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Abstract

Zinc (Zn) serves as a cofactor in severa extracellular phosphatases, which alow microorganisms to acquire

phosphorus from organic P compounds. In oligotrophic ocean water, where both phosphate and Zn concentrations
are low, orthophosphate regeneration through enzymatic hydrolysis of organic compounds may be restricted by Zn
availability. We examined the possibility of co-limitation by P and Zn in batch cultures of the coccolithophore
Emiliania huxleyi grown at very low biomass. Both growth rates and extracellular phosphatase activity were inhib-
ited by low Zn. Cultures grown at nanomolar P and subpicomolar, unchelated Zn concentrations had higher phos-
phatase activity and slower growth rates when grown on organic P than when grown on inorganic P We calculated
that the additional Zn demand for phosphatase activity in the culture with organic P amounted to 16% of the cellular
Zn quota. This percentage would be lower at higher organic P concentrations. Extrapolating from our data, we
surmise that Zn—P co-limitation may prevail in highly oligotrophic systems such as the Sargasso Sea, but it is not
likely to be widespread in the ocean. Nonetheless, the observation of a significant enhancement of extracellular
phosphatase activity in Zn-amended water samples from the Bering Sea demonstrates the potential for Zn—P co-

limitation during phytoplankton blooms.

In oligotrophic ocean regions, phytoplankton growth may
be limited by low ambient inorganic phosphate concentra-
tions (Karl and Bjorkman 2002; Lomas et al. 2004; Wu et
al. 2000). To access the phosphorus contained in organic
compounds (which is generaly not directly available to
them), phytoplankton and other microorganisms synthesize
extracellular hydrolytic enzymes that cleave phosphate
(PO2") from its organic moiety (Kuenzler and Perras 1965;
Cambella et al. 1984). Phosphate release from awide variety
of phosphomonoesters is achieved by the activity of broad
spectrum phosphatases that are commonly classified as either
akaline or acid according to their pH optima (Cambella et
al. 1984). Another ectoenzyme, 5'-nucleotidase, which
cleaves phosphate from nucleotides, appears to be expressed
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in bacteria (Ammerman and Azam 1985) as well as in eu-
karyotic phytoplankton such as the coccolitophore Emiliania
huxleyi (Dyhrman and Palenik 2003) and the diatom Phaeo-
dactylum tricornutum (Flynn et al. 1986). Alkaline phospha
tase and 5'-nucleotidase (which we designate together by the
general term ‘‘phosphatases’) are Zn metalloenzymes that
also generally require (or are stimulated by) Mg?* or Ca?*
(McComb et a. 1979; Cambella et al. 1984). At low Zn
concentrations or availability, the synthesis of these enzymes
might be limited, leading to Zn—P co-limitation of phyto-
plankton growth.

The concentrations of phosphate in open ocean surface
water (measured as soluble reactive phosphorus [SRP])
range from 2 umol L~ in the Southern and Indian oceans,
to =50 nmol L' in the oligotrophic regions of the Atlantic
and the Pacific (Benitez-Nelson 2000; Karl and Bjorkman
2002). In many open ocean environments, SRP concentra-
tions are below the detection limit of conventional methods,
which ranges from 25 to 50 nmol L-* (Karl and Bjorkman
2001). Application of preconcentration methods such as
MAGIC (Karl and Tien 1992) have reveaed extremely low
SRP concentrations of 0.5 = 0.3 nmol L-* in Sargasso Sea
surface water (Wu et al. 2000). The concentrations, chemical
nature, and distribution of organic P compounds are much
less studied. However, organic P concentrations always ex-
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ceed those of SRP (Benitez-Nelson 2000; Karl and Bjork-
man 2002) with typical values (measured as soluble nonre-
active phosphorus [SNP]) in oligotrophic regions ranging
between 30 and 300 nmol L~ (e.g., Wu et a. 2000; Bjork-
man and Karl 2003; Van Den Broeck et al. 2004). Several
attempts to evaluate the bioavailability of marine organic P
compounds to microorganisms have been made using phys-
iochemical methods (Suzumura and Ingall 2004); hydrolytic
enzyme assays (Suzumura et a. 1998); P nuclear magnetic
resonance (NMR, Clark et al. 1998); measurements of turn-
over rates based on naturally occurring or exogenous radio-
isotope (Benitez-Nelson and Karl 2002); bioassays (Karl and
Bjorkman 2001); and -y-P labeling techniques for estimating
adenosine triphosphate (ATP) pool turnover (Bjorkman et al.
2000). Despite the differences among methods as well as the
heterogeneity and dynamic nature of the dissolved organic
P pool, it appears that its bioavailability is generally low
with values in the 0—10% range (of SNP) according to some
studies, and in the 15-35% range according to others (Karl
and Yanagi 1997; Benitez-Nelson 2000; Bjorkman and Karl
2003). Higher estimates can aso be found, however: 60—
80% of the total dissolved organic P in the northeastern At-
lantic and northwestern Mediterranean was characterized as
nonrefractory by Aminot and Kerouel (2004).

Dissolved Zn concentrations in the surface waters of the
open Pacific or Atlantic oceans are in the subnanomolar
range (Bruland 1980; Lohan et al. 2002). Most of this Zn is
bound to strong and uncharacterized organic ligands such
that the concentration of Zn’, the unchelated Zn, is in the
picomolar range (Bruland 1989; Lohan et al. 2002; Ellwood
2004). Picomolar Zn" concentrations have been found to lim-
it the growth of many marine phytoplankton in culture (An-
derson et al. 1978; Sunda and Huntsman 1992; Morel et al.
1994). Zn addition to bottle incubations in the high nutrient
low chlorophyll (HNLC) Subarctic Pacific was observed to
dightly increase the chlorophyll a concentrations (Coale
1991) and to cause subtle changes in phytoplankton com-
position (Crawford et al. 2003; Leblanc et al. 2005; Lohan
et a. 2005)

Emiliania huxleyi (Lohman) Hay et Mohler, the numeri-
cally most important coccolitophore in the modern ocean,
has a remarkable ability to grow and outcompete other phy-
toplankton in oligotrophic water. Field observations and di-
agnostic modeling studies have found that stratified water
with depleted N and P and high irradiance favors E. huxleyi
blooms (e.g., Kristiansen et a. 1994; Townsend et al. 1994,
Tyrrell and Taylor 1996). A competitive advantage of E.
huxleyi for B which has been observed in competition ex-
periments in continuous cultures (Riegman et al. 1992) and
in mesocosms (Egge and Heimdal 1994), appears to stem
from its exceptional phosphate assimilation capability as
well as its efficient utilization of organic P (Riegman et al.
2000; Dyhrman and Palenik 2003). Particularly high phos-
phatase activity, probably attributable to two or three differ-
ent enzymes, has been recorded in P-stressed E. huxleyi
batch and continuous cultures (Riegman et al. 2000; Dyhr-
man and Palenik 2003).

In this study, we examine the possibility of co-limitation
of phytoplankton growth in the ocean by Zn and P Using
P-limited dilute batch cultures, we attempted to quantify the

concentrations of Zn’, phosphate, and organic P that co-limit
E. huxleyi growth and evaluate their effect on phosphatase
activity. The results provide a quantitative basis for extrap-
olating to oceanic conditions, with emphasis on low-phos-
phate oligotrophic waters. We also performed a field exper-
iment in the Bering Sea to test the direct effect of Zn on
phosphatase activity.

