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Phosphatase Activity in Eutrophic Tokyo Bay 

N. Taga and H. Kobori 

Ocean Re,arch Institute, University of Tokyo; Nakano, Tokyo, Japan 

Alkaline phosphatase activity in seawater samples taken from Tokyo Bay was mea- 
sured by both spectrophotometric and fluorometric methods. A stratified distribu- 
tion pattern of the enzyme was observed in August, a vertically mixed pattern in 
December. The distribution of phosphatase activity in the eutrophic seawater was 
paralleled by variations in other parameters, such as viable counts of bacteria, 
chlorophyll a content, inorganic and total phosphorus concentrations, amounts of 
seston, particulate deoxyribonucleic acids (DNA) and protein. A significant cor- 
relation between phosphatase activity and these measurements indicated that the 
enzyme was a good indicator of the degree of eutrophication. The positive relation- 
ship between phosphatase and inorganic phosphorus indicates that enzyme activity 
was not inhibited at inorganic phosphorus levels present in the bay and that pro- 
duction of phosphatase by microorganisms inhabiting the bay was not repressed at 
the inorganic phosphorus levels in the bay. Culture experiments revealed that the 
formation of repressible phosphatase by bacteria isolated from the bay was not 
affected by the inorganic phosphorus levels in the bay. 

l,~o4~m, mo and Murano (1973) studied the succes- 
sion of plankton diatoms in Tokyo Bay, 

There has been much discussion about and concluded that the water of the bay 
eutrophication of natural waters, aris- was slightly eutrophic in 1947 and has 
ing from the recent growing concern for become extremely so in recent years. 
environmental problems. It is increasing- According to these investigators, fre- 
ly evident that not only chemical fac- 
tors but also enzyme activities are in- 
strumental in determining the degree of 
eutrophication of waters. In lakes, 
Stewart et al. (1971) indicated that ni- 
trogenase activity was high in eutrophic 
waters, but low in oligotrophic waters. 
Jones (1972a, b) demonstrated a positive 
correlation of phosphatase activity with 
degree of eutrophication in 16 eutrophic 
lakes in England. For the marine en- 
vironment, however, no data is available 
correlating amount of enzyme activity 
with degree of eutrophication. Although 
enzyme activity, especially phosphatase 
activity in seawater, has been measured 
by several authors (Wai et al., 1960; 
Perry, 1972), their data was obtained 
only from oligotrophic regions of the 
ocean. 

Water pollution in Tokyo Bay has re- 
sulted in drastic changes in the phyto- 

quent red tides of diatoms in Tokyo Bay 
have been observed since the 1950's. As 
a result, during the period 1947 to 1973, 
the diatom standing crop has abnormally 
increased in the inner Tokyo Bay, where- 
as the number of diatom species, espe- 
cially oceanic forms, has decreased 
rapidly. 

In contrast, numbers of marine bacte- 
ria have increased with the degree of 
eutrophication in Tokyo Bay, and the num- 
ber of heterotrophic bacteria has at- 
tained the order of 105 ml-1 (Taga et al., 

unpublished data). The generic composi- 
tion of the heterotrophic bacteria has 
also been investigated (Simidu et al., 
1977): Acinetobacter spp. predominate in 
the inner regions, and Vibrio spp. at the 
mouth of Tokyo Bay and adjacent regions; 
the latter constitute only a small popu- 
lation in the inner bay. 

The present paper assesses the eutro- 
plankton and bacterial communities. Maru- phication of Tokyo Bay in terms of alka- 
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line phosphatase activity. In addition, 
the factors contributing to the positive 
relationship observed between phospha- 
tase activity and phosphorus content in 
the bay are discussed'. 

Mal~erials and Methods 

water samples 

Seawater samples were collected on 
cruises from July 1971 to August 1973 by 
the R.V. "Tansei-maru", Ocean Research 
Institute, University of Tokyo. The sam- 
pling stations are shown in Fig. I. 
Surface-water samples were collected 
with sterile 500 ml glass bottles, and 
deeper-water samples with sterilized 
ORIT samplers (Taga, 1968) attached to 
Nansen bottles. These samples were used 
for microbiological analyses. Samples 
for phosphatase and the other chemical 
analyses were obtained with Nansen bot- 
tles and Van Dorn samplers, and were 
stored immediately at -25oc or after fil- 
tration procedures, depending on the 
analyses to be made. 
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Fig. i. Location of sampling stations in Tokyo 
Bay 

Enumeration of Bacteria 

Each 0.1 ml portion of serially diluted 
water samples was spread with a glass- 
rod spreader onto an agar-plate of PPES- 
II medium (Taga, 1968). The bacterial 
colonies that appeared on the plates 
were counted after incubation for 2 
weeks, and the numbers were expressed as 
colony-forming units (cfu). For the enu- 
meration of phosphatase-producing bac- 
teria, the procedure outlined by Parker 
(1963) was employed using agar-plates of 
PPES-II as medium. 

