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Abstract

We studied zooplankton contribution to the total particulate phosphatase activity, the kinetics of this activity, the relation to the 
different taxonomic groups and the role of particle-bound bacteria. The activity of total particulate material collected from a liter of 
seawater was more elevated in May, June and August than during the rest of the year. These high activities resulted from a high 
contribution of the >90 lm fraction which account then for more than 60% of the total particulate activity. Two Michaelian 
processes with high and low Vmax were disclosed on this fraction. The high Vmax component was responsible for the high summer 
activities. During these periods, high densities of cirriped Cypris were found which were statistically correlated with this high Vmax 
component as with its specific activity. Moreover, the contribution of attached bacteria to these high activities was low. In return, 
this contribution was predominant during the periods of low activity. A simple method was developed to characterise this bacterial 
activity.
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1. Introduction

Orthophosphate (Pi) is generally considered to be

directly available to and rapidly assimilated by bacteria

and phytoplankton (Currie and Kalff, 1984). As the
amount of inorganic phosphorus available is often in-

sufficient to satisfy the requirements of plankton, at-

tention has focused on mechanisms by which Pi can be

generated from phosphoric esters. Phosphatases are

enzymes that hydrolyze a variety of organic phosphorus

compounds into orthophosphate and alcohol. These

enzymes are particularly active when dissolved inor-

ganic phosphorus (DIP) concentrations are low (Jans-
son et al., 1988). They may allow plankton to develop

even when there is a lack of DIP (Petterson, 1980; Gage

and Gorham, 1985). Thus, the phosphatases consider-

ably increase the amount of phosphorus available.

Phytoplankton (Stewart and Wetzel, 1982), bacteria

(Halemejko and Chrost, 1984) and zooplankton (Wynne

and Gophen, 1981; Boavida et al., 1984) all contain

phosphatases. But the part played by these organisms in

the production and in the secretion of these enzymes in

aquatic ecosystems has not been clearly identified. Sev-

eral authors have demonstrated that bacteria or phyto-

plankton are the major sources of the phosphatase
activity in these systems, whereas for others the contri-

bution of zooplankton is noticeable (Berman, 1970;

Rivkin and Swift, 1979; Chrost et al., 1986; Chrost and

Overbeck, 1987; Huang and Hong, 1999).

We have been investigating phosphatase activity in

different coastal Mediterranean marine ecosystems in

the Toulon area, France, for several years. Toulon Bay

is subject to high levels of military and commercial ac-
tivities which in term disturbs the natural biological

equilibrium (Paillard et al., 1993). Consequently, within

Toulon Bay high densities of phyto- and zooplankton

are associated with a low planktonic biodiversity index.

We have shown that zooplankton is an important con-

tributor to the particulate phosphatase activity in Tou-

lon bay and that this activity increases as the density of

zooplankton increases. In addition, certain species, such
as cirriped Cypris, may be responsible for the high

specific activities observed at certain periods of the year

(Jamet and Boge, 1998; Gambin et al., 1999; Bog�ee et al.,
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2002). Our aim was to define the precise role of zoo-

plankton in the production of phosphatase during an

annual cycle. We particularly studied the kinetics of the

activities in relation to the different taxonomic groups
and the role of particle-bound bacteria.

2. Materials and methods

2.1. Study sites

Toulon (central point Lat. 43�050N and Long.
6�000E) is on the French N.W. Mediterranean coast

(Fig. 1) and has approximately 160 000 habitants. Its

seaport handles military, commercial and tourist traffic.

Surface currents (from west to east and from east to

west) are generated by the dominant winds (N.-W. and

S.-E.) in the bay. There is also an under-current which

runs from N.-W. to S.-E. Toulon Bay is composed of

two parts separated by a breakwater: the western basin,
the ‘‘petite rade’’ is semi-enclosed and the eastern basin,

the ‘‘Grande rade’’, is open to the sea. The ‘‘petite rade’’

contains high level of contaminants, notably PAH,

DDT, metals and occasionally toxins (IFREMER,

1993). The sampling stations were located in the ‘‘petite

rade’’.

2.2. Field sampling

The experiments were carried out between November

1999 and September 2000 between 9.30 and 11.00 am.

For enzyme activities and protein concentration deter-

minations, seawater was collected in an horizontal Van

Dorn bottle at a depth of two meters and used to

measure enzyme activity and protein concentration. We

filtered in series between 10 and 20 l of seawater through
filters with 90, 5 and 0.25 lm pores. Enzyme activity was

measured immediately using the particulate material

collected on the filters. Protein analysis was carried out

using filters kept at )80 �C.