Materials and Methods

Culture medium—The experimental medium was prepared
from microwave-sterilized 0.2 um filtered Gulf Stream water
enriched with chelexed and filter-sterilized nitrate (150 wmol
L-1); thiamine (60 nmol L-1); and trace metals (87 nmol L-*
Fe, 20 nmol L-* Cu, 50 nmol L-* Mn, 10 nmol L-* Se)
buffered with 100 wmol L~ ethylenediaminetetraacetic acid
(EDTA). Zn concentrations were adjusted according to the
experiment with a maximal Zn addition of 97 nmol L-* (=15
pmol L-* Zn’; Sunda and Huntsman 1995). Background Zn
was estimated based on the growth rates with no Zn, Cd, or
Co additions at 2-3 nmol L-* (=0.3-0.5 pmol L-* Zn"). No
Co or Cd was added to the medium because these trace
metals are known to replace Zn in some metabolic pathways
in E. huxleyi. All organic P compounds were prepared with
double-distilled water (Milli-Q, Millipore; 18.2 mQ) as 0.01
mol L-* stock solutions, which were chelexed, filter steril-
ized, and kept frozen to minimize hydrolysis. Total P con-
centration of the stock solutions was measured with a
ThermoFinnigan Element 2 inductively coupled plasmamass
spectrometer (ICP-MS). The concentration of PO, in the
organic P stock solutions was measured using the molyb-
denum blue method (Karl and Bjorkman 2001) and was
found to be negligible (0.3-0.9% of the organic P). In most
experiments the organic P compounds used were a-glycero-
phosphate (a-gly-P) and guanosine 5’-diphosphate (GDP).
Other organic P compounds tested were adenosine 5’-mono-
phosphate (AMP), nicotinamide adenine dinucleotide
(NADH), tripolyphosphate (PPP), ribulose bis-P (RUBP),
and trimethyl P Medium of conventional batch cultures con-
tained 1 or 10 umol L~ inorganic P (PO,3") or organic P
Medium of dilute batch cultures that contained only 8 and
300 nmol P L-* and sustained low biomass was supple-
mented with 30 umol NO,~ (to reduce background levels of
P and Zn). Background P level was estimated at 4—6 nmol
L~ based on final cell yield obtained in experiments with
no added P and minimal measured P quotas (see Results).

Culturing methods—Sterile trace metal clean techniques
were applied for culturing and experimental manipulations.
Axenic cultures were purchased from the Provasoli Guillard
Center of Culture of Marine Phytoplankton (CCMP). It is
possible, however, that the experiments had low levels of
bacterial contamination. Most experiments were conducted
with E. huxleyi strain CCMP 374. To expand the applica-
bility of the results, the ability of other E. huxleyi strains
(CCMP 373, CCMP 1419, CCMP 1516, A1387, 5/90/25j,
B11, and DWN53/74/9) to grow on organic P was tested.
Cultures were grown in acid-cleaned polycarbonate bottles
at 20°C under continuous light (80—-100 umol quanta m~2
s 1. Cell numbers and cell volumes were determined using
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a Multisizer 11 Coulter Counter, and specific growth rates
were then determined from the linear regressions of the nat-
ural log of cell number versus time. The dilute batch cultures
were initiated with 40 cells mL-* and were followed by fre-
guent counting (two to three times per day) throughout the
exponential phase into the stationary phase. Slowdown of
growth was observed above ~2,000 cells mL-* (depending
on the added P concentration), and such counts were elim-
inated from the growth rate calculations. Each sample was
counted twice using high enough volume (2 mL) to obtain
at most 10% error on the counts (20). Significant differences
between growth rates were determined using the software
SPSS for Windows (v. 13.0) running a one-way analysis of
variance (ANOVA) and Tukey’s honestly significant differ-
ence tests. Before each experiment, the cultures were accli-
mated to the low P and Zn levels for several generations to
ensure that no carryover of P or Zn was introduced with the
cells and that the cells did not store these nutrients.

Phosphatase assay—Phosphatase activity was measured
in the laboratory using two substrates: 4-nitrophenyl phos-
phate [pNPP] (Sigma) and 6,8-difluoro-4-methylumbelliferyl
phosphate [DiFMUP] (Sigma). Enzymatic cleavage of pNPP
was monitored continuously for 2-10 min with a Cary 100
UV/Vis spectrophotometer at a wavelength of 405 nm in 1
cm cuvette. Assays were conducted in the presence of 50
mmol L-* Tris (pH = 8.2) at 20°C using saturating 50 wmol
L~* pNPP. An absorbance coefficient of 18,740 = 1030 (mol
L-9~t cm~* was measured using 4-nitrophenyl standard
[PNP] (Sigma). Enzymatic cleavage of DiFMUP was mea-
sured continuously for 2-10 min in 1 cm cuvette with an
LS 55 Luminescence Spectrometer (Perkin EImer; excitation
385 nm, emission 440 nm). Assays were conducted in the
presence of 50 mmol L-* Tris (pH = 8.2) at 20°C using 8
umol L= DIFMUR A conversion factor of 1.4 = 0.2 (nmol
L9t ecm~* was measured using 6,8-difluoro-4-methylum-
belliferyl standard [DiFMU] (Sigma). The enzyme activity
was computed from the linear regression of absorbance or
fluorescence, respectively, versus time. Detection limits were
20 nmol L-* pNP min-* and 0.5 nmol L-* DiFMU min-1.
Blanks were measured in non-inoculated growth medium
and were subtracted from all samples. The assays were not
conducted under trace metal clean conditions (which were
found not be important within the 10-20 min of the assay).
Enzymatic hydrolysis of a-gly-P and GDP (0.5 mmol L)
was measured in P-limited culture filtrate (<0.2 um) with
the molybdenum blue method (Karl and Bjorkman 2001).
Phosphatase activity in the Bering Sea was measured con-
tinuously for 30—60 min with a Cary 100 UV/Vis spectro-
photometer in 10 cm cell. Assays were conducted using 1
mmol L-* pNPP in the presence of 50 mmol L-* Tris (pH
= 8.2) at 20°C. Blanks were measured in double-ionized
water and were subtracted from all samples.

Other methods—Elemental quotas (B, Ca) were measured
with ICP-MS (Element 2, ThermoFinnigan) as described by
Tang and Morel (in press). Cacification (Ing *C: Org *C)
in laboratory cultures and field samples was measured ac-
cording to the microdiffusion technique (Paasche and Bru-
bak 1994) with minor modifications. The nutrient measure-
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Fig. 1. Growth curves of dilute batch E. huxleyi cultures
(CCMP 374) in the presence of background P, limiting 10 nmol L—*
P and replete 300 nmol L-* P Data used to calculate the rate of
exponential growth is presented in inset.

ments and experimental set-up for the Zn amendment
incubations in the Bering Sea are described elsewhere (Lebl-
anc et al. 2005).

Results

Growth limitation by low P—AIl E. huxleyi strains tested
(CCMP 374, CCMP 1516, CCMP 1419, AI387, B11, and 5/
90/25j) grew at maximal rates when supplemented with 0.3
— 10 wmol L-* inorganic or organic P, and the initial P
concentration determined only the final cell yield. In the ab-
sence of a convenient buffering system (such as provided by
EDTA for trace meta's), growth limitation by major nutrients
is usualy obtained by using continuous cultures. Besides
being laborious, this method is problematic for metal-clean
procedures. We found, however, that initial P concentrations
below 15 nmol L~ yielded stable exponential growth rates
in batch cultures when the cell concentration was kept below
~2,000 cells mL-* (Fig. 1). Growth rates of ~50% Of i,
were obtained for cultures of E. huxleyi CCMP 374 with no
P addition (estimated background P = 6.0—-6.5 nmol L%
see below), whereas addition of 10 nmol L-* P yielded
growth of ~75% of u.. (Fig. 1). In other experiments, ad-
ditions of 8 nmol P L-* yielded growth of 70-85% Of
(data not shown, n = 8). From these experiments we cal-
culated a half saturation constant for growth (K,) of 5 = 2
nmol L-* (depending on background P levels; see below).
Other strains of E. huxleyi (B11 and 5/90/25j) grew at 85%
of w,. in dilute cultures with no P addition (data not shown).
The less severe growth limitation by P for these strains may
indicate that they have lower K, than that of CCMP 374,
provided that the background P concentrations in all exper-
iments are comparable.

