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Abstract The availability of different forms of nitrogen
in coastal and estuarine waters may be important in
determining the abundance and productivity of different
phytoplankton species. Although urea has been shown
to contribute as much as 50% of the nitrogen for phy-
toplankton nutrition, relatively little is known of the
activity and expression of urease in phytoplankton.
Using an in vitro enzyme assay, urease activities were
examined in laboratory cultures of three species:
Aureccoccus anophagefferens Hargraves et Sieburth,
Prorocentrum minimum {Pavillard) Schiller, and Tha-
lassiosira weissflogii (Grunow) Fryzell et Hasle. Cultures
of P. minimum and T. weissflogii were grown on three
nitrogen sources (INO;", NH,”, and urea), while
A. anophagefferens was grown only on NG;™ and urea.
Urease was found to be constitutive in all cultures, but
activity varied with growth rate and assay temperature
for the different cultures. For 4. anophagefferens, urcase
activity varied positively with growth rate regardiess of
the N source, while for P. mimipuum, urease activity
varied positively with growth rate only for cultures
grown on urea and NH, . In contrast, for T. weissflogii,
activity did not vary with growth rate for any of the N
sources. For all species, urease activity increased with
assay temperature, but with different apparent temper-
ature optima. For 4. anophagefferens, in vitro activity
increased from near 0-30°C, and remained stable to
30°C, while for P. minimum, increased in vitro activity
was noted from near 0-20°C, but constant activity was
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observed between 20°C and 30°C. For 7. weissfloggii,
while activity also increased from 0°C to 20°C, subse-
quent decreases were noted when temperature was ele-
vated above 20°C. Urease activity had 2 half-saturation
constant of 120-165 pg atom N 7! in all three species.
On both an hourly and daily basis, urease activity in
A. anophagefferens exceeded nitrogen demand for
growth. In P. minimum, urease activity on an hourly
basis matched the nitrogen demand, but was less than
the demand on a daily basis. For T. weissflogii, urease
activity was always less than the nitrogen demand. These
patterns in urease activity in three different species
demonstrate that while apparently constifutive, the
regulation of activity was substantially different in the
diatom. These differences in the physiological regulation
of urease activity, as well as other enzymes, may play &
role in their ecological success in different environtments.

Introduction

Under most growth conditions, phytoplankton tend to
prefer reduced forms of nitrogen (NH: ™ and urea) over
oxidized forms (NO; and NO3;™), even when oxidized
forms are available in higher concentrations. The con-
tribution of NH; " to phytoplankton growth and nu-
trition has been extensively studied, while the use of urea
has been less well studied. Although urea generally
constitutes only a small fraction of the total dissolved
organic nifrogen pool in coastal and estuarine waters, it
has been shown to contribute > 50% of the total ni-
trogen used by phytoplankton in some estuarine and
coastal environments (McCarthy1972, 1977; Harvey and
Caperon 1976; Furnas 1983; Kaufiman et al. 1983;
Harrison et al. 1985; Glibert et al. 1991). In addition,
urea can serve as the sole source of nitrogen for many
phytoplankton species in the field and in the laboratory
(Thomas 1968; Carpeater et al. 1972; Antia and
iandymore 1973; Bekheet and Syrett 1977; McCarthy



950

1980: Oliveira and Antia 1986; Glibert 1998). The
availability of different forms of nitrogen and their rel-
ative tates of utilization are considered to be important
factors contributing to the success and productivity of
different phytoplankton species at different times. For
example, preference for urea uptake over nitrate has
heen demonsirated for the “brown tide” organism,
Aureococcus anophagefferens, and urea also stimulates
growth of this species (Berg et al. 1997, Lomas et al.
2001). Most previous tesearch on urea metabolism and
associated urea enzyme activity has been focused on
chlorophytes and diatoms (Antia et al. 1991} In the
present study, a comparison of urease activity under a
range of laboratory growth and assay conditions was
undertaken among a diatom (Thalassiosira weissflogii}, a
pelagophyte (4. anophagefferens), and a dinoflageliate
{Prorocentrum minfinunt).

Urea may be taken up by phytoplankton by passive
diffusion, but its metabolism is an enzymatic process
(Antia et al. 1991). Following its uptake, urea is me-
tabolized to NH4 ™ and HoCO; via one of two pathways
in marine algae: the urease pathway or the ATP:urea
amidolyase pathway. The ATPwrea amidolyase path-
way has been demonstrated only in several classes of
Chlorophyceae. This enzymatic reaction is believed to be
a two-step process involving the ATP-dependent catal-
ysis of urea to allophanate by urea carboxylase, followed
by the allophanate hydroxylase-mediated breakdown to
NH; and H,CO; (Leftley and Syrett 1973; Bekheet and
Syrett 1977}, The predominant pathway of urea hydro-
lysis in other algal classes involves a urease (Oliveira and
Antia 19863, which is a nickel-dependent, metal-protein
catalyzing the hydrolysis of urea according to the fol-
lowing equation:

CO(NH, ),+2H, 5 INH; + H,CO; (1)

The resulting NH; is then assimilated primarily by the
glutamine synthase—glutamate synthase pathway. Inter-
estingly, the production of H,COs3 from the hydrolysis
of urea can also contribute carbon for cell metabolism
{Antia et al. 1977).