Measurement of Phosphatase Activity 

Method 2. The fluorometric method was 
used for the unfiltered samples col- 
lected in 1972 and in 1973. The assay 
was based on the hydrolysis of the mono- 
phosphate-ester of 3-O-methylfluorescein 
phosphate, and the procedure was essen- 
tially that described by Perry (1972) 

The rate of reaction was linear both 
with respect to time and substrate con- 
centration under these assay conditions. 
Dissolved phosphatase activity was de- 
termined by the fluorometric method de- 
scribed above, after seawater samples 
had been filtrated through a Millipore 
filter (HA, 0.45 ~m pore size). 

Two assay procedures were used to deter- 
mine alkaline phosphatase activity: Measurements of Other Factors 

Method 1. The spectrophotometric method 
was employed for the seawater samples 
collected in 1971, and the assay was 
based on the release of phosphorus from 
sodium ~-glycerophosphate. A 1OO ml por- 
tion of unfiltered seawater was incu- 
bated with 5 x 105 M sodium B-glycero- 

Inorganic phosphorus (Pi) and total phos- 
phorus (total P) determinations were car- 
ried out using the procedure outlined by 
Murphy and Riley (1962). Chlorophyll a 
concentrations were measured by fluorom- 
etry (Yentsch and Menzel, 1963). Amounts 
of seston collected on Millipore filters 

phosphate, 0.02 M Tris HC1 buffer, pH (HA-type) after filtering seawater sam- 
8.2, and 5 ml chloroform was used as bac- ples were measured by the method of 
teriostatic agent. The enzyme reaction Strickland and Parsons (1972). Amounts 
was stopped with N NaOH after incubation of particulate DNA and protein collected 
for 24 or 48 h at 28oc, and the inor- on the Millipore filters were estimated 
ganic phosphorus released was estimated by the methods of Holm-Hansen (1969) and 
by the method described below. Lowry et al. (1951), respectively. 
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Culture Experiments on Formation of Repressible 
Phosphatase 

Experiments were carried out using ~brio 
spp. isolated from Tokyo Bay. Organisms 
were cultivated on media of the follow- 
ing composition per liter. Medium A was 
composed of casamino acid, 0.5 g; yeast 
extract, 0.2 g; sodium succinate, 0.5 g; 
(NH4)2SO 4, I g; NaCl, 12.9 g; KCI, 0.75 g; 
MgCI2.6H20, 2.6 g; ferric citrate, 5 x 
10-5 g; ZnCI2, 5 x 10-5 g; NaHPO4, 0.3 g. 
Medium B was identical to Medium A ex- 
cept that 5 g of sodium succinate was 
added, and 0.1 M Tris was substituted 
for phosphate. 

After overnight incubation on a recip- 
rocal shaker in Medium A, the cells were 
centrifuged at 15,000 x g at OoC and 
then the cells were resuspended in a new 
Medium A for 18 h. After centrifugation, 
they were inoculated into a 500 ml Saka- 
guchi flask containing Medium B. The 
cells were then incubated at room temper- 
ature (ca. 20oc), with reciprocal shak- 
ing to ensure adequate aeration. At in- 
tervals, a 20 ml portion was extracted 
for measurement of bacterial growth, in- 
organic phosphorus concentration, and 
phosphatase activity. Growth was fol- 
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Fig. 2. Vertical distribution of phosphatase ac- 
tivity in seawater of Tokyo Bay during summer 

lowed at 660 nm in the spectrophotometer, and winter, 1971. Phosphatase activity was deter- 
Inorganic phosphorus was measured by the 
method of Murphy and Riley (1962). The 
enzyme activity was measured as the re- 
lease of p-nitrophenol from P-nitrophe- 
nylphosphate. One milliliter of culture 
medium was incubated with I ml of 5 mM 
substrate solution and 2 ml of 0.5 M 
Tris HCI buffer, pH 8.2. After incuba- 
tion for 30 or 60 min at 28oc, p-nitro- 
phenol content was measured at 400 nm in 
the spectrophotometer. 

