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ABSTRACT: The bioavailability of 7 organic and 2 inorganic phosphorus compounds to natural com-
munities of coastal marine bacteria and phytoplankton was evaluated. A bioavailability factor (BF)
based on changes in the turnover time of the phosphate pool (measured using **PO,) in the absence
and presence of selected phosphorus compounds, relative to positive controls receiving PO,, was cal-
culated as an index of the relative microbial metabolic preference for each added compound. There
were marked differences in the bioavailability factors of various substrates tested with values ranging
from 0 to 0.2. The results indicate that nucleotides were the most readily utilizable of the combined
phosphorus compounds investigated. By comparison, the addition of selected monophosphate esters,
either individually or in mixtures, had only a limited effect on orthophosphate (PO,) flux. However,
orthophosphate appeared to be the preferred and, apparently, universal substrate. The bacterial-
enriched size fraction (<0.8 pm) comprised an average of 75 % of the total phosphorus uptake meas-
ured in our samples. A large but variable percentage of the added organic and combined inorganic
compounds accumulated outside the cells as soluble reactive phosphorus (SRP}), indicating an efficient
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regeneration of orthophosphate from the various phosphorus compounds tested.
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INTRODUCTION

Marine ecosystems have traditionally been regarded
as nitrogen limited for primary and secondary produc-
tion (Ryther & Dunstan 1971, Goldman et al. 1979);
however, recent studies have begun to challenge these
conventional views (Smith et al. 1986). In the surface
waters of the oligotrophic Pacific Ocean phosphorus
uptake rates greatly exceed the combined rates of
input from the thermocline below and the atmosphere
above, so phosphorus must be intensely recycled
within the epipelagic zone. Considering the already
very low concentrations of soluble reactive phosphorus
(SRP) and total dissolved phosphorus (TDP) in the
upper levels of the tropical oceans (SRP <50 nM, TDP
<350 nM), phosphorus regeneration and cycling may
ultimately control primary production in selected areas
of the world ocean (Perry & Eppley 1981, Orrett & Karl
1987).
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Very little is known about the utilization pathways
and bioavailability of dissolved organic phosphorus
(DOP) or inorganic polyphosphate compounds in the
marine environment despite the fact that these sub-
strates often dominate the TDP pool in surface sea-
waters. Consequently, the cycling of TDP could poten-
tially control phosphorus availability and affect the
biomass and productivity of the phytoplankton and
bacterial communities. The exploitation of combined
phosphorus compounds requires the presence of
specific hydrolytic enzymes, including alkaline phos-
phatase (Perry 1972) and 5'-nucleotidase (Ammerman
& Azam 1985).

Most studies of DOP bioavailability have been per-
formed in limnetic systems (Berman 1988, Tarapchak
& Moll 1990, Bentzen & Taylor 1991) under character-
istically phosphorus-limited conditions. Several stud-
ies have investigated the bioavailability of naturally
occurring DOP (Tarapchak & Moll 1990, Cooper et al.
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1991), but in most cases specific organic and inorganic
phosphorus compounds have been employed (Berman
1988, Bentzen & Taylor 1991, Bentzen et al. 1992,
Cotner & Wetzel 1992).

There is also uncertainty as to whether phytoplank-
ton or heterotrophic bacterioplankton is more efficient
in sequestering phosphate from the environment or in
using DOP as a source of phosphorus. In general, the
experimental results have indicated that heterotrophic
bacteria are more competitive in taking up phosphate
(Currie & Kalff 1984a, b, Currie 1986, Currie et al. 1986,
Berman 1988, Jurgens & Gude 1990), suggesting that
algae may rely on DOP as a supplemental source of
phosphorus (Tarapchak & Moll 1990, Cotner & Wetzel
1992). It has long been known that algae have the
ability to utilize DOP in the absence of inorganic phos-
phorus (Chu 1946, Kuentzler 1965), but their efficiency
in obtaining phosphorus in natural environments in
competition with heterotrophic bacteria is unresolved.
The existence in bacteria of high-affinity phosphorus
transport systems (Chrést & Overbeck 1987, Ammer-
man & Azam 1991) and the presence of the enzyme
5'-nucleotidase (Ammerman & Azam 1985, Tamminen
1989, Ammerman 1991, Cotner et al. 1991) together
appear to contribute to their competitive advantage.
The available data, however, are incomplete and, in
part, contradictory. This could be the result of natural
variability among the different habitats investigated,
or it may reflect actual differences in community com-
position in these studies.