Current knowledge about urease activity and ex-
pression in marine phytoplankton is limited. The ob-
jectives of the present study were to assess the
characteristics of urease activity in three bloom-forming
phytoplankton species under varying nilrogen Sources,
temperatures, rates of cell growth, and times of day.

Materials and methods

Culture sources and growth conditions

Three common bloom-forming phytoplankton species were chosen
for this study: the pelagophyte Adwreococcus anophagefferens
Hargraves et Sieburth, the dinoflagellate Prorocentrum minimum
(Pavillard) Schilter, and the diatom Thalussiosira welssflogii
(Granow) Fryxeil et Hasle. Cultures of 4. anophagefierens and T.
weissflogii were obtained from the Provasoli-Guillard Natiopal
Center for Culture of Marine Phytoplankton (CCMP clone BITW

and COMP clone 1708, respectively). The P. minimurm culiure was
isolated from a Chesapeake Bay water sample by A, Lewitus and
subsequently maintained in the Horn Point Laboratory culture
collection.

From 1999 to 2000, cultures were grown wler semi-baich
conditions, and experiments were performed during the exponen-
tial phases of growth. For growth rate comparisons, some exper-
iments were also conducted in early and late exponential phases.
All cultures were grown on artificial seawater media {4060 mM
NaCl, 20 mM MgS0,7H,0, 10 mM CaCly, 1.7 mM KBr, 10 mM
K1, 20 mM MgCl6H,0, and f/2 vitamin mix and trace metals),
with 72 NGs, NH, Y, or urea as the nitrogen source, depending
on the particular experiment being conducted. For 4. ano-
phagefferens, cultures failed to grow on NH;", consistent with
previous observations of baitch culmre growth of this organism
{Cosper et al. 1989). Thus, A. anophagefferens was grown only on
NO; and urea, while P. mininuin and T, weissflogii were grown on
NO;~, NH;*Y. and urea. In all cases, the artificial seawater was
autoclaved for 2 h, and the nitrogen substrates were added by
sterile filtration to limit contamination by bacteria. Cultures of
A. anophagefferens were also supplemented with HySeO; at a final
concentration of 10 nM. Al cultures were grown in 2-1 bottles at
20°C, at 100 uM photons m > 7' light intensity, under a 12h
light:12 h dark cycle.

For the P. mininuen and 7. weissflogif cultures, cell counts were

made using a Coulter multisizer. Specific growth rates (1) were
calenlated from cell counts using the formula:
g =10 {C/Co)/ (1 — to) 2
where ¢, and ( represent the celf counts at time 1 () and
time O {tg). For 4. anophagefferens, the size of the cells precludes
use of the mudtisizer for cell counts. Therefore, cell Aunorescence
was used and calibrated against cell number In an independent
experiment. A conversion factor was obtained based on the re-
gression of the fluorescence measurement (Turner Designs mod-
el 10 fuorometer) and cell counts (How cytometer, Becton
Dickinson; A =099, »=8). Cellular nitrogen content of all cul-
tires was obtzined by filtering 50-ral aliquots of culture onte pre-
combusted 25-mm GF/F filters and analyzing with a Control
Eqguipment CHN analyzer.

Cultures used were unialgal, but not axenic. There has been
only limited success in growing A. anophagefferens axenically (e.g.
Berg et al. 2002). Protocols were used throughout all phases of the
experiments to minimize bacterial contamination. Bacterial con-
tributions to the enzyme assays cannot, however, be discounted.
Thus, in ao attempt to estimate bacierial coniribution to the en-
Zyme assays, 2 comparison using two sets of filters was undertaken
using P. mininwm. Bacterial contribution to the overall urease ac-
tivity of P, mininuan was estimated by modifying the cefl-harvesting
method to either exclude or include proportionately more bacteria.
The assay method utilized for this experiment requires the use of
glass fiber flters when harvesting cells. Glass fiber filters break
apart during the tissie-grinding phase of the assay, and actually aid
in rupturing cellular membranes. To estimate the potential contri-
bution of bacterial urease activiey to the total activity in the culture,
urease activities of P. minirusn {rom cultares grown on wrea and
NH,* sources at exponential growth phase, and filtered onto
Whatman GF/C filters (nominal pore size=1.3 pm) and GF/F
filters {nominal pore size=0.7 um) were compared. At the same
time, the bacterial counts from whole culture water {NH," -grown
culture} and from the filtrates from the GF/F and GF/C filrations
were determined by flow cytometry.

Internal urea pools and celf volume estimations

Internal urea concentrations for these three species were determined
for the cultures grown on urea at mid-exponential phase, Triplicate
samples, 25-50 mlin volume, were filtered onto precombusted GF/F
fiters at low vacuum and rinsed with copious amounts of artificial
seawater. The filters, along with 5 ml of boiling deionized water, were
placed in scintillation vials that had been acid-washed and baked



(450°C for 1 h). They were capped using a Ener-less polyethylene cap,
shaken vigorously, and then frozen at ~20°C. At a subsequent time,
but within 30 days, the extracts were thawed and analyzed for urea
concentration {Parsons et al. 1984).