For zooplankton analysis, recent studies showed the

importance of the smaller size fractions (Calbet et al.,

2001; Jamet et al., 2001). Thus, zooplankton community

was sampled with a 90 lm plankton net (0.5 m diameter
and 2.5 m length) by vertical tows. The volume of water

filtered (5.0–21.4 m3) was measured with a flowmeter.

Samples for zooplankton analysis, were immediately

stored in buffered (CaCO3) seawater containing 5%

formalin.

2.3. Enzyme activities

The above described filters (90, 5 and 0.25 lm) were

placed into filtered (0.25 lm) seawater. Phosphatase

activity was measured at 25 �C with paranitrophenyl

phosphate (p-NPP) as the substrate, by reading absor-

bance at 410 nm (Reichardt et al., 1967; Jamet et al.,

1995). A range of substrate concentrations (0.01–15

mM) was prepared in filtered (0.25 lm) seawater. Blanks

were prepared using filtered seawater and used to mea-
sure any dissolved enzymes.

The >90 lm activity was measured using the partic-

ulate material collected on the 90 lm filters. The total

activity was given by the sum of the activities collected

on the three filters. Activities were expressed as Vmax (the

reaction rate when the enzyme is saturated with sub-

strate) to limit the effect of orthophosphate ions from

seawater or tissue extracts. Vmax was calculated by lin-
earizing the Michaelis–Menten equation using the Eadie

Hofstee method (activity vs activity/substrate concen-

tration) such that the intercept of the curve and the

ordinate gives Vmax (Lehninger, 1975). The standard

deviation of each Vmax was also calculated using the

‘‘Curve expert’’ software (Microsoft Corp).

When the curves were non-linear, a calculation pro-

gram was used to discriminate the different michaelien
components as shown in the Fig. 2. In this example, the

total activity is the sum of two Michaelis–Menten pro-

cesses. The difference between the measured and the

theoretical values were less than 6%.

Fig. 1. Map of Toulon area and the sampling station (d).



2.4. Protein concentration

Protein concentration was used as a measure of
zooplankton biomass. The frozen particulate material

was thawed and suspended in distilled water. NaOH was

added to the suspension (final concentration: 0.1 N) to

dissolve the proteins. The protein concentrations were

determined according to the Lowry method (Lowry

et al., 1951) using bovine serum albumin as a standard.

The absorbance was measured at 660 nm.

2.5. Zooplankton analysis

Subsamples of the zooplankton collected with the net,

were randomly obtained with a Hensen pipette from the

sample adjusted to 250 ml. The most abundant species

were identified and counted.

2.6. Statistical analysis

The correlations between phosphatase activity, plank-

ton abundance, protein concentrations and dry weights

were determined using the non-parametric Spearman

correlation test.

3. Results

3.1. Analysis of the kinetic components of the phosphatase

activity

The total activities were first adjusted for the volume

of the seawater (Fig. 3). The Vmax of the total particulate

activity and of the >90 lm size fraction varied consid-

erably with the seasons. Thus, phosphatase activity was
generally low in winter and at the beginning of spring,

and high in summer (except in July). It then decreased

again in September. For the 90 lm size fraction the

minimum was 4.5 nmol l�1 in February and the maxi-

mum was 204.9 nmol l�1 in June (Fig. 3). This fraction

accounted for between 15% and 80% of the total par-

ticulate activity (>0.25 lm) depending on the season

(Fig. 4). This contribution was particularly high in De-

cember, but especially when the total particulate activity

was elevated (May, June and August) with values higher

than 60%.

All of the Eadie Hofstee curves were non-linear in-

dicating that at least two Michaelian processes are in-

volved in the hydrolysis of phosphoric esters. The first

component of the enzyme activity was characterized by
a high Vmax. This component was the main cause of the

high total activity observed in the summer. The second

component had a low activity and varied less with the

seasons. As for the first component, the highest values of

the low activity component were observed in June and

August (Fig. 5). The contribution of the high activity

component to the total activity increased during the

periods when the total particulate or the total 90 lm size
fraction activity was high (from May to August; Fig. 6).

We also calculated specific activities, taking biomass

into account. For this purpose, the activities of the two

components, were expressed in relation to protein con-

centrations. Throughout our study, the total specific

activity ranged from 0.098 to 16 nmol min�1 lg�1 pro-

tein. The highest two values (16 and 9.5 nmol min�1 lg�1

protein) occurred in June and August respectively (Fig.
7). As shown previously, when the values were adjusted

of seawater volumes, these periods of high activity were

Fig. 3. Seasonal variations of total and zooplankton activities

(nmol l�1 h�1).

Fig. 4. Seasonal variations of the zooplanktonic activity and the total

activity ratio.

Fig. 2. Analysis of activity according to Eadie Hofstee method.



due to a greater contribution from the high activity

component.