Effect of P concentrations on P quotas and cell size—\We
examined the effect of P limitation on the P quota of E.
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Fig. 2. ICP-MS measured P quotas, calculated cell quotas, and
cell volumes of E. huxleyi (CCMP 374) grown with ~12 nmol L2,
300 nmol L-%, 1 wmol L%, and 10 umol L-* P (See text for details
of quota calculation.)

huxleyi cultures amended with 12 nmol L-*, 300 nmol L2,
1 umol L%, and 10 umol L-* inorganic and organic P P
guotas were obtained in two ways:. (1) measuring the P con-
tent of cells in the late exponential phase (Fig. 2, circles),
and (2) dividing the initial P concentration by the final cell
yield (Fig. 2, bars). Thelater calculation is applicable aslong
as al of the P in the medium is consumed by the cells, as
was the case in our experiments (possibly except for the 10
umol P L-* treatment). Both methods gave similar results,
and the P quotas essentially remained constants (2.7-3.6
fmol cell -%) over arange of initial P concentrations from 12
nmol L-* (dilute cultures) to 1 umol L-* (Fig. 2). A higher
P quota (4.8-5.7 fmol cell -%), which probably resulted from
P storage, was observed for cultures grown with 10 wmol
L-* P (Fig. 2). The low K, and the corresponding low P
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additions make the background P contamination an impor-
tant variable in these experiments. We were unable to mea-
sure directly the background B, and hence it was calculated
for each experiment based on the averaged 1CP-MS-mea-
sured P quota (2.8 = 0.13 fmol cell -%; see Fig. 2 for the 12
and 300 nmol P L~ treatments) and the measured final cell
yield. From this calculation we obtained a background P of
6.0—6.5 nmol L-* for the experiment presented in Fig. 1 and
4.0-4.5 nmol L-* for the Zn—P co-limitation experiment (Ta-
ble 1; Fig. 3). Cell volumes remained constant for exponen-
tially growing cells in the presence of 0.3-10 umol Lt P
and were independent of the P compound given to the cul-
ture (53 = 2 um? cell -%; Fig. 2, squares). Small increasesin
cell volume, which corresponded to slower growth rates,
were observed in P-limited cultures. A marked increase in
cell volume (up to 250%) was observed upon slowdown of
growth and the initiation of the stationary phase (data not
shown).

Co-limitation of Zn and P on E. huxleyi phosphatase ac-
tivity and growth on organic P—Based on earlier experi-
ments (Fig. 1), we used a series of dilute batch cultures to
examine Zn—P co-limitation in E. huxleyi CCMP 374. Cul-
tures were inoculated at 40 cells mL—* and supplemented
with two levels of Zn (no Zn added and 15 pmol L-* Zn")
and three P treatments: limiting 8 nmol L-* organic P (GDP),
limiting 8 nmol L-* inorganic P (PO,2-), and replete 300
nmol L-*inorganic P (Table 1; Fig. 3). As mentioned before,
the experimental medium contained background Zn" of 0.4
pmol L-* and background P of 4.0-4.5 nmol L-*. Low P
treatments were conducted in duplicates and high P treat-
ments in a single replicate. The specific growth rates cal-
culated for the exponentia phase of growth (which include
at least five data points) were found to remain constant up
to the third or fourth day of the cultures (R? = 0.992-0.999;
Fig. 3). Growth limitation by Zn was obtained in the exper-

Table 1. Experimental conditions, growth rates, cell volumes, and exponential phase phosphatase activities of Zn—P co-limited E. huxleyi

(CCMP374) dilute batch cultures.

Phosphatase activity+
Growth Cdll . ;
[Zn']* [POs 1T [GDP T rate Replicate  volume (fmol DIFMUP cell ™ min )

Treatment (pmol L% (nmol L-%) (nmol L-%) (d-9 (No.) (um?d) 28d 33d 38d 48d
Low Zn, low

Ing P 0(+0.4) 8(+4) 0.99(0.002) 2 60(2.2) 2.8(0.06) 5.2(0.5) 13.5(1.9) 42.3(1.9)
Low Zn, low

Org P 0(+0.4) 8(+4)  0.85(0.05) 2 52(1.1) 11.6(4.0) 13.9(2.1) 22.1(0.8) 52.2(0.8)
Low Zn, high

Ing P 0(+0.4) 300 1.08 1 50(2.8) BDL BDL ND ND
High Zn, low

Ing P 15 8(+4) 1.15(0.14) 2 59(4.7) 11.5(1.4) 27.3(0.8) 40.0(16) 75.5(16)
High Zn, low

Org P 15 8(+4)  1.25(0.04) 2 60(1.8) 14.1(1.3) 29.1(6.7) 40.5(1.5) 65.8(1.5)
High Zn, high

Ing P 15 300 1.44 1 51(2.0) BDL 2.0(0.015) ND ND

* Added concentrations of unchelated Zn (plus estimated background unchelated Zn).

T Added concentrations of PO3;~ and GDP (plus estimated background P).

F Phosphatase activity of exponentially growing cells, measured at 2.8, 3.3, 3.8, and 4.8 d of the culture initiation.
1 SD of measurements/treatments are presented in parentheses. Ing, inorganic; Org, organic; BDL, below detection limit (=2 fmol DiFMUP cell-* min-1);

ND, not determined.
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Fig. 3. Growth curves of dilute batch E. huxleyi cultures in the
Zn—P co-limitation experiment at (a) high Zn (Zn" = 15 pmol L-%),
and (b) low Zn (Zn" ~ 0.4 pmol L-%). Each Zn level included three
treatments: limiting inorganic P (8 nmol L-* PO,3-, duplicate bot-
tles); limiting organic P (8 nmol L~-* GDPR, duplicate bottles); and
replete inorganic P (300 nmol L-* PO,2-). Growth rates are calcu-
lated from the solid regression lines. Arrows indicate phosphatase
activity sampling times.

iment as evidenced by the slower growth rates of the high
P-ow Zn cultures compared with the high P-high Zn cul-
tures (u = 1.08 d=* vs. 1.44 d-1, respectively; Fig. 3; Table
1; t(18) = 5.38 p < 0.00002). Growth limitation by P was
observed in both the high Zn (u = 1.44 d-* for high P vs.
average p = 1.22 d-* for low organic and inorganic P; t(28)
= 5.03 p < 0.0001) and the low Zn cultures (u = 1.08 d*
for high P vs. average u = 0.92 d-* for low inorganic and
organic P; t(17) = 2.68 p < 0.016).

Phosphatase activity was measured at four different time
points (2.8, 3.3, 3.8, and 4.8 d) in all cultures. In the low P
treatments, the activity increased with time, presumably as
a result of P depletion in the medium. In contrast, in the
high P treatments the activity remained close to or below
the detection limit (Table 1; Fig. 4). At al time points, higher
phosphatase activity was observed in the high Zn cultures
compared with the low Zn cultures (Table 1; Fig. 4), indi-
cating that Zn availability may be limiting the synthesis or
activity of phosphatases under these experimental condi-
tions. In the high Zn cultures, growth rates and phosphatase
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Fig. 4. Cell normalized phosphatase activities of E. huxleyi in
the Zn—P co-limitation experiment. Phosphatase activity was mea-
sured in whole water samples at Day 3.3 of the experiment using
DiFMUP (see Table 1 for more measurements). BDL = below de-
tection limit.

activity of the low organic P and the low inorganic P treat-
ments were not statistically different from each other (Table
1; Figs. 3a and 4). However, in the low Zn cultures, signif-
icantly higher phosphatase activity was found at al time
points in the low organic P treatments compared with the
low inorganic P treatments (Table 1; Fig. 4). Differencesin
growth rates were also observed for the low P and Zn cul-
tures, as cells grew 16% faster in the presence of inorganic
P than in the presence of organic P (Table 1; Fig. 3b; t(22)
= 3.43, p < 0.002). Increases of up to 18% in cell volume
were observed between treatments, corresponding in most
cases to the decrease in growth rates (Table 1). Since cell
volume remained constant in each treatment throughout the
exponential phase, cell volume-based growth rates were
identical to cell number—based growth rates.