Microscopic sxamination showed T, welssfogii was cylindrical
and P. minfmum was roughly spherical. Cell volumes were deter-
mined using the equations for a cylinder and sphere, with diameters
determined from the muitisizer. Cell volumes of 4. anophagefferens
were aise calenlated as a spherical shape, with diameters deter-
mined from the flow cytometer,

Enzyme extraction and assay

There are several techniques for measuring urease activity based on
one of the products of the hydrolysis of urca. The indophenol
colorimetric method measares the NH, " released by enzymatic
hydrolysis (Mobley and Hausinger 1989; Peers et al. 2000} and has
been shown to be very sensitive for detailed kinetic analyses. in the
present study, the urea hydrolysis method of Peers et al. (2000) was
used with some modifications. First, the use of bovine serum al-
bumin (BSA) to stabilize the enzyme, as recommended by Peers
et al. (2000), was eliminated, in order to avoid the high background
contamination of NH,* associated with BSA. To test for loss of
stability of the enzyme in the absence of BSA, replicale urease
samples {(n=6} of P. minimum cultures grown on urea at mid-
exponential phase were collected, and run with and without the
addition of BSA. Those experiments {data not shown} indicated
that there was no loss of urease stability as a consequence of the
removal of BSA. Second, the Peers” method recommends inacti-
vation of the enzyme by one of two methods: heat (100°C water
bath, 60 s}, or addition of HCl, followed by subsequent neutral-
ization with NaOH. However, the indophenol method of NH4™"
determinaiion is pH sensitive. To avoid possible problems associ-
ated with pH shifis, the addition of HCI to inactivate the enzyme
was not gsed. Furthermore, preliminary resulis suggested incom-
plete inactivation of the enzyme following a 100°C, 60 ¢ water bath.
To compensate for this incomplete inactivation of nrease activity
after heat treatment, the method was modified to inchide the
addition of the indophenol NH,™ reagents to the f, samples
immediately foliowing the addition of substrate. The NH,” assay
results from this modification were treated as a blapk in the
calculation of NH;™ production from urea hydrolysis.

in a preliminary experiment, the pH optimum for conducting the
urease assay was determined for 4. anophagefferens and P. mininuim
(data not showa}. Duplicate samples were collected from cultures
{n=10)} grown on urea at mid-exponential growth, then the rates of
urease activity were measured at three different pH levels (pH 6.0,
7.9, and 10.0} that bracketed the pH used by Peers et al. {2000). The
eptimum for both species was determined to be pH 7.9.

Thus, the detailed protocol for enzyme extraction was as fol-
fows. Filters containing the caltured material were {ransferred to a
Teflon pestle tissue homogenizer tube (Thomas Scientific) on ice.
To this was added 1 ml extraction buffer (50 mM HEPES, pH 7.9;
150 mM phosphate buffer, pH 7.9; 0.3% w/v PVP; 0.1% v/v Tri-
ton 100x; 5 mM EDTA), and the sample was homogenized. The
contents were trapsferred to a clean 1.5 ml microcentrifuge tube.
The supernatant was then clarified by centrifugation at 15,000 rpm
for ~5 min. Of the clarified supernatant, 400 gl was then trans-
ferred to a disposable sterile polystyrene test tube, along with
700 pt cold assay buffer solution (30 mM HEPES; 130 mM phos-
phate buffer, pH 7.9), and 800 yl deionized H,0.

Control tubes at time 0 {#3) were placed in a 180°C water bath
for 60 s. Samples from fg., {17} were transferred to a 20°C incu-
bation water bath. Then, 300 pl of 3 mM urea (equivalent to 10 mg
atom N '} stock was added to all rubes to initiate incubation,
Assay reagents for NH,  detection (Parsons et al. 1984) were
added immediately to 4 controls to determine imitial NH,™
backgroeund levels. Following a 1 h incubation, ¢ samples were
transferred to a 100°C water bath for 60 s to inactivate enzymatic
activity, and then NHs™ detection assay reagents were added.
Samples were allowed to develop color for 2.5 h, and wereread ina
spectrophotometer at 640 nm.
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Experimental manipulations

Separaile cultures were grown under semi-continuons batch con-
ditions to characterize the in vitro urease activity of these species as
a function of nitrogen subsirate and growth rate, assay tempera-
tre, substrate {urea) concentration, and time of day. For all ex-
perimends, comparisons of in vitro urease activity are based on
measurements made from the mid-exponential growth phase;
however, in the examination of the relationship between urease
aciivity and culture growth rate, urease activity from cultures
grown from early exposential to early stationary phase were in-
cluded to increase the range of growth rate variation. For assays at
different temperatures, the cultures for these three species were
grown on urea, samples were harvested during mid-exponential
phase, and ¢rude enzyme was extracted, dispensed into test tubes,
and exposed to temperatures ranging from 0°C to 50°C for 1 h,
when enzvme activity was determined. However, cells were not
acclimated to the temperature prior to the enzyme assay. For the
substrate concentration experiment, the cultures were grown on
urea as the nitrogen source. Samples were harvested during mid-
exponential growth, and crude enzyme extracts were prepared and
enriched with urea in concentrations ranging from 0 to 3 mg atom
N1 Lastly, to determine variability in urease activity with time of
day, cultures of 4. anophagefferens and P. minirmum were grown on
both NO;™ and urea to mid-exponential growth, and at eight in-
tervals during a day/night period, aliquots were withdrawn and
processed as above.