The present study was designed to investigate the
bioavailability of various organic and inorganic phos-
phorus compounds as sources of phosphorus for olig-
otrophic coastal marine microbial assemblages. The
relative bioavallability of each compound was deter-
mined by measuring the sparing effect on the uptake
rate of a radioactive tracer, 3?PQ,, relative to PO,-
unamended (negative control) and PO,-supplemented
(positive control) treatments. Size fractionation experi-
ments were also conducted to investigate the relative
phosphorus uptake into the algal- or bacterial-enriched
fractions.

MATERIALS AND METHODS

Sampling and site description. Surface seawaters
(0.5 to 1 m} were collected in acid-washed polycarbon-
ate bottles (Nalgene) approximately 0.1 km off Magic
Island on the southern coast of Oahu, Hawaii, USA,
between November 1991 and August 1992. All experi-
ments were performed in the laboratory under artifi-
cial illumination and at room temperature (15 to 30 pE
m~2s7!, 20°C). The experiments commenced within 2 h
after water collection. Two-hundred m! portions of sea-

water were placed into 250 ml acid-washed poly-
carbonate bottles (Nalgene) and were supplemented
with individual organic or inorganic phosphorus com-
pounds, or as mixtures of several compounds added at
a 1 uM P concentration. Radiolabelled **PO, (carrier
free; ICN Radiochemicals, catalog no. 64014 L) was
used as a tracer in all experiments and was added
immediately after the test compounds to yield a final
activity of approximately 0.05 pCi ¥P ml-!, Specific
radioactivity varied among the various experiments
and treatments, but ranged from between 110 and
220 pCi pmol~! P in the unsupplemented controls to
between 15 and 70 pCi pmol~! P in those supple-
mented with phosphorus. Negative controls consisted
of unsupplemented seawater plus *?PO, (0.05 pCiml™!),
and positive controls consisted of seawater with a
0.5 or 1 uM addition of a phosphate standard (Wako
Pure Chemical Industries Ltd) and labelled to the same
radioactivity as the treated samples. The addition of
PO, over the range of 0 to 1 uM resulted in the
expected isotope dilution effect on *?PO, uptake, indi-
cating that PO, addition did not stimulate P-flux rela-
tive to the unamended controls.

The compounds used as potential phosphorus sources
were prepared as 200 pM stock solutions in sterile-
filtered (0.22 pm) distilled water. Aliquots of each
solution were stored at —20°C to minimize hydrolysis.
The specific compounds tested were: glucose-1-phos-
phate (G-1-P), fructose-1,6-diphosphate (F-1,6-P), phos-
phoenol pyruvate (PEP), glycerophosphate (GYP),
adenosine triphosphate (ATP), uridine diphosphate
(UDP), guanosine diphosphate (GDP) and sodium
tripolyphosphate (PPP). All compounds were obtained
from Sigma Chemical Company (St. Louis, MO, USA).
Selected mixtures, prepared in equimolar phosphorus
proportions, were also used. Mix A contained the
monophosphate esters (G-1-P, F-1,6-P, PEP, GYP) and
Mix B contained the 3 nucleotides and polyphosphate
(ATP, GDP, UDP, PPP).

The incubations were routinely subsampled and
analyzed to determine whole water *?P activity and
particulate 3?P activity, the latter defined as activity
retained on replicate 0.45 ym HA Millipore filters. The
use of 0.22 pm Millipore GS filters did not substantially
increase the particulate *?P activities in these samples.
Prior to use, the filters were soaked in phosphate solu-
tion (0.5 pM) to reduce nonspecific **P adsorption and
the collected particulate matter was washed 3 times
with 1 ml of 0.22 pm filtered seawater. Samples of the
filtrate were analyzed to provide a radiochemical mass
balance. Post-incubation size fractionation experiments
were carried out on several dates. For this analysis,
replicate 10 ml samples were filtered through 0.8 um
Nuclepore filters. These filters were treated as de-
scribed above.
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Due to the relatively low microbial biomasses and
comparatively slow uptake rates in the habitats
studied, the experiments typically were subsampled
3 to 6 times over a 24 h period. Samples for SRP and
TDP were generally taken only at the start and end of
each experiment. There were, however, occasions
when the changes in SRP concentrations were moni-
tored during the entire experiment. Duplicate or tripli-
cate 10 ml samples were taken and immediately frozen
(—20°C) until analyzed.