Phosphatase kinetics—We investigated the kinetics of
phosphatase activity in whole cultures and 0.2 um filtered
enzyme solutions using two substrates, DiFMUP and pNPP
(Fig. 5). Comparable rates of enzymatic P cleavage from the
organic P substrate as well as half saturation constants (K.)
were found for whole cultures or filtered enzymes with both
substrates (K, = 2 = 0.3 wmol L~ for DiIFMUP and pNPP;
Fig. 5a). The rate of enzymatic P cleavage from GDP and
a-gly-P, the actual P substrates on which the cultures grew,
was also determined by measuring phosphate formation with
time in the presence of filtered enzymes (Fig. 5b). All sub-
strates were cleaved by the enzyme at comparable rates, a
behavior that is typical of alkaline phosphatase (McComb et
al. 1979). These results imply that our activity measurements
with DIFMUP and pNPR, once corrected for the organic P
concentration in the growth medium, provide a good mea-
sure of the actual enzymatic hydrolysis rate in the culture.
An additional enzyme with higher maximal activity, but
much lower substrate specificity (K, = 610 *= 114 umol
L-1), was detected with pNPP (Fig. 5¢). This experiment was
not performed with DiIFMUP because of signal saturation.

We also found that the phosphatase produced by E. hux-
leyi CCMP 374 is a Ca-dependent enzyme. This observation



304

10" 7

1 apnPP
0O DIFMUP

2
2 g
g E
St

% @ 10-12:
= A
é N’

10-13

Organic P substrate (mol L")

20 i
O Gly-P y =0.19x+4.44
__ 16 + OGDP K =097
" y=0.18x+2.28
% 12 - R =09
Y
-IEE
o
é 4 ¥y =0.14x+1.00
R*=1.00 b
0 } + t t t t t t
0 10 20 30 40 50 60 70 80 90
Time (min)
10°
pov 2
2~ . *!
z . 6 . .
g E 10 *®
2 E > .
_§ o 00”
g3 oot
g E 1074 *
S R
]
10°) : : : :
10° 10° 10 : 10° 107
PNPP (mol L")

Fig. 5. Phosphatase kinetics and hydrolysis rates of different
organic P substrates. (a) Cell normalized phosphatase activity as a
function of substrate concentrations. The line through the points
corresponds to the Michaelis Menten formulawith V,,, = 2 X 10~
mol P cell * min~t and K, = 2 umol L. (b) Rate of enzymatic
cleavage of PO,3~ from GDR «-gly-P, and pNPP by phosphatase in
culture filtrate (<0.2 um). (c) Phosphatase activity of culturefiltrate
(<0.2 um) over a wide range of pNPP concentrations.

was made with exponentially growing cultures (1 wmol L-*
P) that were transferred into P-free synthetic seawater with
increasing Ca concentrations (0, 0.5, 1, and 2 mmol L%
Table 2). Phosphatase activity was assayed severa times

Shaked et al.

within a 2-d period and was found to increase in all cultures.
Higher activity was found in the treatments that had higher
Ca concentrations (Table 2). To examine whether Ca has a
direct or indirect effect on the enzymatic activity, Ca was
added as CaCl, to subsamples of these cultures (Table 2).
Immediate enhancement of the enzyme activity upon Ca ad-
dition was observed using DiIFMUP (Table 2). This pattern
was also observed when pNPP was used as a substrate (data
not shown). The enzymatic activity peaked around 10 mmol
L-* Ca (similar to seawater Ca concentrations of 9.1 mmol
L1, and further Ca addition had only a minor effect on
activity (Table 2).

Effect of Zn addition on phosphatase activity in Bering
Sea water incubations—\We have tested directly the possi-
bility of Zn limitation on phosphatase activity in the open
ocean during a research cruise in the Bering Sea by assaying
phosphatase activity in whole water samples incubated for 6
d with various trace metal amendments. The incubations
were conducted with Bering Sea shelf water (collected at
57.67°N/168.70°W) that contained 4.1 + 0.2 ug L~* chlo-
rophyll a (Chl a) and 0.08+0.03, 0.06+0.05, and 0.66+0.47
pmol L~* phosphate, nitrate, and silicic acid, respectively.
Total and unchelated Zn concentrations determined at this
station were 0.25 nmol L~ and 8 pmol L1, respectively (M.
Lohan pers. comm.). Although large blooms of E. huxleyi
were observed in the area in previous summers, inorganic
14C assimilation measured in these samples indicated, as con-
firmed by microscopic observations, that calcifying micro-
organisms were present at low abundance (Ing *C: Org “C
= 3 = 1%). The phosphatase activity determined for water
samples from this station varied from 10 to 41 nmol pNPP
(ng Chl a%) h=* during the day (unfortunately no measure-
ments were taken from the incubation bottles at the begin-
ning of the experiment).

The water samples were amended with 0.5 nmol L-* of
Zn, 0.25 nmol L-* of Fe, or both. Nutrient drawdown and
phytoplankton growth (Chl a concentrations) were moni-
tored at Days 3 and 6 of the experiment. At Day 3, Chl a
concentrations had increased in al treatments (Fig. 6a) ac-
companied by a decrease in phosphate concentrations to
0.015-0.022 umol L-*. At Day 6, Chl a concentrations had
declined in all treatments (Fig. 6a), probably as a result of
nutrient depletion [final concentrations: 0.03-0.04 umol L-*
PO,~, 0.05-0.06 wmol L-* NO,~, and 0.011-0.024 wmol
L-* Si(OH),] and grazing. Phosphatase activity measured in
duplicates on Day 6 of the experiment (in only two of the
three incubation bottles due to time constrains) was low in
the control and the +Fe treatment, whereas +Zn and
+Fe+Zn treatments had high phosphatase activity (Fig. 6b).
The activity measured initially in the seawater and in the
incubations is in agreement with other field studies (0—250
nmol MF-P [rg Chl a=], h=* [Guildford and Hecky 2000];
10-300 nmol MF-P [ug Chl a**] h-* [Vidal et a. 2003])
and with our laboratory culture measurements (~30 nmol
DiFMUP [ug Chl @] h=%, using 2 X 10-5 ug Chl a cell -%).

Discussion

We obtained P limitation in batch cultures of E. huxleyi
by supplying an initial P concentration of only a few na-
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Table 2. Phosphatase activity of E. huxleyi grown with different calcium concentrations and short-term effect of calcium addition on

phosphatase activity.

Medium Ca concentration

Phosphatase activity following Ca addition®
(fmol DIFMUP cell=* min-?)