Data analysis

All of the statistical comparisons were done using the Student’s
r-test, with 2=0.05. The urease enzyme kinetics parameters were
iteratively curve-fit, using the Michaelis—Menten equation (Berges
et al, 1994).

Resuits
Bacterial effects

Using filters of differing porosity, a variable bacterial
contribution to enzyme activity should be measurable
if bacteria were contributing significantly to the mea-
sured rates. The larger pore size of the GF/C fiters
shouid allow a larger fraction of the bacterial assem-
blage to pass through the filter and be excluded in the
assay of enzyme activity. Although some bacteria
would be expected to pass through a GF/F filier, it has
previously been shown that ~50% of bacteria are
retained (Kirchman 1990; Glibert et al. 1995: Bronk
et al. 1998). In these experiments, GF/F filters retained
~80% of the total bacteria, while GF/C fiiters retained
a significantly lower (~30%) proportion of total
bacteria (P <0.05, Fig. 1A}). However. no statistically
significant difference (P>0.05) in the activities of the
GF/C and the GF/F filtered samples was found for the
cultures grown on either NH," or urea (Fig. 1B, C;
n=6), suggesting that the bacterial contribution o the
overall urease activity was likely to be minimal in this
study. Measured bacterial abundance levels in the
cultures of Prorocentrum minimum were about 10%
of those determined in natural estuarine waters of
the Chesapeake Bay, from which P. minimum was
originally isolated (Fig. 1A).
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Fig. 1A-C Prorocentrum minimun, A Comparison of bacterial
couats for cultures grown on NH; " and filtered using GF/C and
CGF/F filters in relation to cell count from a natwral bloom of
P. miniruon in the river from which this species was originally
isolated. B Comparison of urease activity of cells grown on NH, ™,
collected on GF/F filters versus GF/C filters. € Same comparison
for cells grown om wrea. Error bars represent SE of three
MeasSurenents

irease activity as a function of nitrogen growth source

Urease activity was observed for all three species re-
gardless of the nitrogen source or growth rate. For
Aureococcus anophagefferens, there were no significant
differences in urease activity between the cultures that
were grown on NO;™ and those that were grown on
urea. For P. minimum, urease activity also showed no
significant difference among the cultures grown on three
different nitrogen sources {Table 1}. Furthermore, the

growth rates of the 4. anophagefferens and P. minimum
cuitures grown on urea were only slightly higher that
these of the cultures grown on NO;™ (Table 1).

In contrast, the urease activity of Thalassiosira
weissflogii grown on NHs™ and urea was significantly
{P<0.05, n==06) higher than that of the same species
grown on NO; (Table 1). The growth rate for
T. weissfiogii cultures grown on urea {p=0.77,
SE=40.13) was significantly lower than that measured
for comparable cultures grown on NG; and NH,™
{P<003, n=6).

Urease activity as a function of growth rate

For A. anophagefferens, urease activity per cell showed a
significant positive relationship with growth rates, for the
cultures grown both on urea (P < 005, n=7) and on
NOy (P<005, n=7; Fig. 2). For P. minipnymn, this
positive trend for urease activity with growth rate was
only observed for cultures grown on urez and NHy"
{(F<0.05 n=6; Fig. 2); there was no significant rela-
tiouship between urease activity and growth rate for cul-
tures grown on NO;™ (P> 0.05, n=8). For T. weissflogii,
overall urease activity did not vary with culture growth
rate, but higher activities were observed exclusively when
the cells were grown on NH4" and urea, while lower
activities were observed when the cells were grown on
NO;7(P<0.05,n=0;Fig. 2). For 4. anophagefferens and
P. minimum, higher urease activity was also observed
during the exponential phase of the culture, when growth
rates were higher than in carly exponential and early
stationary phases. However, this relationship was not
found for T. weissflogii urease activity (Fig. 2D-F).