Analytical procedures. Radioactivity was deter-
mined by Cerenkov radiation using a Packard Tri-
Carb® scintillation counter. Counting efficiency was
calculated to be 43 %.

SRP was analyzed using the molybdenum blue reac-
tion described by Murphy & Riley (1962), as modified
by Strickland & Parsons (1972). TDP samples were
treated according to Jeffries et al. (1979), which em-
ploys an acidic (sulfuric acid) potassium persulphate
(K2S,04) oxidation procedure. Samples were auto-
claved for 60 min at 121°C and were then treated
the same as SRP samples. Phosphate concentrations
were determined by absorption spectrophotometry at
880 nm (Varian, model DMS 100S UV).

Uptake rates of *P incorporation into the particulate
fraction were determined from the slope, calculated by
least square regression analysis of the activity retained
on filters over a time interval where the uptake was
linear (e.g. the first 10 to 12 h of incubation). Turnover
time (T) was calculated as:

T = t/f n

where ¢ is incubation time (h) and f is the fraction of
total *°PO, incorporated into particulate matter during
that incubation period. The rate of phosphate uptake,
expressed as nM SRP h™! was estimated from the
specific radioactivity of the phosphate pool (calculated
from the measured SRP concentration and the whole
water activity) and the uptake rate of >?P. For those
compounds that had a net accumulation of SRP over
the course of the incubations (e.g. GYP and selected
nucleotides), accumulation rate curves were estab-
lished from time series experiments. SRP concentration
at a given time point was calculated from these curves
and was used to estimate the isotope dilution of the
32pQ, tracer and, subsequently, the uptake rate of
phosphate. Sterile controls confirmed that the appar-
ent SRP increase was not simply the result of chemical
hydrolysis of the phosphorus compounds.

Assuming that phosphorus is assimilated only in its
inorganic form (Reid & Wilson 1971, Chrést 1990), PO,
must be enzymatically cleaved from combined inor-
ganic or organic compounds to render it accessible for
uptake. It is then plausible that the uptake of PO,
would target the same or similar uptake mechanisms

as the PO,. A reduction in the apparent uptake rate of
32PQ, in phosphorus-amended treatments would reflect
an isotope dilution effect caused by phosphorus from
exogenous sources. The apparent sparing effect of
¥2p_uptake with the addition of selected substrates,
reflected as changes in the PO, pool turnover time
relative to the control incubation with no addition, is
termed the bioavailability factor (BF):

BF = (Tz- T\)/(To - Tn) (2)

where Tt = PO, pool turnover time in the experimental
treatment (P compounds added at 1 pM concentra-
tions), Ty = PO, pool turnover time in the negative con-
trol (no addition), and Ty = PO, pool turnover time in
the positive control (PO, added, corrected to 1 uM
addition). In theory, BF ranges from O to 1, with a value
of 0 corresponding to an unavailable substrate and a
value of 1 corresponding to a phosphorus compound
that has a bioavailability equal to that of PO,.

RESULTS

Uptake rates, turnover times and radiochemical
mass balance

The turnover times calculated for the negative con-
trol samples were generally between 20 and 40 h, even
though ambient SRP concentrations were low (60 to
160 nM). The uptake rates varied among different
sampling dates but were usually in the 2 to 4 nM h™!
range (Table 1). In an earlier study using a range of
added PO, concentrations (0.16 to 0.65 uM SRP), no
change in uptake kinetics as a function of concen-
tration was detected when corrected for the isotope
dilution.

A radiochemical mass balance was achieved in all
experiments for every sampling event over the entire
incubation period. In the experimental results shown
(Fig. 1), the sums of the activities found in the filtrate
plus particulate fractions averaged 96.9 + 2.3 % (nega-
tive control), 99.8 + 2.3 % (positive control), 98.6 + 3.4 %
(Mix A) and 98.5 = 2.3% (Mix B) of the initial whole
water activities (n = 6).