Culture phosphatase activity*

(mmol L% (fmol DIFMUP céll=* min-?) 1.5 mmol L-* Ca 10 mmol L-* Ca 20 mmol Lt Ca
None added 31(5.7) 68(0.78)

0.1 50(2.3)

0.5 65(9.0)

1 52(2.4) 121(5.6) 144 157

2 79(6.6) 159 161

* Late exponential phase P replete cultures were transferred to P-free synthetic seawater with diffeent Ca concentrations. Phosphatase activity and cell

number were followed for 2 d.
T Phosphatase activity was measured immediately after addition of CaCl,.

nomolars. In very dilute cultures, the P drawdown was kept
small, and steady exponential growth rates were maintained
for several doublings in cell numbers. Dilute batch cultures,
in which pH was kept nearly constant, have previously been
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Fig. 6. Chlorophyll a (Chl a) and phosphatase activity of Bering
Sea water incubated in triplicate bottles with 0.5 nmol L-* Zn
(+2Zn), 0.25 nmol Lt Fe (+Fe), and both (+Fe+2Zn) for 6 d. (a)
Change in Chl a concentrations throughout the experiment. Error
bars represent 1 standard deviation of Chl a measurements from the
different bottles. (b) Chl a normalized phosphatase activity of all
incubation bottles measured at Day 6 of the experiment. Error bars
represent 1 standard deviation of replicate activity measurements
from the same bottle.

used for studying carbon acquisition and calcification by
coccolithophores at different CO, levels (Burkhardt et al.
1999; Rost et al. 2002). To our knowledge, this is the first
study using P-limited dilute batch cultures, a clean and sim-
ple technique that is particularly useful to study co-limitation
of major nutrients and trace metals. This method has several
advantages. (1) it is straightforward and requires less han-
dling than chemostats, (2) cell-induced changes of the
growth medium, such as pH shifts or metabolites excretion,
are minimal; and (3) the growth (and uptake) kinetics can
be measured directly on exponentially growing cells in the
presence of known P concentrations. This method requires
the use of clean techniques to minimize background P con-
tamination (although we still suffered from significant P
blanks) and a frequent and accurate measurement of cell
numbers or other growth-related parameters. Its major draw-
back is the relatively small phytoplankton biomass, which
can be overcome by using large culture volumes.

The measured P quotas (2.7-3.6 fmol cell -t in P-limited
cultures and 4.8-5.7 fmol cell -* in P-replete cultures) are in
excellent agreement with those of Riegman et a. (2000),
who reported values of 2.6-3.7 fmol cell -* for P-limited E.
huxleyi strain L, and 1.8-6 fmol cell =* for N-limited cells
(Riegman et al. 2000). Thus E. huxleyi appears to tightly
regulate its P quota: a constant minimum cellular P concen-
tration is maintained in all P-limited cultures, and only a
modest amount of storage is observed in the presence of
excess P

There are only a few published values of half saturation
constants for growth (K,) of P-limited phytoplankton. The
K, =5 = 2 nmol L * observed here is in the lower range
of these values (0.5 nmol L-* for Monochrysis lutheri and
18-55 nmol L~ for Thiocystis sp., Ankistrodesmus fal catus,
Fragilaria crotonensis, Euglena gracilis, and Anabena flos
aquea, Gotham and Rhee 1981). A value of K, ~ 1 nmol
L-* was calculated indirectly by Riegman et al. (2000) for
E. huxleyi strain L by making a number of assumptions,
including an extremely rapid regulation of P uptake in short-
term experiments. Our findings of different growth limitation
among the three strains tested without P addition may in-
dicate that the half saturation constant for growth is strain-
dependent. The K, we observed is between the low phos-
phate (SRP) concentrations measured in the oligotrophic
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Table 3. Evauation of Zn demand for phosphatase activity, phosphatase-specific activity, and organic P concentrations in which phos-

phatase activity meet the cells' P requirements.

Parameters Values Units Equations and data sources
R,, growth rate ratio (of low Zn cultures grown 1.16 n
Hor? Ing P vs. Org Pg ’ R. = ZIT:;Z (Teble 1)
R,, quota ratio 116 R, = Qo _ Hange (Fig. 3b)
ngp Morgp
Q.., Zn quota 1.0x10 1 mol Zn cell-* Sunda and Huntsman 1995
Y. Xu pers. comm.
AQ,,, excess Zn requirement of Org P cultures 1.6x10-*° mol Zn cell-* AQ, = QX (Ry— 1)
AP, phosphatase activity in the Org P cultures 1.0x10-* mol DIFMUP cell-* min—* AP, = phosphatase activity
Org P — Ing P (Fig. 4)
Phosphatase-specific activity 2000 units mg enzyme-** AP, .. % 47n X 1
AQ,, 10° g moL—*
Qs, P quota 2.8X10°15 mol P cell—* Fig. 2
P, Steady state P uptake rate 24X10°15 mol P cell-* d* Pe=Qp X 1
S organic P concentration in which phosphatase 0.34 nmol L-* pe X K,
activity equals p, 5= m

* One unit of alkaline phosphatase is defined as the amount of enzyme that hydrolyzes 1 umol of pNPP in 1 min (incubation conditions: Tris HCl 0.8

mol L%, pH 8, MgCl, 1 mmol L-%, pNPP 2.5 mmol L1, 20°C).
Ing, inorganic; org, organic.

waters of the Sargasso Sea (0.5 = 0.3 nmol L-*) and in the
Pacific Ocean near Hawaii (9—40 nmol L% Wu et al. 2000).

The half saturation constant we found for the high affinity
phosphatase enzyme produced by E. huxleyi CCMP 374 (K,
of 2 = 0.3 uwmol L) isin good agreement with the value
of 2.2-2.7 umol L~ found by Dyhrman and Palenik (2003)
for the strains CCMP 373 and 374 and the value of 1.9 pmol
L-* found by Riegman et al. (2000) for strain L. These pre-
vious studies also reported the presence of additional en-
zyme(s) with higher K, although their half saturation con-
stants of 10-12 umol L~* are significantly lower than ours.
Kinetic studies in different ocean regions have reported half
saturation constants of phosphatases in whole and fraction-
ated water samples that are lower than those found for E.
huxleyi cultures (K, = 0.017-1.8 wmol L-*; Sebastian et al.
2004). Unlike most phosphatases, the E. huxleyi phosphatase
was found to be one or more calcium-dependent enzyme(s)
(Table 2). It is currently unclear what is the significance of
this finding, which is in agreement with severa calcium-
dependent extracellular phosphatases that were identified in
Haloarcula marismortui, Chlamydomonas reinhardtii, and
Volvox carteri (Hallmann 1999).

As expected from other studies (Sunda and Huntsman
1992, 1995), we observed Zn limitation of growth in E. hux-
leyi cultures at concentrations of unchelated Zn in the sub-
picomolar range (Zn’ ~ 0.4 pmol L-*). Under these condi-
tions, lower phosphatase activities were aso observed (Fig.
4; Table 1), indicating that the synthesis of a fully active
phosphatase by E. huxleyi became limited by Zn availability.
Thus, the more severe inhibition of growth observed for cells
grown on an organic P substrate, under Zn-limited condi-
tions, than for cells grown on inorganic P (Fig. 3) must have
resulted from the higher Zn demand associated with higher
phosphatase activity. If we assume that the Zn uptake rate
in these two cultures (which were grown at the same limiting

Zn' concentration and had the same P quota) are about the
same, then the Zn quota in the organic P culture, which is
growing 16% slower, should be about 16% higher (Table 3).
Although the precision of our quota measurements did not
allow us to obtain direct verification of this assumption, the
result is unlikely to be far off, and so about 16% of the
cellular Zn must be used in akaline phosphatase in the low
Zn, low organic P treatment.

We can verify that this result is reasonable by calculating
the corresponding specific phosphatase activity. The Zn quo-
ta of E. huxleyi grown at Zn’ = 0.4 pmol L-*isabout 1 X
10-* mol Zn cell=* (9 X 107* mol Zn cell-* for clone
A1387 [Sunda and Huntsman 1995] and 1.4 X 10-** mol Zn
cell - for clone CCMP 374 [Y. Xu pers. comm.]). Thus the
cellular Zn involved in phosphatase in the culture grown on
organic P is about 1.6 X 10~ mol Zn cell -* (Table 3), and
it supports a maximum phosphatase activity of ~1 X 10~
mol DiIFMUP cell -* min-* (based on the difference in phos-
phatase activity between the organic and inorganic P low Zn
cultures, Fig. 4). Assuming that the enzyme's molecular
weight is 100 KD and that it contains four Zn atoms (the
enzyme is commonly active as a dimer; McComb et al.
1979), we obtain a specific activity of ~2,000 units (mg
protein)~* (Table 3). This value is in good agreement with
the value of reported alkaline phosphatase and 5’-nucleotid-
ase—specific activities (5-2,000 units (mg protein)~*; Mc-
Comb et al. 1979; Cambella et al. 1984). Although this cal-
culation is necessarily approximate, it provides a first
estimate for the Zn requirement associated with phosphatase
activity in E. huxleyi.