Urease activity as a {unction
of substrate concentration

The kinetics of urease as a function of substrate (urea)
concentration for these three phytoplankion species
followed the gemeral kinetics of enzyme activity and
was described by a Michaelis-Menten kinetics model
{Fig. 3; Table 2). The values of K, for urease for the

TFable 1 Summary of the urease activities and growth rates {+ 3E) of three phytoplankton species grown on NO;™, NH,"Y. and urea
media. Data represent mean (& SE} values for the number of experiments shown. All measurements were conducted during mid-

exponential growth phase

Species Culture meditm 7 Urease activity Cultare growth
{fg atom N cell ' 1™ rate {day )
Aureococcus anophagefferens NGy 17 6.54 +2.07 0.54+£0.13
Urea 17 603+1.53 0.6610.24
Provocentrum minirm NGy 32 61,751 10.74 0.47:0.17
LUrea 32 64964 12.35 0.58£0G.12
NH, " 6 48 47£22.02 0562013
Thalassiosira weissflogii NO,™ & 19.80+ 5.67 1.63£0.08
tirea & 450741368 0.77+0.13
NH," 6 4471 £9.23 1.3940.23
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Fig. 2 Urease activity as a function of growth rate for dureecoceus
anophagefferens (A}, Prorocenirum minimum (B}, and Thalassiosira
weissflogii {C) grown on urea (circles), NH, ™ (squares) and NO;~
{trianglesy. For A. anophagefferens, each plotted point, with error
bar {+ SE), represents three measurements derived from individual
batch cultures. For P. minimmsn grown on NH,™, error bars
represent six measurements {rom replicated cultures. Panels D-F
show data replotted as a function of growth phase (srage A early
exponential phase; stage B exponentizl phase; wage € eardy
stationary phase). Open bars represent cultures grown on NGOy,
grev buars represent cultures grown om NH,V, and hock bars
represent culiures grown on urea. Data for T weissflogii at carly
stationary phase are not available (N/4)

three species were in the same range {120-163 ug atom
N 1% Table 2). However, as these species vary in size
and in vacuolar content, the calculated pn., varied
considerably between species. Values of pua, also were
dependent on the unit by which this parameter was
normalized. On a cellular basis, the paa, ranged from a
low of <5 fg atom N cell ' h™! in 4. anophagefferens
to a high of > 100 fg atom N cell ! h™ in P. minimum
(Table 2). However, 4. anophagefferens had the highest
urease activity per cell volume, 0.77 fg atomn N pm™
h!, roughly sixfold higher than that for P. mininum,
and more than an order of magnitude higher than that
for ¥ welssflogii {Table 2). As diatoms such as
1. wedssflogit have large vacuoles, the use of cell volume
for normalization may underestimate biomass-specific
activity in these cells. Furthermore, the o {(pua/EKo)
value for urease activity, which is an index of urease
affinity, showed no difference among these three species
{Table 2).

The activity of urease and the kinetic ranges reported
are based on nitrogen-sufficient cells. The intracellular
concentrations of urea were highest for 4. anophageffe-
rens and lowest for T. weissflogii {Table 2), and these
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Fig. 3 Urease activity as a function of urea concentration for
Aurepcoceus anophagefferens (A), Prorocentrum mimimum (B}, and
Thalassiosira weissfogii (C} grown on wurea. Bach plotted point,
with error bar {4 SE), represents three measuremenis derived from
individual batch cultures

intracellular concentrations were all higher than the X,
of urease for these studied species,

Urease activity as a function of temperature

The in vitro activity of urease varied with temperature,
but the extent of this variation differed among species
(Fig. 4). For all species tested, there was an increase in
enzyme aclivity with temperature from 0°C to 20°C.
However, for A. anophagefferens, at temperatures of
20--30°C, the activity of urease ingreased further, while,
for the other two species, there appeared to be either a
leveling off of activity, as in the case of £. mininugm, or
an actual decline, as in the case of 7. weissflogil.

Urease activity as a function of time of day

Variations in urease activity with time of day were de-
termined for two of the three species. For 4. ano-
phagefferens, urease activity was higher during the day
and lower at night (Fig. 5). For P. minimum, urease
activity was more variable, both with respect to light and
dark conditions and nitrogen growth source. For the
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Table 2 Urcase kinetics parameters (£ 8E) for the thres study
species. The half saturation constant (K is expressed in micro-
grams atomic aitrogen per liter, maximum urease acHVItY {fmax} 15
expressed both on a per cell and per cell volume basis, acd affinity
index z is based on volumetric comparisons. Intracellular urea

concentrations {+5E} for three phytoplankien species are also
indicated. All cultures were grown on urea as the growth N source
and measurements were determined al mid-cxponential growth

phase

Species K (pg atom Fmax {TE atom Pmax (I8 atom a Intraceliutar urea
N Ncell* b Num? b concentration (mg atom NI
Aureococcus anophagefferens 144+39.4 4224022 06.76+£0.04 0.68 4.65+0.31
Prorocentrum ninimum 1654457 112484994 4124001 0.71 2712021
Thalassiosira weissflogii 120£353.8 46.26+ 3.6 6.01 3:0.001 .04 0.4240.08
S (3 a
Discussion

A. anophagefferens

A

B minimunm

B

Urease activity (fg atom N cell’ i)

%
3
[ # b 3 5
%
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g C

g 1 2 kil £

Temperature {°C)

Fig. 4 In vitro urease activity as a function of assay temperature for
Aurescoceus anophagefferens (A}, Proroventrura mininmun (B), and
Thelassiosira welssflogii {C) grown on urea. Hach bar, with error
bar (£ 8E), represents three measurements derived from individoal
batch cultures

urea-grown F. munimum culture, urease activity was not
significantly different between day and night {#>0.03,
n=12), while for the NO,y -grown culture, the highest
urease activity was expressed near noon, ~4 h after
lights came on, and the lowest activity was expressed
~6 h after the lights went off (Fig. 5).