Eifects of adding of various phosphorus compounds

There were distinct differences among the com-
pounds tested with respect to the bioavailability factors
(Table 1, Fig. 2). In general, nucleotides exhibited the
greatest bioavailabilities, indicating that they were
readily hydrolyzed by the Hawaiian coastal microbial
assemblages. By comparison, the bioavailability of the
monophosphate esters tested was consistently lower
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Table 1 Summary of 5 experiments reporting phosphorus concentrations, uptake rates, turnover times and the bioavailability

factor (BF) for each separate date. All phosphorus compounds were added as a 1 pM spike unless otherwise stated. The uptake

rate was either the rate of uptake of the *?P-tracer (uCi I"' h™!) or the rate of total phosphate uptake (nM h™'}. The latter value was

corrected for isotope dilution. Turnover rates were based on the turnover of the label and thus reflect the increase of the phos-

phorus pool when the additional phosphorus substrates were included. Values are means 1 SD; if no SD is given then n =1
-: not measured on that date

Date Treatment SRP (uM) TDP (uM) PO, uptake PO, turnover BF
Initial Final Final nCilt ht nM h! time (h)
21 Nov 1991 None 0.07£0.01 0.07+001 1.14+0.26 2.23+001 28=+0.01 20 -
PO, - 1.16 £+ 0.04 3.28 £0.09 0.20 + 0.02 - 233 1.00
Mix A - 0.18 1.62 £ 0.02 1.80 £ 0.05 - 28 0.04
Mix B - 0.77 £+ 0.03 1.90x0.03 0.70 £ 0.01 - 63 0.20
7 Jan 1992 None 0.10+0.00 0.02 +£0.01 - 1.28+0.02 26+0.05 40 -
PO, 0.52+0.07 0.40x0.05 - 0.31+£0.02 34+021 175 (324)° 1.00
Mix A 0.10+£0.01 0.1510.01 - 1.40+£0.05 3.0+£0.10 35 -0.02
Mix B 0.16 +0.02 0.19x0.03 - 0.85+0.11 3.5 57 0.06
13 Feb 1992 None 0.17 £ 0.01 - 0.29 + 0.05 081+0.02 21+004 40 -
PO, 0.67+0.05 0.33x0.00 0.81=+0.01 0.17+£0.04 27=+0.70 210 (433) 1.00
Mix A - 0.24+0.04 1.20x0.02 0.55+0.04 1.9x0.13 56 0.04
Mix B - 0.75+0.05 1.34£0.01 042+0.01 27005 74 0.09
G-1-P - 011 +£0.02 1.23+0 0.56+0.02 26+0.10 42 0.01
F-1,6-P - 0.01 £0.05 1.16+0.05 0.75+0.03 2.1+0.10 42 0.01
PEP - 0.17+0.02 1.26 068+0.08 1.8+0.20 46 0.02
GYP - 0.71 £0.19 1.26 £ 0.00 075+0.02 2.0+0.04 50 0.03
ATP - 0.82+003 1.15x0.03 041+002 1.5+0.06 71 0.08
GDP - 0.79+£0.03 1.22+0.01 040+0.01 1.9x0.04 74 0.09
uUDP - 097 +004 121x0.08 051+003 20x0.11 71 0.08
PpPpP - 0.16+£002 122+0.07 0.59+0.03 29+0.16 50 0.03
15 Jul 1992 None 0.10+0 0.27 £ 0.03 1.63+0.08 3.4+0.16 29 -
PO, 0.54+0.05 051+£005 0.75+0.03 0.44 +0.07 4.4+0.67 132 (236) 1.00
G-1-P 0.10+0.01 0.11+001 136x0.12 1.54+0.08 3.4x0.18 32 0.01
F-1,6-P 0.11+0.01 0.13x001 1.23x0.02 1.53+0.03 3.5x0.06 32 0.01
PEP 0.10+0.02 029+001 140x0.11 1.38+0.09 3.7=x024 35 0.03
GYP 0.13+0.01 044001 130x0 1.31£0.18 4.3 x0.60 36 0.03
ATP 010+001 084+001 1.13+0.09 1.00+£0.09 41x036 52 0.11
GDP 0.14 £+ 001 075+003 138x0.11 0.78+0.05 3.8=x0.25 60 0.15
UDP 0.09+001 082+001 124zx0.15 1.12+0.11 45+045 43 0.07
5 Aug 1992 None 0.13+0.01 008001 030x001 0.90+£0.02 1.7+004 61 -
PO, 0.60+0.02 055+001 079x0.01 017+003 18+0.27 349 (611) 1.00
G-1-P 0.14 +0.00 0.11+0.01 134x0.02 073+003 19+0.07 74 0.02
F-1,6-P 0.13+0.01 0.13+0.01 1.27 £0.07 072+0.13 18+0.32 75 0.03
GYP 0.13+0.01 0.19:x002 135x0.10 068+0.03 18x0.09 81 0.04
GDP 0.14+0.01 045:0.04 1.37+0.04 0.51+006 19+021 104 0.08
UDP 0.13+0.01 034+0.02 131:001 0.58+0.02 19+008 93 0.06
PPP 0.14+001 0210 1.46 + 0.09 0.49+0.02 1.6%0.07 110 0.09
“Values in parentheses indicate the predicted turnover time for 1 uM addition of PO, calculated from extrapolated SRP
concentrations (1M} and measured P-uptake rates (nM h™')