If the cells are co-limited by Zn and B, the phosphatase
activity in the low Zn, low organic P treatment should be
just sufficient to satisfy the cell’s demand for P At steady
state the P uptake rate is given by the product of the P quota
(Fig. 1) and the growth rate (Table 1): 2.8 X 10-* mol P
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Table 4. Growth rates and maximal stationary phase phosphatase activities of E. huxleyi (CCMP 374) batch cultures amended with 1
pmol L=* of inorganic P or organic P and different Zn concentrations.

[zn']* Inorganic P (PO3") Organic P Max phosphatase activity’
(pmol L-%) growth rates (d-2) growth rates (d-2) P compounds (pmol pNP cell=* min-1)

(D#

0 0.40(0.03, n = 3) 0.25 (0.10, n = 4) a-Gly-P BDL

05 0.35 0.33 a-Gly-P 0.39(0.12, n = 3)

0.7 0.52(0.02, n = 2) 0.46(0.10, n = 2) a-Gly-P 16

1 0.52(0.01, n = 2) 0.51(0.00, n = 2) a-Gly-P 20

15 0.67(0.05, n = 2) 0.76(0.05, n = 2) a-Gly-P 18(4.9, n = 5)

15 1.03(0.20, n = 7) 0.96(0.16, n = 15) a-Gly-P 31(5.2, n = 5)
(28

0.75 0.70 0.74 AMP 34(4.0, n = J)#

0.75 No growth Trimethyl P

0.75 0.78 NADH

15 1.16(0.00, n = 2) 1.09 AMP 41(4.0, n = J#

15 No growth Trimethyl P

15 115 RUBP

15 111 PPP

15 117 GDP

15 1.24 NADH

1 SD and number of repetitions are presented in parentheses. BDL, below detection limit of 0.1 pmol pNPP cell-* min-1.

* Unchelated concentrations of added Zn (not including background).

T Maximum activity obtained at late stationary phase from various experiments with Org and Ing P

F Data compiled from five experiments (conducted using chelaxed P compounds).

§ Data compiled from two experiments (conducted using nonchelaxed P compounds).

# Maximum activity obtained at late stationary phase form cultures grown in Ing P AMP, and NADH.

cell-1 X 0.85d* =24 X 10" mol Pcell-tdt =17 X
10~ mol P cell=* min—* (Table 3). Given a maximum phos-
phatase activity of ~1 X 10~ mol cell-* min-* (the differ-
ence between the organic and inorganic P low Zn cultures;
Fig. 4) and a half saturation constant of 2 umol L%, amatch-
ing rate of phosphatase activity would be obtained at an
ambient organic P concentration of 0.34 nmol L-* (Table 3).
Thus the high phosphatase activity measured after 2.8 d of
growth should correspond to an almost complete exhaustion
of the organic substrate. We can calculate that at that time
the cells have already taken up about 5.6 nmol L-* of the
initial P in the culture. Thus the bulk of the remaining P (8—
5.6 = 2.4 nmol L-* + background) must be presumably in
inorganic form to maintain the growth rate of the culture. A
tighter verification of the match between phosphatase activ-
ity and P uptake would necessitate a (difficult) measurement
of phosphatase activity earlier in the experiment when the
cell concentration, and hence the total rate of P uptake, are
lower and the organic P concentration in the medium is high-
er.

Based on the cell’s P quota (Fig. 1), the phosphatase half
saturation constant (Fig. 5a), the uniform enzymatic P hy-
drolysis rates from different organic P compounds (Fig. 5b),
and our estimate of the phosphatase specific activity (Table
3), we can calculate the enzymatic activity and the associated
Zn demand required to supply phosphate for cells growing
under various laboratory and field conditions. The steady
state P uptake rate of E. huxleyi 374 cells growing at max-
imal rates with 1 umol L-* organic P is ~5 X 10-*2 mol P
cell-* d* (3.7 X 10* mol P cell-* X 1.4 d%), only 2.5-
fold higher than for the P-limited cells in the experiment of
Fig. 3. In the presence of 1 umol L-* organic B the phos-

phatase activity necessary to hydrolyze the substrate at a
given rate is 100 times lower than that of the dilute cultures
grown with ~10 nmol L-* P (since we are below the K, of
the enzyme). Thus the phosphatase activity and its associated
Zn demand should be approximately 40 times lower in such
cultures than in our P-limited cultures. We would therefore
expect that the phosphatase activity of the exponentia phase
batch cultures with 1 wmol L-* organic P (except in late
exponential phase when the organic P concentration drops
to nanomolar level) would be ~2.5 X 10-* mol P cell -*
min-%, which is below the detection limit of most current
methods. The 40-fold lower enzyme concentration should
correspondingly require only 2.5 X 10 mol Zn cell 1,
which is a negligible fraction of the Zn quota, even in Zn-
limited cultures. Thus in the presence of 1 umol L-* B E.
huxleyi should grow on organic and inorganic P substrates
at comparable rates, regardless of the Zn concentration in
the medium. Moreover, because of the comparable substrate
hydrolysis rates, the cultures are expected to grow at similar
rates on different organic P substrates. These predictions
have been confirmed in experiments conducted by us (Table
4) and by others (Dyhrman and Palenik 2003). In batch cul-
tures grown with 1 umol L-* organic B, phosphatase activity
could not be detected during the exponential phase, but it
became measurable in the early stationary phase when the
P concentration dropped to very low levels (Dyhrman and
Palenik 2003; Y. Xu pers. comm.). To our initia surprise,
we observed no difference in growth rate between Zn-lim-
ited cultures grown on organic or inorganic P (Table 4).
Extrapolating these laboratory data to oceanic conditions
is necessarily more tenuous. Particularly so, since phospha-
tases in ocean waters could originate from grazers, bacteria



308 Shaked et al.

or phytoplankton may have long residence times and are not
exclusively associated with P stress (Hoppe 2003). Nonethe-
less, phosphatase activities have been measured in numerous
oceanic regions and shown in many cases to be correlated
to low phosphate and Chl a concentrations, suggesting some
relationship between low PO~ availability and phytoplank-
ton-produced phosphatase activity (e.g., Guildford and
Hecky 2000; Vidal et al. 2003; Sebastian et a. 2004). Fur-
ther, E. huxleyi appears to possess the most efficient phos-
phatases among eukaryotic oceanic phytoplankters (Rieg-
man et al. 2000). According to our laboratory studies with
E. huxleyi, Zn—P co-limitation may prevail in waters that
have below ~20 nmol L-* inorganic phosphate and 1 pmol
L-* Zn'. In addition, the concentration of available organic
P should be in the nanomolar range, necessitating high phos-
phatase activity and a corresponding requirement for Zn that
is a significant fraction of the Zn quota. This last condition
is hard to assess, since the natural organic P pool is hetero-
geneous and its availability for enzymatic hydrolysis may
vary substantially in time and space (Benitez-Nelson 2000;
Karl and Bjorkman 2002). Another complication in extrap-
olating the laboratory data to the field is the ability of or-
ganisms such as E. huxleyi to substitute Zn with other trace
metals such as cobalt (Sunda and Huntsman 1995, 2000).
Bearing all these complications in mind, we speculate that
Zn—P co-limitation may occur in the Sargasso Sea, which
has low phosphate concentrations (~0.5 nmol L-%; Wu et al.
2000); low total and unchelated Zn concentrations (~ 0.06
nmol L=t and ~1 pmol L-*; Bruland and Franks 1983); and
low total dissolved organic P (75 *+ 42 nmol L-%;, Wu et a.
2000) that is mostly unavailable for enzymatic hydrolysis
(see introduction paragraphs). Indeed, the high akaline
phosphatase activities of 90 = 80 nmol MF-P (ug Chl a) —*
h=%, which have been measured in the Sargasso Sea (Guild-
ford and Hecky 2000), would require, according to our cal-
culation of specific activity, that a large fraction of the cel-
lular Zn serves as ametal center in the enzymes. In addition,
a new cell-labeling technique has shown that 30—70% of the
eukaryotic cells in the Sargasso Sea express cell surface
phosphatase activity (Lomas et al. 2004). The oligotrophic
Pacific gyre near Hawaii has higher phosphate (9—100 nmol
L-%; Bjorkman et a. 2000; Wu et a. 2000) and dissolved
organic P (100—300 nmol L~%; Bjorkman and Karl 2003; Van
Den Broeck et al. 2004), but low Zn concentrations (0.08
nmol L-*; Bruland 1980). These concentrations are slightly
higher than those found to cause Zn—P co-limitation in our
cultures, although it is conceivable that it would take place
locally under episodic phosphate depletion. Other low P en-
vironments such as the Mediterranean Sea have high Zn con-
centrations (0.7-17 nmol L-%; Zeri 2004), whereas low Zn
environments such as the HNLC regions (e.g., Lohan et al.
2002; Ellwood 2004), have high phosphate concentrations.
The incubations we conducted with Bering Seawater (Fig.
6) should be interpreted with caution in view of the decrease
in Chl a concentration at the end of the experiment. None-
theless, since parameters known to affect phosphatase ex-
pression like phosphate and Chl a were similar in all treat-
ments (Fig. 6a), the low phosphatase activity measured in
the control and the +Fe treatments was most likely the result
of limited Zn availability (Fig. 6b). The pronounced differ-