Results 

Distribution of Phosphatase Activity 

Alkaline phosphatase activity of unfil- 
tered seawater samples taken from Tokyo 
Bay was determined, using sodium B-glyc- 
erophosphate as a substrate (Method 1), 
in August and December 1971. Fig. 2 
shows the profile of phosphatase activ- 
ity in the bay. Different distributional 
patterns were observed for these two 
months: a stratified pattern was ob- 

mined using sodium B-glycerophosphate (Method i) 
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Fig. 3. Profiles of water temperature and salini- 
ty in Tokyo Bay during s11mmer and winter, 1971 

served in August, a vertically mixed pat- (Fig. 2). Fig. 2 also indicates that 
tern in December. This may reflect phosphatase activity at the head of the 
changes in the physical condition of the 
seawater. In fact, water temperature and 
salinity profiles displayed the same 
trend as that of phosphatase in both Au- 
gust and December (Fig. 3). Phosphatase 
activity in August was approximately 
five times higher than that in December 

bay differed from that of the mouth of 
the bay (i.e., activity in the inner re- 
gion at Stations T-I, T-2, T-3, T-4 and 
T-5 was approximately four times higher 
in August and ten times higher in Decem- 
ber, compared with the mouth-of-the-bay 
Stations T-7, T-8 and T-9) . Phosphatase 
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tional patterns were obtained using the 
two methods, although measured phospha- 
tase activity was different between the 
two methods. 

Distributions of the other parameters, 
such as phosphatase-producing bacteria, 
heterotrophic bacteria, chlorophyll a, 
and Pi and total P concentrations were 
also ex~ined during the period of stag- 
nation in July 1973 (Fig. 4). The viable 
counts of phosphatase-producing bacteria 
was as high as 10 5 ml-1 in surface wa- 
ters of the inner regions of the bay, 
which is 1000-fold higher than in waters 
at the mouth of the bay. On the average, 
40% of the heterotroph population were 
found to be phosphatase producers. The 
distributions of both heterotrophs and 
phosphatase producers were quite similar 
to that of phosphatase activity shown in 
Fig. 4A. 

An extre~nely high value of chloro- 
phyll a was observed in the inner region 
of the bay (Fig. 4D). The mean chloro- 
phyll a content in the i~er region of 
the bay (Stations I-5) was 498 ~g 1-I, 
300-fold higher than that at the mouth 
of the bay. The distributional pattern 
of chlorophyll a parallels the pattern 
of phosphatase activity. The amounts of 
chlorophyll a and the numbers of hetero- 
trophic bacteria in the inner bay sug- 
gest that excessive biological produc- 
tion occurs in the inner Tokyo Bay. Pi 
and total P concentrations in the bay 
were also higher in the inner regions, 
and their distributional patterns were 
also fairly similar to that of phospha- 
tase (Fig. 4E, F). 

Correlation between Phosphatase Activity and 
Other Parameters 

In order to clarify the relationship be- 
tween phosphatase and other para3neters, 
correlation coefficients of the data col- 
lected from the bay for all depths and 
locations during the periods of strati- 
fication in 1972 and 1973 were calcu- 
lated. The logaritb~a of phosphatase ac- 
tivity Was found to correlate at the 
0.1% significant level with the ioga- 
rith~n of numbers of phosphatase-produc- 
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Fig. 4. Vertical distribution of phosphatase ac- 
tivity and other parameters in stagnant seawater 
from Tokyo Bay in July, 1973. Phosphatase activ- 
ity was estimated using 3-O-methylfluorescein 
phosphate (Method 2) 
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Fig. 7. Influence of inorganic phosphorus concen- 
tration in the medium on phosphatase formation 
of two marine Vibrio isolated from Tokyo Bay. 
Crosses: optical density (O.D.) of growth at 660 
nm; filled circles: phosphatase activity in cul- 
ture medium; open circles: Pi concentration in 
supernatant of culture medium. Phosphatase activ- 
ity was measured by using p-nitrophenylphosphate 
as a substrate. Enzyme activity is expressed as 
pg-at P 1 -I h -I 

in the seawater is produced by bacteria 7 ~g-at P 1-I. As the phosphorus concen- 
and phytoplankton inhabiting the bay. trations in Tokyo Bay do not exceed 6 ~g- 
Phosphatase activity was also highly cor- at P 1-I, repression of phosphatase by 
related (O.1% significance level) with bacteria might not occur in the bay. How- 
both phytoplankton biomass and bacterial ever, there is some possibility that re- 
biomass estimated from chlorophyll a con- pression partially occurs in natural sea- 
tent and heterotrophic bacteria (Fig.5B,C). 