(Fig. 2). However, in no case was the BF >0.15 indi-
cating that even the more utilizable substrates had
a relatively low preference index compared to PO,
added at equimolar concentrations.

In the experiments where compound mixtures were
tested, the monophosphate esters (Mix A) always dis-
played lower biocavailability factors than Mix B con-
taining the nucleotides plus the inorganic polyphos-
phate (Table 1). On one occasion, 7 January 1992,
Mix A appeared to have a slight stimulatory effect
(BF = —-0.02) and the rate of uptake in this treatment

was slightly higher than that of the control (Table 1).
A similar phenomenon was sometimes observed for
selected compounds in previous studies (Berman 1988,
Bentzen & Taylor 1991).

Phosphate regeneration
Increases in SRP concentrations and attendant de-

creases in 3?P uptake rates were observed in sev-
eral combined-phosphorus-supplemented incubations
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Fig. 1 Representative experimental re-
sults for *PO, uptake into particulate
matter and documentation of radio-
chemical mass balances during bottle
incubations. (A) No addition, (B) 0.5 uM
PO, added, (C) 1 uM P added as Mix A
{equimolar P additions of F-1,6-P, G-1-P,
GYP and PEP), (D) 1 pM P added as Mix
B {equimolar P additions of ATP, GDP,
UDP and PPP). See text for combined P
abbreviations. (M) Total *?P activity in
whole water sample, (®) 20.45 pm par-
ticulate 3P activity (A) 0.45 pm filtrate.
Error bars (which are generally less
than the size of the respective symbols)
indicate =1 standard deviation of the
mean (n = 3)

*2p0o, Radioactivity (uCiI'")

(Table 2, Fig. 3). These results suggest that much of the
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phosphate released from these selected compounds

mixed with the ambient SRP pool, and that the sparing
effect observed in these experiments was probably the
result of isotope dilution by the regenerated phospho-
rus. These results also suggest that the hydrolysis of
DOP was not tightly coupled to uptake in these micro-
bial assemblages, even though a fraction of the un-
labelled phosphate released was indeed incorporated

into the particulate fraction.

Phosphate regeneration from a DOP
compound in a mixture was similar to the
behavior of the compound when added
individually. This suggests that the com-
pound was preferred the same in the
single substrate incubation as in the
respective mixture (Table 2).

The accumulation of SRP was especially
prominent in treatments supplemented
with nucleotides. In most experiments 65 to
95 % of the DOP from the selected nucleo-
tides was converted to SRP after a 24 h in-
cubation period. By comparison, generally
less than 25 % of added phosphorus from
the substrates G-1-P, F-1,6-P and PEP ac-
cumulated as SRP. The results for GYP and
PPP varied among experiments (Table 2).
On 5 August lower net accumulations of
SRP were observed for all compounds com-
pared to earlier experiments {Table 2). The
overall uptake rates were also slower, and
turnover times longer (Table 1), implying
that total community activity was lower,
which may explain the less pronounced
SRP accumulation observed.

