteria and Prochlorococcus with APA is
very low compared to the larger phytoplankton. We
present several hypotheses to explain these low percentages.
The first hypothesis would be the detection limit of the
method. Considering the size of heterotrophic bacteria and
Prochlorococcus cells compared to larger phytoplankton
cells, the amount of ELFA precipitate per cell is very small
and may be undetectable by epifluorescence microscopy.
For example, Van Wambeke et al. (2008) showed that
below a threshold of 5–10 nmol MUF-P hydrolyzed L21 h21

(i.e., higher rates than in our samples; Table 1; Fig. 3); there
was no significant relationship between the distribution of
ELFA-labeled cells vs. MUF-P–based APA. The second
hypothesis is that heterotrophic bacteria and Prochlorococ-
cus cells could respond differently than larger phytoplankton
cells to the ELFA-labeling method. Indeed, ELFP is a
substrate analogue to phosphomonoester, but considering
the number of phosphomonoester compounds, it is possible
that most heterotrophic bacteria and Prochlorococcus do not
use all the phosphomonoester compounds and would not
hydrolyze the ELFP as a substrate. It is possible that cell-
surface localization of the enzyme for most of these cells does
not allow the intracellular precipitate to be formed or that
they excrete their enzymes, which would be consistent with
the high dissolved activity sometimes measured in the ocean.
Indeed, a recent metagenomic analysis predicted that up to
41% and 30% of marine bacterial AP are cytoplasmic and
extracellular, respectively (Luo et al. 2009). An additional
explanation is that only a subset of the heterotrophic
bacteria is metabolically active and thus the percentage of
ELFA-labeled cells is depressed relative to the picophyto-
plankton. In the South Pacific Subtropical Gyre, the fraction
of active cells accounts for roughly 25% of DAPI-stained
cells in surface waters (Obernosterer et al. 2008). If the same
range of active heterotrophic bacteria can be applied to the
NPSG, then the proportion of active bacteria ELFA-labeled
would be 4 times higher than the values estimated from total
bacterial abundances (i.e., 17.4% for the highest value). It is
also possible that most heterotrophic bacteria and Prochlor-
ococcus rely on enzymes other than AP to access the DOP
pool (e.g., 59-nucleotidase, phosphonatase, adenosine-59-
triphosphatases). Finally, in a given habitat, even if DIP is
below the detection limit of the available methods, there may
still be a finite even large flux of P given the fact that most of
the daily production in oligotrophic ecosystems is supported
by recycled nutrients. Under conditions of extreme compe-
tition for DIP, smaller cells would be favored, and perhaps
heterotrophic bacteria and Prochlorococcus populations
force larger phytoplankton populations, such as Synecho-
coccus, to use other bioavailable P compounds as predicted
by resource partitioning theory.

The size fractionation of our samples allows us to
estimate the proportion of APA due to the dissolved

AP activity and regulation in the NPSG 1421
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fraction (, 0.2-mm). The pool of ‘‘free dissolved’’
phosphatases in the sea is still fairly unexplored (Hoppe
2003; Table 2). In our study, the majority of total APA was
due to the dissolved fraction (75% 6 4% and 141% 6 18%
for Sta. A and Sta. D, respectively), which can explain the
low percentages of ELFA-labeled cells (Fig. 3) obtained at
the corresponding stations in the initial samples. Even
though information on dissolved APA is scarce, other
studies showed that the dissolved APA represents a
significant part of the total activity. For example, Labry
et al. (2005) reported that dissolved APA represented 13%
to 44% of the total APA in the Bay of Biscay (on the
French Atlantic coast). Higher proportions were recorded
in the northern Red Sea (42–74%; Li et al. 1998). These
observations of dissolved activity are supported by a recent
metagenomic analysis that predicted that up to 30% of
marine bacterial AP enzymes are extracellular (Luo et al.
2009). Dissolved activity represents a mixture of enzymes of
different origins, such as phagotrophy of protozoa and
release of macromolecular organic compounds by hetero-
trophic marine nanoflagellates (Hoppe 2003). However,
little is known about the ecological significance of this
process. The study of dissolved APA origin and eco-
logical role in aquatic ecosystems would be a significant
area of future research. The pool of free dissolved
phosphatases was very high throughout the duration of
the nutrient addition experiments in all treatments
and could reach values higher than 100% of the total
APA, underlining methodological issues linked to the
filtration step. Indeed, even under low vacuum (,
20 kPa), the cells might lyse and liberate intracellular
phosphatases, which would increase our measurements of
APA. Interestingly, the proportion of dissolved activity
decreased in the +N treatment (mainly due to the increase
in particulate APA), whereas the percentage of ELFA-
labeled cells increased, indicating that the microbial
assemblage shifted from a free dissolved phosphatases–
dominated system under N limitation and P stress to a
‘‘phytoplankton-cell–attached’’ phosphatase–dominated
system under P limitation.

This study highlights that the capacity for DOP hydrolysis
can differ substantially between heterotrophic bacteria and
picophytoplankton groups in the same systems. Our results
suggest that picophytoplankton, which is responsible for a
majority of primary production in oligotrophic systems, may
be influenced by DOP bioavailability in low-P environments,
and that Synechococcus populations could sustain their P
need by hydrolyzing DOP through APA. Heterotrophic
bacteria and Prochlorococcus populations, which compete
with Synechococcus for DIP, seem to rely on other strategies
to meet their P requirements. Further work on the DOP pool
composition and bioavailability in the oligotrophic gyres is a
prerequisite for better understanding how this nutrient
reservoir influences open ocean production and plankton
community structure. Moreover, considering the increasing
number of studies predicting the future ocean biogeochem-
istry evolving toward P stress and possibly P limitation (Karl
et al. 2001; Barcelos e Ramos et al. 2007; Hutchins et al.
2007), it is essential to better characterize the mechanisms
used by microorganisms to fulfill their P demand and to

evaluate to what extent DOP can sustain primary produc-
tion in low-P marine environments.
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