ence in phosphatase activity between the Zn-amended treat-
ments and the other incubations may be viewed as a dem-
onstration for the potential of Zn limitation of phosphatase
activity, rather than a demonstration of limitation in situ.
Zinc concentrations or availability seemed to have no effect
on phytoplankton growth during the experiment and proba-
bly not on the phosphatase activity of the ambient water.
Only toward the end of the incubation, when phosphate be-
came limiting, did the Zn limitation of phosphatase activity
become evident. Similar trends (although not as clear cut)
were obtained in another incubation experiment from the
same research cruise (data not shown). These results possi-
bly suggest that Zn—P co-limitation may develop throughout
the spring or summer bloom, when the increasing demand
for P and Zn is not replenished by mixing or atmospheric
deposition.

Based on our study of Zn—P co-limitation in E. huxleyi,
we conclude that this phenomenon is not likely to be wide-
spread in the oceans. Zn—P co-limitation of this organism
may occur in oligotrophic waters containing exceedingly low
phosphate, low or unavailable organic P, and low or strongly
organically bound Zn. These conditions are found only in a
few areas or may prevail episodicaly during blooms. The
possibility remains that other phytoplankton species, which
may have less efficient phosphatases than E. huxleyi, will be
subjected to Zn-P co-limitation. We note that since organic
P compounds are found everywhere in surface waters, the
conjectured absence of Zn—P co-limitation implies the ab-
sence of P limitation tout court (assuming that the organic
P compounds are phosphatase labile to some extent). The
high efficiency of the phosphatases may be a reason why
ocean waters are usually limited by N rather than P

References

AMINOT, A., AND R. KEROUEL. 2004. Dissolved organic carbon,
nitrogen and phosphorus in the N-E Atlantic and the N-W
Mediterranean with particular reference to non-refractory frac-
tions and degradation. Deep-Sea Res. |, 51 1975-1999.

AMMERMAN, J. W., AND E Azam. 1985. Bacterial 5'-nucleotidase
in aquatic ecosystems—a novel mechanism of phosphorus re-
generation. Science 227: 1338-1340.

ANDERSON, M. A., E M. M. MoreL, AND R. R. L. GuILLARD. 1978.
Growth limitation of a coastal diatom by low zinc ion activity.
Nature 276: 70-71.

BeniTEZ-NELSON, C. R. 2000. The biogeochemical cycling of phos-
phorus in marine systems. Earth-Sci. Rev. 51: 109-135.
BiorkmAN, K., AND D. M. KARL. 2002. Phosphorus cycling in the
North Pacific subtropical gyre using cosmogenic P-32 and P-

33. Limnol. Oceanogr. 47: 762—770.

, AND . 2003. Bioavailahility of dissolved organic

phosphorus in the euphotic zone at station ALOHA, North Pa-

cific Subtropical Gyre. Limnol. Oceanogr. 48: 1049-1057.

, A. L. THomsoN-BuLLDIs, AND D. M. KARL. 2000. Phos-
phorus dynamics in the North Pacific subtropical gyre. Aquat.
Microb. Ecol. 22: 185-198.

BruLAND, K. W. 1980. Oceanographic distributions of cadmium,
zinc, nickel, and copper in the North Pacific. Earth Planet Sci.
Lett. 47: 176-198.

. 1989. Complexation of zinc by natural organic ligands in

the central north Pacific. Limnol. Oceanogr. 34: 269-285.

AND R. P FrANks. 1983. Mn, Ni, Cu, Zn, and Cd in the



http://www.aslo.org/lo/pdf/vol_47/issue_3/0762.pdf
http://www.aslo.org/lo/toc/vol_48/issue_3/1049.pdf
http://www.aslo.org/lo/pdf/vol_34/issue_2/0269.pdf

Zn and APA in Emiliania huxleyi 309

western north Atlantic, p. 395-414. In C. S. Wong., E. Boyle,
K. W. Bruland, J. D. Burton, and E. D. Goldberg [eds.], Trace
metals in sea-water. Nato Conf. Ser. IV Mar. Sci., V. 9. Plenum.

BURKHARDT, S., U. RIEBESELL, AND |. ZONDERVAN. 1999. Effects
of growth rate, CO, concentration, and cell size on the stable
carbon isotope fractionation in marine phytoplankton. Geo-
chim. Cosmochim. Acta 63: 3729-3741.

CAMBELLA, A. D., N. J. ANTIA, AND P J. HARRISON. 1984. The
utilization of inorganic and organic phosphorus compounds as
nutrients by eukaryotic microalgae: a multidisciplinary per-
spective: part 1. Critical Rev. Microb. 10: 317-391.

CLARK, L. L., E. D. INGALL, AND R. BENNER. 1998. Marine phos-
phorus is selectively remineralized. Nature 393: 426.

CoaLE, K. H. 1991. Effects of iron, manganese, copper, and zinc
enrichments on productivity and biomass in the subarctic Pa-
cific. Limnol. Oceanogr. 36: 1851-1864.

CrAWFORD, D. W., AND OTHERS. 2003. Influence of zinc and iron
enrichments on phytoplankton growth in the northeastern sub-
arctic Pacific. Limnol. Oceanogr. 48: 1583-1600.

DYHRMAN, S. T., AND B. PaLENIK. 2003. Characterization of ecto-
enzyme activity and phosphate-regulated proteins in the coccol-
ithophorid Emiliania huxleyi. J. Plankton Res. 25: 1215-1225.

EGGE, J. K., AND B. R. HEIMDAL. 1994. Blooms of phytoplankton
including Emiliania-huxleyi (Haptophyta)—effects of nutrient
supply in different N-P ratios. Sarsia 79: 333-348.

ELLwoob, M. J. 2004. Zinc and cadmium speciation in subantarctic
waters east of New Zealand. Mar. Chem. 87: 37-58.

FLYNN, K. J,, H. Opik, AND P J. SYReTT. 1986. Localization of the
alkaline-phosphatase and 5'-nucleotidase activities of the diatom
Phaeodactylum-tricornutum. J. Gen. Microbiol. 132: 289-298.

GoTHAM, I. J,, AND G. Y. RHEE. 1981. Comparative kinetic studies
of phosphate-limited growth and phosphate uptake in phyto-
plankton in continuous culture. J. Phycol. 17: 257-265.