The results of post-incubation size fractionations of
the whole water samples indicated that the smallest
size fraction (< 0.8 pm, 20.45 pm) accounted for most of
the total phosphate uptake (Fig. 4). On average, 75%
of the total #°P activity was in the <0.8 um size fraction.
For waters in our study area, the <0.8 pm fraction con-
tained 13 to 28 % of the total chlorophyll a. Although
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Fig. 2. Bioavailability factors (BF) for a variety of phosphorus compounds
(added at 1 pM concentrations) on 3 separate sampling dates. BF was calcu-
lated by measuring the sparing eftect of each compound on the uptake of
¥pQ,, relative to control samples with and without added PO,. A BF value of
1 indicates that the test compound has a bioavailability equivalent to POy,
and a BF value of 0 indicates that the compound is not available to the
cells. See text for additional details and for combined P abbreviations
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Table 2. SRP regeneration from selected combined P compounds and com-
pound mixtures expressed as net accumulations of SRP following a 24 h
incubation period. All compounds were added as 1 uM total P. Values are

means = 1 SD; if no SD is given thenn = 1

ular, the ability to exploit phosphorus from
the DOP pool may be crucial to the re-
cycling and bioavailability of phosphate
especially because the concentration ratio

Treatment Net SRP accumulation (jM)e of DQP to SRP oftgn is >1, and can exceed
13 Feb 1992 5 May 1992 15 Jul 1992 5 Aug 1992 10, in selected environments (Orrett & Karl
- . S 1987, Karl & Tien 1992, Fourqurean et al.
G-1-P 0.11+0.02 0.06 £ 0.01 0.11 £0.01 0.03 £ 0.01 1993). The bioavailability and the compo-
F-1,6-P 0.01 £0.05 <0.01 0.13+£0.01 0.05+0.01 sition of this potential source of phospho-
PEP 0.17 £ 0.02 0.21 £ 0.03 0.29 £ 0.01 - . . .
GYP 071+0.19  058+0.08 044001  0.11+0.02 rus to the microbial community are largely
Mix AP unknown.
Predicted 0.25 0.21 - - Even though the chemical composition
Observed 0.24 £ 0.04 0.21 £ 0.04 . .
ATP 0.82 +003 0.64 = 0.07 084 +001 - of the naturally occurring DOP is poorly
GDP 079+003 0.65+002 075£0.03 0.37+0.04 known, it seems evident that aquatic bac-
UDP 0.97 £ 0.04 0.73 £ 0.02 0.82 £ 0.01 0.26 + 0.02 teria and phytoplankton do have enzyme
;Pli Be 016+002  0.08+0.02 - 0.13£0.00 systems appropriate for DOP hydrolysis
Predicted  0.69£0.03  0.67 +0.06 - - (Chrést & Overbeck 1987, Tarapchak &
Observed  0.75 £ 0.05 0.52 £ 0.04 Moll 1990). Consequently, they are able
¢ Initial SRP concentrations were 0.17 + 0.01 pM (13 Feb), 0.06 + 0.01 pM to utilize existing organic phosphorus
(5 May), 0.11 £ 0.02 pM (15 July) and 0.13 £ 0.01 uM (5 Aug) sources, though to varying degrees (Chu
b Mix A was 0.25 pM P each of F-1,6-P, G-1-P, GYP and PEP 1946, Kuentzler 1965, 1970, Currie 1986,
“Mix B was 0.25 pM P each of ATP, GDP, UDP and PPP Bentzen & Taylor 1991, Berman et al. 1991,
Cooper et al. 1991, van Boekel 1991). In

there was not a unique separation between bacteria
and phytoplankton, the 2 0.8 pm and < 0.8 pym fractions
were enriched in algae and bacteria, respectively.
Over shorter incubation periods, the same general
size fractionation pattern was observed, with the bac-
terial-enriched fraction dominating the uptake and the
>0.8 ym fraction never exceeding 50 % of total par-
ticulate activity at any time, with one exception in
the positive control when 87 % of overall particulate
activity was found in this fraction after a 7 h incubation
period. The total particulate *?P activity in this sample
was, however, only approximately 5% of the total *P
inventory, as compared to 13-20% for the other treat-
ments. Consequently, small changes in uptake into the
different size fractions result in large relative changes.