3.2. Relationship between phosphatase activity and zoo-

plankton density

As we have previously shown (Jamet et al., 2001), the

Toulon seaport contains high densities of zooplankton,
the abundance of which varies with the seasons. The

total phosphatase activity and the density of zooplank-

ton seemed to vary in parallel. But no significant cor-

relation (p > 0:05) was found between enzyme activity

and the total density of zooplankton, whereas strong
correlation (p ¼ 0:002) was found between enzyme ac-

tivity and the density of cirripeds cypris (Fig. 8). We also

found a strong correlation (p ¼ 0:001) between the

percentage of zooplanktonic activity and cypris densi-

ties. The number of cypris was particularly high in June

and August, which corresponds to a period of high

phosphatase activity. This correlation was due solely to

the high activity component (p ¼ 0:05). Moreover,
these larvae seemed to account for the high specific ac-

tivities observed in summer for the total activity of

the >90 lm fraction and its high activity component

(p ¼ 0:05).

3.3. Relationship between phosphatase activity and bac-

terial abundance

To determine whether particle-bound bacteria were

involved in the phosphatase activity of the material

collected on the >90 lm filters, we monitored the hy-

drolysis of p-NPP over 24 h periods in the presence of a

high p-NPP concentration (15 mmol l�1). In these con-

ditions, an increase in activity with time was observed.

This phenomenon was related to the presence of enzyme

producing bacteria. This can be demonstrated using the
particulate material collected on filters of between 0.25

and 5 lm in size. This material contains high propor-

tions of bacteria, whereas the >90 lm in size material

contains above all zooplankton. The Fig. 9 showed that

the increase in the enzyme activity was particularly high

for this 0.25–5 lm fraction.

To quantify this increase, the ratio between the ac-

tivity measured after 24 h and the beginning of the
assay (T0) was calculated for the two size class fractions

(R values). Higher values were found for the 0.25–5 lm

fraction and confirmed the relation of R to the bacteria

density. This ratio was then studied as a function of the

substrate concentration (Fig. 10). In such conditions, R
values increased with p-NPP concentration up to 2 mM

and were stabilised for higher concentrations. More-

over, they were always lower for the >90 size class than
those of the 0.25–5 lm size class. Such results suggest

that p-NPP, or the products of its hydrolysis (Pi),

promote the growth of bacteria which were initially

present on the filters. Consequently, R values can be

taken as a quantitative indication of an attached bac-

terial activity.

Important seasonal changes in the R values were

found for the two fractions. For the >90 lm size class,
the R value never exceeded 2 and was highest in January,

February, March, April and September (Fig. 11). Thus,

during these periods, particle-bound bacteria accounted

for a significant part of the activity of the >90 lm

Fig. 5. Seasonal variations of the low and the high activity components

(nmol l�1 h�1).

Fig. 6. Relative contribution of the low and the high activity compo-

nents.

Fig. 7. Seasonal variations of the specific activity (nmol l�1 lg�1).



fraction. If we compare the seasonal variations of this
ratio with those of the high activity component of this

fraction, it can be seen that the highest R values occurred

when the enzyme activity was low and vice versa. This

means that bacteria account for a minor part when en-

zyme activity was high. For the 0.25–5 lm fraction the R
values increased up to 120-fold between January and

September (Fig. 9).

4. Discussion

This study confirms that a specific group of

zooplankton (Cypris larvae) accounts for a significant

proportion of the total particulate phosphatase activ-
ity in Toulon bay (Bogé et al.). Conversely, several

authors demonstrated that the major particulate activ-

ity is supported by bacteria or phytoplankton (Olsson,

1990; Giraudet et al., 1988; Chrost et al., 1986; Berman,

1970; Stewart and Wetzel, 1982). These differences may

be related to the fact that our experiments were carried

out in seawater to mimic natural conditions as closely

as possible. The pH of seawater is far from the optimal
pH for phosphatase activity, which is alkaline in the

case of alkaline phosphatase or slightly acidic in the

case of acid phosphatases. We previously observed

that an increase in pH changes the contribution to al-

kaline phosphatase activity, and stimulate the activity

Fig. 8. Seasonal variations of zooplankton activity in relation with cypris densities.

Fig. 11. Seasonal variations of p-NPP hydrolysis (R calculated with

>90 lm size fraction).

Fig. 9. Seasonal variations of p-NPP hydrolysis (R calculated with

0.25–5 lm size fraction).

Fig. 10. Evolution of R calculated for the two size classes in relation

with p-NPP concentrations.



of bacteria and phytoplankton whilst inhibiting the

activity of zooplankton (Gambin et al., 1999). In these

conditions, several enzymes could be responsible for

this total activity, such as alkaline acid phosphatases, or
nucleotidases (Ammerman and Azam, 1985).