The role of urea in aquatic nitrogen cyeling is receiving
increasing attention as it is now recognized as a dynamic
component that contributes significantly to phyto-
plankton nutrition, and potentially to species dynamics
{Berg et al. 1997; Glibert and Terlizzi 1999). However,
there are very few studies that have focused on the
regulation of metabolism of urea relative to the wealth
of studies on the metabolism of inorganie nitrogen. For
aguatic phytoplankton, central to the study of urea
metabolism is an understanding of the dynamics of ur-
ease. A decade ago, virtually all that was known about
ures uptake and metabolism came from studies based on
chlorophytes and diatoms (Antia et al 1991} this
remains largely true today.

The present study focused on several bloom-forming
algae from different taxonomic groups. Auwresccoccus
anophagefferens and Prorocentrum mininugm, are com-
monly observed in the spring and summer in mid-
Atlantic coastal and estuarine waters, and their abun-
dance has previously been shown to correlate with urea
concentrations in the water column and with high rates
of urea uptake (Berg et al. 1997; Glibert et al. 2001}
Since A. anophagefferens and P. minimum have been
associated with increased urea availability in the water
column, nitrogen-sufficient conditions were used in this
study.

Species differences in urease activity

Omne of the most significant findings of this study was
that urease activity was expressed in all three phyto-
plankion specics regardless of the nitrogen source. Urea
uptake has been previously shown to be a constitutive
property of many phytoplankton species growing on
nitrate or urea {e.g. Singh 1990) for two freshwater cy-
anobacteria {4nacysris nidulans and Nostoc muscorum).
However, uptake of urea and urease expression in cells
growing on NH, ™ were previously thought to require an
induction period {Antia et al. 1991). For Thalassiosira
weissflogii and P. minimum in our study, this was not the
case. Inasmuch as A. anophagefferens did not grow on
NH, ", the relationship between NH;" availability
and urease activity is yet to be determined. This study
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Fig. 5 Urease activity as a function of time of day for Aurevceccus
anophagefferens (upper panel) and Prorocentrum mibnimuam {lower
panel) grown on NO;™ (friangles) and urea {circles). Each plotted
point, with error bar (+8E), represents three measurements
derived from individnal batch caltures. Black bar represents 12 h
of darkness

indicates that these organisms may remain peised te
assimilate urea when it becomes availablk, even if they
have been primarily growing on an alternate nitrogen
source. Moreover, for A. anophagefferens and P. mini-
M Erown O UTea, urease activity was positively cor-
related with growth rate, suggesting that urease is
regulated by growth within the celis (Fig. 2).

Lirease activity in the diatom 7. weissflogii, however,
differed from activity in the other species, both as a
function of growth rate and of nitrogen source, indi-
cating that its regulation within the cell may be different
from that of the other two species. A similar variation in
urease activity as a function of nitrogen source was also
observed for the diatom Cyelotella cryptica (Oliveira and
Antia 1986). In that study, rates of urease activity for
cells grown on N0y~ were about 75% those of urea-
grown cells, and the addition of urea induced urease
activity. In the present study, urease activity in
T. weissflogii grown on NO;~ was <50% of that in
NH " and urea-grown cells. Previously, however, Peers
et al. (2000) found, for the same diatom, that urease
expression did not differ with nitrogen source in nitro-
gen-replete conditions. Peers et al. (2000) also found that
urease activity in the diatom 7. pseudonana was low in
NH, " -grown cultures and was induced by the additions
of NOy and urea.

The urease of all species tested had a similar affinity
for urea, when grown on urea as the growth IN source, as
shown by comparable K, and o values (Table 2; Fig. 3).
Variability observed in the maximal velocity {gma) of
the enzyme reaction is a function of cell size and cell
volume. Cell size and volume are also related to the in-
ternal concentration of nutrient within these cells. In this
study, cultures were grown under nitrogen-replete con-
ditions, so the intraceliular urea concentrations reflected
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near-maximal values. In all cases, the internal concen-
trations were higher than the K, value of the enzyme.
The diatom T weissflogii has previously been shown not
to accurnulate urea in high concentration in imternal
pools, even when retaining the ability to utilize urea for
growth (Conover 1975; Oliveira and Antia 1986; Antia
¢t al. 1991), and our results for internal urea concen-
trations in 7. weissflogii also showed a significanily
lower concentration than for the other species {Table 2).