DISCUSSION

Marine ecosystems have not, in general, been re-
garded as phosphorus limited for primary and sec-
ondary microbial production, but large oceanic areas
typically have phosphorus concentrations that are
undetectable by standard procedures (<50 nM) much
of the time. Consequently, the availability of phospho-
rus may ultimately control biomass and organic produc-
tion in certain marine environments (Smith et al. 1986,
Codispoti 1989). In oligotrophic oceanic habitats, such
as the central North Pacific Ocean (Karl et al. 1993),
the regeneration of phosphate within the euphotic
zone could be an important regulating factor. In partic-

this study, distinct differences in the
bioavailability of wvarious phosphorus compounds
tested were observed; still there was no strong cou-
pling between hydrolysis and subsequent uptake of
the regenerated phosphate. Also, in comparison to
findings of Bentzen & Taylor (1991), who showed
sparing effects in the uptake of 3°PO, from G-1-P treat-
ments of approximately 50% relative to unsupple-
mented controls, we never observed an effect that
exceeded a few percent. Even our most preferred
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Fig. 3. Relationships between PO, pool turnover time and PO,

pool specific radioactivity following a 12 h incubation penod

in the presence of exogenous P compounds. The decrease in

specific radioactivity and increase in turnover time relative

to the negative control (no added P) are both indicative of

SRP regeneration during the incubation period. See text for
combined P abbreviations
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metabolic rates. The latter would be ex-
pected if the microbial assemblages were
nutrient or energy limited by a constituent
other than phosphorus.

There are reports demonstrating that a
significant flux of phosphorus may pass
via DOP through the microbial food web
in selected aquatic ecosystems (Orrett &
Karl 1987, Berman 1988). It has also been
suggested that the smallest components of
the planktonic community, predominantly
the heterotrophic bacteria, could act as a
sink for orthophosphate in oligotrophic
lakes. Bacteria could outcompete algae
for phosphate, at least at low ambient

none PO, G-1-P  GYP PEP F-1,6-P ATP

Substrate Added

Fig. 4. Distribution of particulate activity in 2 different size fractions (= 0.8 pm
and 20.45 to 0.8 pm) following a 24 h incubation period. The value given in
parentheses above each >0.8 pm data point is the mean percentage of the

total activity that is in the 20.8 um fraction

phosphorus compound, GDP, never exceeded 0.15 on
our relative preference index scale and orthophos-
phate (PO,) was always the preferred substrate. These
differences may reflect variations in the capability to
exploit a variety of phosphorus compounds within the
habitats investigated, resulting in preferential utiliza-
tion of the different compounds tested.

In the marine environment where this study was
conducted the uptake rates were lower and turnover
times much longer than those generally reported from
oligotrophic freshwater systems, which can have turn-
over times on the order of minutes (Rigler 1964, Lean &
Nalewajko 1979). The approximately 3-fold variation
in PO, uptake rates among sampling dates (range of
1.5 to 4.5 nM h™!) could reflect changes in population
structure on these dates or variations in overall com-
munity activity, Such temporal variation might be
expected for coastal oceanic habitats. Note, however,
that for any given sampling date the uptake rates of
phosphate, after correcting for the isotope dilution,
were similar regardless of the phosphorus compound
added. This suggests that the overall uptake rate of
phosphate was more or less constant and that no
apparent stimulation or repression occurred as a result
of the phosphorus additions made (Table 1). The rela-
tively low uptake rates we observed in Hawaiian
coastal waters are within the range of rates previously
estimated from similar marine environments (Harrison
et al. 1977, Smith et al. 1985, Harrison & Harris 1986).
These low rates may not, however, simply be a reflec-
tion of low biomass but may also reflect low per capita
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concentrations and during short incuba-
tion periods, leaving the phytoplankton to
rely on less readily available sources of
phosphorus (e.g. phosphorus compounds)
to meet their metabolic requirements
(Currie & Kalff 1984a, Currie 1986, Currie
et al. 1986, Berman 1988, Tamminen 1989,
Jirgens & Gude 1990, Bentzen & Taylor
1991, Berman et al. 1991). There are, how-
ever, several studies that have demonstrated just the
opposite. For example, Cotner & Wetzel (1992) showed
that algae always retained phosphorus over longer
incubation periods than bacteria, even if bactena ini-
tially were more efficient in sequestering phosphate
from the medium. Tarapchak & Moll (1990) also indi-
cated that phytoplankton, in general, are responsible
for the majority of phosphate uptake. In our experi-
ments from a coastal subtropical marine environment,
the < 0.8 um (bacterial-enriched) fraction always domi-
nated the overall phosphate uptake even after 24 h
incubation periods. These results indicate that the
bacterial-enriched fraction of the microbial commu-
nity, which also contained small algal cells, was able to
effect a more rapid uptake than the algal-enriched
fraction (=0.8 pm), and was more efficient at retaining
the acquired phosphorus for extended periods of time.