The total phosphatase activity consisted of a high

activity component and a low activity component. Al-

though, we did not analyse the Km due to the possible

effect of phosphorus (a competitive inhibitor of phos-

phatases), the Eadie Hofstee curves indicated that the

low activity component had a higher affinity for the

substrate (mean Km: 0.062 mM) than the high activity
component (mean Km: 2.2 mM).

In the presence of saturating concentrations of the

substrate, the high activity (low affinity) component

varied considerably with the seasons. The most signifi-

cant correlations were found with plankton and cirri-

peds densities. These observations confirmed that the

highest specific activities were due to the presence of

these larvae (Bog�ee et al., 2002). Toulon bay is charac-
terized by high zooplankton densities and a low diver-

sity index. Sixteen taxonomic groups of zooplankton

have been recorded in Toulon bay (Jamet and Ferec-

Corbel, 1996) among which copepods were the most

abundant group. The dominant species was Oithona

nana throughout the entire study period (Jamet et al.,

2001) but the highest enzyme activities were associated

with the presence of Cypris (cirripeds) at the end of the
spring and in the summer. Cirripeds are common on the

Mediterranean coast. The cypris stage occurs between

the naupliar instar stage and the appearance of sessile

adults (Anderson, 1994). Our results show that these

larvae make an important contribution to the activity of

the low affinity component.

The low activity/high affinity component probably

plays an important role in natural conditions due to the
low concentrations of organic phosphorus. Unfortu-

nately, the relationship between this component and the

densities of zooplankton or cirripeds is less clear than

between the high activity component and these densities.

Indeed, no significant correlations were found between

the low activity component and total zooplankton or the

major taxonomic groups. Minor groups may be also

responsible for this activity, as for the high activity
component.

When the zooplankton and cirriped densities were

low, enzyme activities were also low. In such conditions,

our results showed that part of this activity was sup-

ported by particle-bound bacteria. The role played by

attached bacteria was established following the increase

in enzyme activity after 24 h incubations with p-NPP.

This increase may result from the utilisation of p-NPP
or products of its hydrolysis by bacteria for their

growth. This has been attested on the 0.25–5 lm fraction

which contained high bacteria densities. The activity of

this size class over 24 h increased to a greater extent,

especially from June which suggests that bacteria used

p-NPP more efficiently during this part of the year. In

the case of the >90 lm fraction, the increase of the ac-
tivity within 24 h was generally less marked, but it was

observed all year round. Moreover, this increase (the R
ratio) was greater when activities and cirriped densities

were low. In this case, a large part of enzyme activity

was supported by bacteria. In contrast, when we ob-

served high cirriped densities, the R ratio were always

low. These results confirm that the high activities ob-

served in summer were not due to attached bacteria but
to specific organisms such as Cypris.

Bacteria-crustacean interactions are important in the

‘‘microbial loop’’ and biogeochemical cycles in general,

especially in polluted areas with increased bacteria

densities (Carman and Dodds, 1997). Epibiotic bacteria

associated with crustaceans are metabolically quite

active (Anderson and Stephens, 1969; Carman, 1989,

1990). They have also enhanced activities (De Angelis
et al., 1991). The contribution of attached bacteria to

overall bacteria production is highly variable. It is gen-

erally accepted that in estuarine and oceanic water col-

umn, most bacteria are unattached, free individual cells

suspended in the water. A small fraction is attached to

particles but rarely to living phytoplankton or zoo-

plankton. However Carman (1994) showed that epibio-

tic bacteria living on the copepod Labidophora sp.
account for approximately 20% of the total bacterial

activity in the polluted Gulf of Mexico. These bacteria

may have been ingested by zooplankton. In Toulon

seaport, the copepod O. nana accounted for 80% of all

zooplankton. This species is known to be omnivorous

and to feed on bacteria and phytoplankton (Lampitt

and Gamble, 1982). The part played by ingested bacte-

ria in zooplankton activity has been extensively dis-
cussed. The characterization of phosphatases excreted

by zooplankton using gel filtration (Jansson, 1976),

gel electrophoresis (Wynne and Gophen, 1981) and an-

ion exchange chromatography (Boavida and Heath,

1984) indicated that the enzymes released from zoo-

plankton were indeed produced by the animals them-

selves and not by components of their food. Bacteria

associated with the external surfaces of zooplankton
might also produce phosphatases. However, no cor-

relation was found between R values and bacterial

density.

In conclusion, this work confirms that the highest

phosphatase activities are associated with the presence

of cyprid in Toulon Bay. These results showed the im-

portance of our choice in zooplankton sampling. It

shows that a high activity component, probably with
low Km, is responsible for this relationship and that part

of this activity is due to bacteria, especially when enzyme

activity was low.
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