Ambient urea concentrations in estuarine and coastal
waters are normally <1 pM, although significantly
higher concentrations, up to 10 pM, have been reported
for the southern German Bight and Chesapeake Bay
(Turley 1986; Glibert et al. 2001). However, these am-
bient urea concentrations are still very low compared to
urease K., values measured in the present study. Thus,
the extent to which phyvtopiankton can maintain either a
high intracellular urea concentration under low ambient
urea concentration or a high uptake rate of urea mto the
cells will determine the importance of urea in phyto-
plankton nutrition. Based on rates of urea uptake in a
previous study of a natural P. minimum bloom (Fan
et al, unpublished data, 9.98-21.22 fg atom M eell™!
k™) and measurements of cell volume from the present
study, P. minimum would have the abﬂit%f to build an
internal urea pool of 2-40 mg atom N 17" in 1 h in an
ambient concentration of 0.5 pg atom N 177, if assimi-
lation and release were negligible. If assimilation were
occurring, higher uptake rates would be needed to sat-
urate the activity of urease. However, the mechanism by
which these phytoplankton take up urea and maintain a
high internal pool of urea is still unciear.

Internal pools of urea may also be a product of an-
other metabolic pathway, in addition to transport across
the cell membrane. This pathway, the urea cycle, con-
verts surplus nucleic acid bases (purines and pyrimi-
dines) to simpler amino acids and urea. This cycle is also
thought to be regulated by the nitrogen content of the
phytoplankton cells (Antia and Landymore 1973}
Although energy-requiring, this pathway is a means for
cells to comserve nutrients. Urea produced by this
pathway is then available for assimilation within the cell,
the same as urea acquired from the external medium.
Regulation of the urea cycle within these species, or the
extent to which this process may have contributed fo
internal urea pools in these experniments, is not under-
stood at this time.

Differences in urease activity among the study species
were also observed in the enzymatic responses to
changes in temperature and to day-night cycles.
Although the temperatures tested in this study encom-
passed a wider range than would normally be encoun-
tered in the field for these species, they do give an
indication of the general responses to temperature shifts
from ambient growth conditions. For P. minimum and
7. weissflogii, highest activities were observed at 20°C.
For A. anephagefferens, activity continued to mcrease up
to S0°C, with a near doubling of activity as temperatures
were elevated well above 20°C (Fig. 4). Many enzymes
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start to denature at temperatures near 30°C. On the
other hand, one of the common methodologies for as-
saying urea concentrations involves the enzymatic de-
gradation of urea to NH; " (McCarthy 1972). This assay
is carried out at 30°C, and even 60°C under some
modified protocols, to optimize the reaction. Jahns et al.
(1995) also reported that urease from two cyanobacteria
was heat stable.

Differences in urease activity were also noted with
time of day for the two non-diatom species, and were
also a function of the nitrogen source. For urca-grown
cells, A. anophagefferens had a clear day-night difference
in activity, while P. minimum maintained sinyilar activity
throughout the day. For NO; -grown cells, however,
both species had generally lower urease activity levels in
the dark than in the light (Fig. 5).

tirea activity and nitrogen demand

If urease activity is indeed expressed under virtually all
growth conditions examined, it is interesting to calculate
the contribution of urea to the cellular nitrogen demand.
Peers et al. (2000) first reported that urease activity in
two marine diatoms could account for the cell nitrogen
assimilation rate in a urea medium. In our study, urease
activity and daily nitrogen demand can be calculated on
an hourly basis for all three species grown on urea, and
for A. anophagefferens and P. minimum comparisons ol
urease activity and nitrogen demand can also be made
on a daily basis.

To calculate the hourly nitrogen demand, the partic-
ulate nitrogen per cell content for each species was mul-
tiplied by the mean daily growth rate and then divided by
24. For A. anophagefferens, the urease activity based on
daylight-measured rates exceeded the nitrogen demand
for cell growth nearly fourfold, while for P. minimmum, the
urease activity nearly balanced the nitrogen demand for
cell growth (Fig. 6). On the other hand, for the diatom
T. weissflogii, urease activity was not sufficient to account
for the cellular nitrogen demand (Fig. 6}.

Daily rates may differ from hourly rates due to diel
patterns in activity. When a daily rate was estimated,
based only on the number of hours during which urease
activity was expressed, the rates for 4. anophagefferens
and P. minimum were lower than the estimated hourly
rates. For A. anophagefferens, however, even on a daily
basis, the activity of the enzyme still exceeded the ni-
trogen demand of the cells. The daily urcase act;vﬁy for
A. anophagefferens was 0.16 pg atom N cell™ day ™!
fourfold higher than the daily demand of 0.04 pg atom
N celi™! day !, For this species, the only species for
which urease activity appeared to exceed both the hourly
and the daily nitrogen demand, there are mmportant
implications for maintaining such high activity. The re-
sult could be a flux of NH,  from the cells, due to the
high rate of urea hydrolysis and an excess of NH4 " that
would not be assimilated by the cells (Price and Harrison
1988}
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Fig. 6 A Comparison of urease activity ((Oper burs) versus nitrogen
demand {sofid burs) calculated on an howrly basis for Aureococens
anophagefferens, Prorocentrum minimugn, and Thalussiosira welssf-
logii grown with urea as nitrogen subsiraie. B Same comparison
calculated on a daily basis for 4. anophagefferens and P. minirngmn.
Each bar, with error bar (£+8E), represents three measurements
derived from individual batch cultures

For P. minimum, urease activity, which on an hourly
basis under daylight conditions nearly balanced the ni-
trogen demand, was lower on a daily basis (0.96 pg atom
Ncell™ day i} than the daily nitrogen demand (1.34 pg
atom N celi’ day™!). The daily rate for T. weissflogii
cannot be calculated from the data presented, bui, were
there a diel change in activity, # would only exaggerate
the discrepancy observed on an hourly basis.