Phosphorus compounds are not known to be assimi-
lated intact but rather are hydrolyzed prior to uptake
(Reid & Wilson 1971, Chrést 1990). Phosphatase activ-
ity, with alkaline phosphatase (APase) as the most
ubiquitous enzyme, can be responsible for the majority
of hydrolysis of phosphorus compounds occurring in
oligotrophic aquatic environments (Kobori & Taga
1978, Karl & Craven 1980), and APase activity could
meet the requirements of the phytoplankton. Ammer-
man & Azam (1985) have also documented 5’-nucleo-
tidase in seawater, and Tamminen (1989) estimated
that the activity of this bacterial ectoenzyme could ful-
fill bacterial phosphorus needs. As observed in our
study, substantial amounts of SRP accumulated during
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incubations with selected combined phosphorus addi-
tions. Similar results were reported by Tamminen
(1989), who estimated that as much as 80% of the
phosphate hydrolyzed from DOP could be released
into the environment due to the activity of the enzyme
5'-nucleotidase. It thus appears that this hydrolytic
enzyme may function primarily as a mechanism to
sequester the carbon-nitrogen residue in order to
acquire blosynthetic precursors or to meet other
metabolic requirements rather than as a phosphorus
assimilation system.

Even though we did not measure enzyme activities
directly, the extensive accumulation of SRP observed
during incubations supplemented with nucleotides
could reasonably be attributed to enzymatic activities
similar or identical to those ascribed to 5'-nucleotidase.
However, nucleotides are also substrates for APase, so
this evidence by itself is not diagnostic. In contrast to
5'-nucleotidase, APase is susceptible to end-product
inhibition by phosphate (Bengis-Garber & Kushner
1981, 1982, Ammerman & Azam 1985) and, therefore,
APase activity may be influenced by ambient PO, con-
centrations. Furthermore, the monophosphate esters,
which are known to be hydrolyzed by APase, did not
produce large SRP accumulations relative to the treat-
ments supplemented with nucleotides. Substrates to
5'-nucleotidase were, however, readily hydrolyzed,
indicating that this enzyme may have a major role in
DOP regeneration in the habitats investigated.

The SRP accumulation observed, suggesting enzy-
matic activities such as those of 5'-nucleotidase, also
suggests that the microbial assemblages in the habitats
we investigated may have preferentially utilized the
carbon-nitrogen complex rather than the phosphorus
portion of the nucleotides. Other studies have con-
cluded that bacteria under certain circumstances are
primarily carbon limited (Azam et al. 1983, Jurgens &
Gude 1990), and this may also be true for the habitats
we investigated. Preliminary results from enrichment
experiments with both additional carbon and nitrogen
indicated that organic carbon (added as sucrose) had
substantial stimulatory effects on the uptake rates of
phosphate, increasing the rate by approximately a fac-
tor of 2 relative to controls. The simultaneous addition
of nitrogen (NO;) did not appear to affect the uptake
rate in these experiments (data not shown). However,
it 1s important to emphasize that we did not trace
either C or N in any of our test compounds so further
comments regarding rates and processes would be
speculative.

The results of our study indicate that the different
phosphorus compounds tested are potential sources of
phosphorus for these marine communities and that
the phosphorus compounds differed with respect to
their bioavailabilities. Also, the utilization of these

compounds as a source for phosphorus may be in-
direct, rather than a direct and coupled uptake of
phosphate after hydrolysis. The high rates of SRP
accumulation during the incubations implies that the
hydrolytic processes could potentially release consid-
erable amounts of the nutrient into the surrounding
water, thus making it available to other organisms in
the ecosystem. The action of 5-nucleotidase, for ex-
ample, could thus provide the heterotrophic microbial
community with exogenous carbon and nitrogen, as
well as phosphorus.

Because our knowledge to date is limited with
respect to DOP pool composition it should be empha-
sized that incubation experiments with substantial
additions of DOP may not accurately reflect the rates
and pathways in nature. They do, however, provide
indications as to the metabolic potential of the systems
investigated as well as elucidating certain limitations
of the ambient microbial community at various times.

In conclusion, the substantial differences in the
bioavailability of various phosphorus compounds we
measured illustrates the need for further studies on the
composition of naturally occurring DOP and other
phosphorus sources in order to resolve the biogeo-
chemical cycle of phosphorus.
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