GuILDFORD, S. J, AND R. E. Hecky. 2000. Total nitrogen, total
phosphorus, and nutrient limitation in lakes and oceans: is there
a common relationship? Limnol. Oceanogr. 45: 1213-1223.

HAaLLMANN, A. 1999. Enzymes in the extracellular matrix of Vol-
vox: an inducible, calcium-dependent phosphatase with a mod-
ular composition. J. Biol. Chem. 274: 1691-1697.

HorpPe, H. G. 2003. Phosphatase activity in the sea. Hydrobiologia
493: 187-200.

KARL, D. M., AND G. TIEN. 1992. Magic—a sensitive and precise
method for measuring dissolved phosphorus in aquatic envi-
ronments. Limnol. Oceanogr. 37: 105-116.

—, AND K. YANAGI. 1997. Partial characterization of the dis-
solved organic phosphorus pool in the oligotrophic North Pe-
cific Ocean. Limnol. Oceanogr. 42: 1398-1405.

, AND K. M. BiorckmAN. 2001. Phosphorus cycle in seawa-
ter: dissolved and particulate pool inventories and selected
phosphorus fluxes. Meth. Microbiol. 30: 239-270.

, AND . 2002. Dynamics of DOPR, p. 250-366. In D.
A. Hansell and C. A. Carlson [eds.], Biogeochemistry of ma-
rine dissolved organic matter. Academic Press.

KRISTIANSEN, S., T. E THINGSTAD, P VANDERWAL, T. FARBROT,
AND E. FE SkioLpAL. 1994. An Emiliania-huxleyi dominated
subsurface bloom in Samnangerfjorden, western Norway—im-
portance of hydrography and nutrients. Sarsia 79: 357—368.

KUENZLER, E. J,, AND J. P PERRAS. 1965. Phosphatases of marine
algae. Biol. Bull. 128: 271-286.

LEBLANC, K., AND OTHERS. 2005. Fe and Zn effects on the Si cycle
and diatom community structure in two contrasting high and
low-silicate HNLC areas. Deep-Sea Res. |, 52: 1842—-1864.

LoHAN, M. C., P J. STATHAM, AND D. W. CRaAwWFORD. 2002. Total
dissolved zinc in the upper water column of the subarctic North
East Pacific. Deep-Sea Res. 11, 49: 5793-5808.

Lomas, M. W.,, A. SwaAIN, R. SHELTON, AND J. W. AMMERMAN.

2004. Taxonomic variability of phosphorus stress in Sargasso
Sea phytoplankton. Limnol. Oceanogr. 49: 2303-2310.

McCowms, R. B., G. N. BoweRs, AND S. Posen. 1979. Alkaline
phosphatase. Plenum Press.

MoRreL, E M. M., J. R. REINFELDER, S. B. RoBERTS, C. P CHAM-
BERLAIN, J. G. LEE, AND D. YEE. 1994. Zinc and carbon co-
limitation of marine-phytoplankton. Nature 369: 740-742.

PaAscHE, E., AND S. BRuBak. 1994. Enhanced calcification in the
Coccolithophorid Emiliania huxleyi (Haptophyceae) under
phosphorus limitation. Phycologia 33: 324—330.

RiEGMAN, R., A. A. M. NOORDELOOS, AND G. C. CADEE. 1992.
Phaeocystis blooms and eutrophication of the continental
coastal zones of the North-Sea. Mar. Biol. 112: 479-484.

, W. StoLTE, A. A. M. NOORDELOOS, AND D. SLEZAK. 2000.
Nutrient uptake, and akaline phosphate (EC 3:1:3:1) activity
of Emiliania huxleyi (Prymnesiophyceae) during growth under
N and P limitation in continuous cultures. J. Phycol. 36: 87-96.

Rosrt, B., |. ZONDERVAN, AND U. RIEBESELL. 2002. Light-dependent
carbon isotope fractionation in the coccolithophorid Emiliania
huxleyi. Limnol. Oceanogr. 47: 120-128.

SEBASTIAN, M., J. ARISTEGUI, M. E MONTERO, AND F X. NIELL.
2004. Kinetics of akaline phosphatase activity and effect of
phosphate enrichment: a case study in the NW African up-
welling region. Mar. Ecol.-Prog. Ser. 270: 1-13.

Sunba, W. G., AND S. A. HuNTsSMAN. 1992. Feedback interactions
between zinc and phytoplankton in seawater. Limnol. Ocean-
ogr. 37: 25-40.

, AND . 1995. Cobalt and zinc interreplacement in
marine phytoplankton: biological and geochemical implica-
tions. Limnol. Oceanogr. 40: 1404-1417.

, AND . 2000. Effect of Zn, Mn, and Fe on Cd ac-
cumulation in phytoplankton: implications for oceanic Cd cy-
cling. Limnol. Oceanogr. 45: 1501-1516.

SuzuMURA, M., AND E. D. INGALL. 2004. Distribution and dynam-
ics of various forms of phosphorus in seawater: insights from
field observations in the Pacific Ocean and a laboratory ex-
periment. Deep-Sea Res. |, 51: 1113-1130.

, K. IsHikAwA, AND H. OcawA. 1998. Characterization of
dissolved organic phosphorus in coastal seawater using ultra-
filtration and phosphohydrolytic enzymes. Limnol. Oceanogr.
43: 1553-1564.

TANG, D., AND E M. M. MoreL. In press. Distinguishing between
cellular and Fe-oxide-associated trace elements in phytoplank-
ton. Mar. Chem.

TownNsenD, D. W., M. D. KELLER, P M. HoLLIGAN, S. G. ACKLE-
SON, AND W. M. BaLcH. 1994. Blooms of the coccolithophore
Emiliania huxleyi with respect to hydrography in the gulf of
Maine. Cont. Shelf Res. 14: 979-1000.

TYRRELL, T., AND A. H. TAYLOR. 1996. A modelling study of Em-
iliania huxleyi in the NE Atlantic. J. Mar. Syst. 9: 83-112.

VAN DeN BRroeck, N., T. MouTIN, M. RODIER, AND A. LE Bou-
TEILLER. 2004. Seasonal variations of phosphate availability in
the SW Pacific Ocean near New Caledonia. Mar. Ecol.-Prog.
Ser. 268: 1-12.

VIDAL, M., C. M. DUARTE, S. AcusrTl, J. M. GAsoL, AND D. VAQUE.
2003. Alkaline phosphatase activities in the central Atlantic
Ocean indicate large areas with phosphorus deficiency. Mar.
Ecol .-Prog. Ser. 262: 43-53.

Wu, J. F, W. SUNDA, E. A. BOYLE, AND D. M. KaRL. 2000. Phos-
phate depletion in the western North Atlantic Ocean. Science
289: 759-762.

ZeRI, C. 2004. Dissolved zinc in North Aegean seawater—Eastern
Mediterranean. Fresenius Environ. Bulletin 13: 139-145.

Received: 26 March 2005

Accepted: 24 August 2005
Amended: 9 September 2005



http://www.aslo.org/lo/pdf/vol_36/issue_8/1851.pdf
http://www.aslo.org/lo/pdf/vol_48/issue_4/1583.pdf
http://www.aslo.org/lo/pdf/vol_45/issue_6/1213.pdf
http://www.aslo.org/lo/pdf/vol_37/issue_1/0105.pdf
http://www.aslo.org/lo/pdf/vol_42/issue_6/1398.pdf
http://www.aslo.org/lo/pdf/vol_49/issue_6/2303.pdf
http://www.aslo.org/lo/toc/vol_47/issue_1/0120.pdf
http://www.aslo.org/lo/pdf/vol_37/issue_1/0025.pdf
http://www.aslo.org/lo/pdf/vol_40/issue_8/1404.pdf
http://www.aslo.org/lo/pdf/vol_45/issue_7/1501.pdf
http://www.aslo.org/lo/pdf/vol_43/issue_7/1553.pdf