Comparisons between ureaseand nitrate
reductase activity

in a recent study {Lomas and Glibert 2000, two of the
same test species, T weissfloggii and P. mininum were
compared in simitar batch experiments focused on NG;™
reductase activity. The differences between species, and
between enzyme activities of NO;” reductase and urease,
can be compared (Table 3). For T. weissflogil, whereas
the internal urea concentrations were relatively low and
the extent to which urea contnibuted to the nitrogen
demand was alse lowest of the species studied, for NGy~
reductase a vastly different patiern was observed. In that
case, very large internal NOy™ pools were measured, and
the uptake of NO3;~ was nearly twice as high as the
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Fable 3 Thalusviosira weissflogii, Prorocentruym mtinimum, Comparison of biochemical parameters for NO; reducatase (VR) and urease
for N-sufficient, semi-continuous batch cultures. Results for NR from Lomas and Glibert (2000}

T, welssflogpii

P, minimum

NO;” concentration
or NR activity

Ulrea concentration
OF Urease activity

NG, concentration
or NR activity

Lirea concentration
oI urease activity

Internal puirient concentration 40.1
{mg atom NI'")

Enzyme K (mg atom N 175 005

Celi-specific activity (fz atom N cell ' b1 91

Ratio of cell-specific activity 1.9

to demand (hourly basis)

0.42 Not detected 21
0.12 L6 0.17
0 3 65
0.17 0.3 0.97

nitrogen demand (Table 3). Furthermore, the K, for
NOy reductase activity was quite fow, 0.05 mg atom N
1!, indicating very high affinity for this substrate, while
that for urease was higher, 0.12 mg atom N 17" The
enhanced capacity of 7. weissflogii to take up and reduce
NO;” over that needed to balance the nitrogen demands
of the cells may be independent of nutritional require-
ments. This capacity has been hypothesized to com-
pensate short-term energy imbalances in the cell, which
may occur when cells are exposed to environmental
conditions such as rapid changes in light or temperature
{i.omas and Glibert 1999, 2000}.

For P. mirirmum, the affinity for NQO3™, as measured
by the K, for NO; reductase was much lower than that
for urea (Lomas and Glibert 1999). The K, for NG;~
reductase was about seven-fold higher than that for
urease for this species (Table 3). Internal NO; con-
centrations were not detectable {(Lomas and Glibert
1999}, whereas large internal urea concentrations were
measured in the present study {e.g. Table 2). Further-
more, when activity was compared to nitrogen demand
for P. minimum, there was rough equality with urease
activity on an hourly basis, but insufficient NOQ;™ re-
ductase activity to meet the nitrogen demand (Table 3).

Ecological implications

There is considerable evidence that different species of
phytoplankton tend to dominate under environmental
regimes differing in their nutritional quality (Paerl 1988;
Smayda 1990, 1997 Lomas and Gilibert 1999}, One
measure of nutritional quality is the type of nitrogen
available. Of the three phytoplankton species in this
study, blooms of the non-diatom species 4. gpo-
phagefferens and P. minimum tend to be correlated with
low NO;™ and higher NH,” and/or DON supply (Gli-
bert et al. 2001; Lomas et al. 2001}, In fact, in tributaries
of Chesapeake Bay, high urea concemtrations were
found to precede large blooms of P. minimum in spring
(Glibert et al. 2001). Alsc, comparisons of uptake ki-
netics suggest that these species prefer to take up NHy ™
and urea over NO;~ (Berg et al. 1997; Fan, unpublished
data). Similarly, high concentrations of other dinofla-
gellates have been shown to be associated with sither
elevated concentrations of urea or elevated rates of

uptake of this nitrogen source (Glibert and Terlizzi 1999;
Kudela and Cochlan 2000}, By contrast, diatom blooms
are more frequently associated with conditions of higher
NQO3;” supply, as they have physiclogical adaptations
that permit them to exploit NO;y (Takahashi and Fu-
kazawa 1982; Lomas and Glibert 1999, 2000). Enzyme
regulation, including urease and NO;~ reductase, is
central to the physiological regulation of nitrogen up-
take by phytoplankton. The differences in enzyme ac-
tivities reported here are consistent with diatoms having
greater affinity for NO4 ™ uptake and reduction, while the
dinoflagellate and pelagophyte studied here have higher
affinity for urea. Ecologically, there are many other
factors that coatribute to the high abundance of one
species over another, including turbulence in the water
column {e.g. Margalef 1978) and the rate of grazing. As
we gain a further understanding of the factors regulating
these enzymes in different species, we will gain a beiter
understanding of their competitive ability in different
enVIronments.
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