Phosphatase activity was also corre- 
lated with chemical parameters such as 
particulate protein (Fig. 5D), DNA (Fig. 
6A), and seston (Fig. 6B), Pi (Fig. 6C) 
and total P (Fig. 6D). 

Influence of Pi on Formation of Repressible 
Phosphatase by Bacteria Isolated from Tokyo Bay 

The positive relationship between phos- 
phatase and Pi suggests that phosphatase 
did not exhibit end-product repression 
at Pi levels in Tokyo Bay. To confirm 
that repression of phosphatase by micro- 
organisms does not occur at the Pi lev- 
els present in eutrophic seawater, the 
formation of repressible phosphatase by 
bacteria isolated from Tokyo Bay was ex- 
amined under culture conditions. Fig. 7 
shows that phosphatase formation by two 

waters where Pi concentrations exceed 
7 ~g-at P 1-I. 

Dissolved and Particulate Phosphatase in Seawater 

The activity of phosphatase in both a 
dissolved and particulate state was mea- 
sured separately in the inner region of 
Tokyo Bay (Table I). The average activ- 
ity of the dissolved enzyme comprised 
only 15% of the total activity. The pro- 
portion of dissolved enzyme to total 
phosphatase increased with depth at all 
stations, except at Station 2. At all 
stations, however, particulate phospha- 
tase activity closely paralleled total 
phosphatase activity. 

Discu.lon 

marine Vibrio spp. was repressed at the Phosphatase activity was detected in all 
beginning of incubation when excess phos- seawater samples examined. The results 
phorus was present in the medium. Phos- 
phorus concentration was reduced along 
with the bacterial growth, and formation 
of the enzyme began when the phosphorus 
concentration in the medium reached 5 to 
6 ~g-at P 1-I. This experiment indicates 
that phosphatase of bacteria in the bay 
was repressed at phosphorus levels above 

indicate that seawater has a potential 
ability to mineralize monophosphate 
esters. Since concentrations of monophos- 
phate esters ranged from 0.08 to 0.35 ug- 
at P 1-I at Station 3 in Tokyo Bay, 
which accounted for 13 to 32% of the to- 
tal organic phosphorus present in seawa- 
ter (Kobori and Taga, unpublished data), 
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Table I. Dissolved and particulate phosphatase activity in inner regions 
of Tokyo Bay, July 1972. Phosphatase activity was measured using 3-O-meth- 
ylfluorescein phosphate as a substrate 

Station Depth Phos~hatase activity (ng-at P 1 -I h -l) Dissolved activity 
no. (m) Total Particulate Dissolved Total activity (%) 

i O 19.O3 17.43 1.60 8.4 
8 16.49 14.30 2.19 13.3 

2 O 18.18 16.90 1.28 7.0 
iO 16.87 16.11 0.76 4.5 

3 O 9.28 8.12 1.16 12.5 
5 9.63 7.84 1.79 18.6 

20 11.62 7.67 3.95 34.0 

4 0 7.O1 6.58 0.43 6.1 
5 7.88 7.05 0.84 10.5 

25 2.31 1.51 0.80 34.6 

Average: 15.O 

phosphatase in Tokyo Bay would play a displayed greatly increased amounts or 
role in mineralization of organic phos- levels of alkaline phosphatases. These 
phorus present in seawater, phosphatases exhibited end-product re- 

Phosphatase activity in unfiltered pression. Moreover, the activities of 
seawater in Tokyo Bay would encompass phosphatases are known to be inhibited 
both free and organism-associated en- by Pi (Reichardt et al., 1967; Jones, 
zymes of mixed populations. Some free en- 1972a). The evolutionary rationale for 
zymes might be secreted by extracellular 
phosphatase-producing microorganisms and 
others might be liberated from non- 
viable and lysed cells. Organism-associ- 
ated phosphatases of bacteria and algae 
are localized at their surfaces and 
these surface phosphatases can hydrolyze 
organic phosphorus extracellularly 
(Aaronson and Patni, 1976). Therefore, 
phosphatase activity in unfiltered sea- 
water may be used as an indicator of the 
enzymatic potential in water samples and 

the development of these mechanisms is 
obvious, and it would therefore be of 
some interest to demonstrate whether the 
phenomena of production, repression and 
inhibition operate on an ecological 
scale or not. 

Berman (1970) implied the existence 
of a repression-inhibition mechanism 
with respect to phosphorus in the natu- 
ral environment, by showing that a recip- 
rocal relationship existed between the 
level of phosphatase activity per unit 

of the eutrophic state of the water mass. biomass and the concentration of total 
Phosphatase activity was significant- phosphorus in Lake Kinneret of Israel. 

ly correlated with the number of hetero- In the present survey, however, no such 
trophic bacteria and total P levels in reciprocal relationship was found. On 
the bay (Figs. 5C and 6D). The number of the contrary, a positive relationship 
heterotrophic bacteria is related to the was noticed between phosphatase activity 
eutrophic state of Tokyo Bay (Taga et al., and total P concentrations. 
unpublished data). The total P concentra- 
tions in seawater have been used as an 
index of the potential fertility of wa- 
ter (e.g. Armstrong and Harvey, 1950). 
Therefore, the phosphatase activity in 
Tokyo Bay also reflects the size of the 
bacterial population present in the bay, 
which in turn is closely related to the 
total P levels and the degree of eutro- 
phication. Jones (1972a) reported simi- 
lar results for 16 lakes of the English 
Lake District. He concluded that alka- 
line phosphatase is a good indicator of 
biomass and of degree of eutrophication 
in lake water. 

Phosphatases in some bacteria (Tor- 
riani, 1959; Shah and Blobel, 1967) 

Perry (1972) measured the alkaline 
phosphatase activity in oligotrophic wa- 
ters of the subtropical Central North 
Pacific Ocean and interpreted the pres- 
ence of naturally produced phosphatase 
by microorganisms as an indication of 
phosphate deficiency. In this study, how- 
ever, the presence of phosphatase did 
not reflect the absence of Pi in Tokyo 
Bay. On the contrary, a positive rela- 
tionship was found between phosphatase 
levels and Pi levels in eutrophic Tokyo 
Bay (Fig. 6C). Therefore, alkaline phos- 
phatase can not be used as an indicator 
of phosphorus deficiency of microorgan- 
isms in eutrophic seawaters. 

At least three factors might be con- 
fungi (Kadner et al., 1968) and higher sidered to explain the fact why no recip- 
plants (Hewitt and Tatham, 1960) are pro- rocal relationship between phosphatase 
duced when Pi concentrations become lim- and Pi concentrations was observed in 
iting and are repressed under conditions Tokyo Bay: (I) Although Pi in Tokyo Bay 
of excess Pi. Kuenzler and Perras (1965) is present in concentrations which repre- 
also showed that Pi-starved marine algae sent threshold levels causing repression 



N. Taga and H. Kobori: Phosphatase Activity in Tokyo Bay 229 

of phosphatase, the turnover rate of Kadner, R.J., J.F. Nyc and D.M. Brown: A repres- 
phosphorus in eutrophic waters is faster sible alkaline phosphatase in Neurospora cras- 
than that in oligotrophic waters, and sa. J. biol. Chem. 243, 3076-3082 (1968) 

competition for available Pi among micro- Kuenzler, E.J. and J.p. Perras: Phosphatases of 
organisms is also keen in eutrophic wa- marine algae. Biol. Bull. mar. biol. Lab., 
ters; therefore, repression of phospha- 
tase might not occur in Tokyo Bay. (2) 
A quarter of the phosphatase-produclng 
bacteria in Tokyo Bay was comprised of 
constitutive phosphatase-producers, and 
these bacteria were capable of producing 
phosphatase even when the external Pi 
concentration exceeded 50 mg-at P 1-I 
under culture conditions (Kobori, unpub- 
lished data); these constitutive phospha- 
tases would probably not be repressed at 
the Pi levels in Tokyo Bay. (3) Phospha- 
tase activity in Tokyo Bay would not be 
inhibited at the Pi levels present in 
the bay. Reichardt et al. (1967) found 
that phosphatase in lakes was not inhib- 
ited by Pi at a concentration up to 10 ~g- 
at P 1-I; in Tokyo Bay, where the maxi- 
mum Pi concentration is not likely to 
exceed 6 ~g-at P 1 -I , the phosphatase is 
conceivably not subject to phosphorus 
inhibition. 
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