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Uptake of urea by estuarine bacteria
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ABSTRACT: Uptake of urea was studied in batch cultures of natural bacterial assemblages or in
GF/C filtered water from 4 estuarine sites, and was related to utilization of other N compounds and
the total bacterial N production. During spring in Roskilde Fjord, Denmark, urea uptake varied 100fold and sustained 0.6 to 44% of the bacterial N demand, while uptake of dissolved free amino acids
(DFAA) met 12 to 53% of the N demand. Enrichment with NH4+ and DFAA reduced the urea uptake
by up to 2.8-fold, demonstrating a higher preference for NH4+ and DFAA than urea. In Knebel Vig,
Denmark, bacterial uptake of urea varied significantly during a 9 d provoked algal bloom (mesocosms enriched with N, P, or Si). At Day 1, uptake of urea and DFAA was similar, but during development of a diatom bloom, bacterial urea uptake either increased 7-fold (Day 5) or was insignificant
(Day 9). In contrast, urea uptake in the control mesocosms remained unchanged. Urea uptake by the
bacterial assemblages was on average 1.6-fold higher than the in situ (bacteria and algae) dark
uptake, which again was 16-fold lower than the in situ light uptake. Urea sustained 0.2 to 30% (nutrient-enriched mesocosms) and 9 to 41% (control) of the bacterial N demand, but NH4+, NO3– and
DFAA were more important N sources. Bacterial preference for urea or NH4+ alone, or in combination with glucose, was examined in the Limfjorden estuary, Denmark. Relative to controls, a 2-fold
higher biomass was produced whether NH4+ or urea was the N source, but urea sustained < 30% of
the N biomass production and was less important than the ambient DFAA pool. In contrast to the Limfjorden studies, when enriched with glucose, bacteria in Santa Rosa Sound, Florida, USA, produced
a lower biomass with urea than with NH4+. Enrichment with urea stimulated the DFAA assimilation,
peptidase activity and utilization of NO3–, and urea made up < 50% of the N incorporation. The studies demonstrate that urea uptake rates by estuarine bacteria are variable and often unpredictable.
Uptake of urea will typically be lower than of NH4+ and DFAA, but occasionally, urea uptake can be
of importance similar to NH4+ and DFAA.
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Urea is a nitrogenous waste product being excreted
by many aquatic organisms, including zooplankton,
mollusks, fish and mammals (Antia et al. 1991,
Conover & Gustavson 1999). In addition, bacteria produce urea during degradation of purines and other
nitrogen (N) compounds such as arginine and allantoin
(Vogels & van der Drift 1976). The quantitative significance of microbial urea production in pelagic waters is
unknown, but it has been suggested that urea production by bacteria on sinking particles can be involved in
N cycling by providing ammonium for nitrification
(Cho et al. 1996). A high urea production has been
observed in undisturbed and nutrient-enriched marine
sediments (Lomstein et al. 1989, Therkildsen & Lom-

stein 1994), and most likely reflects microbial degradation of organic matter rather than release by higher
organisms (Pedersen et al. 1993).
Concentrations of urea have been found to vary from
below 0.2 µM in oceanic waters to about 2.5 µM in
estuarine and freshwater sites, and comprise from 0.5
to >10% of the total pool of dissolved organic N (DON)
(Bronk 2002). Higher urea concentrations (up to
12 µM) have been measured in running waters receiving run-off from agricultural areas where urea or
manure is applied as fertilizer (Glibert et al. 2005).
Hence, the urea pool appears to constitute a relatively
large source of low-molecular and labile N.
Urea can be an important N source to aquatic
microorganisms, especially phytoplankton (Berman &
Bronk 2003). In estuarine and coastal waters, urea may
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sustain from 20 to 60% of the algal N demand
(Sahlsten et al. 1988, Glibert et al. 1995). Less attention
has been paid to urea as bacterial N source, although
bacterial urea uptake unintentionally has been
included in studies of [15]N-urea uptake by phytoplankton due to the filter size (typically about 1.0 µm)
used for collection of the [15]N-labeled phytoplankton,
e.g. by Lomas et al. (2002). In most studies on bacterial
N cycling, dissolved free amino acids (DFAA) and
NH4+ have been considered as the major N sources to
bacteria (Fuhrman 1990, Keil & Kirchman 1991).
Attempts to measure urea uptake by bacterioplankton
in short-term studies (2 to 8 h) have either been unsuccessful (open marine waters; Wheeler & Kirchman
1986), or have shown a minor uptake (< 3% of the total
bacterial N uptake in the Thames estuary; Middelburg
& Nieuwenhuize 2000). In contrast, in long-term batch
cultures (> 3 d) of freshwater and marine bacteria, a
sizable uptake of urea has been measured in several
cases (Jørgensen et al. 1998, 1999b, Middelboe et
al. 1998).
Utilization of urea N by algae and bacteria requires
splitting of urea by the enzyme urease. In bacteria, activity of the urease enzyme appears to be controlled by
at least 2 different mechanisms. In Klebsiella aerogenes, synthesis of urease is initiated at low concentrations of ‘high quality’ N such as NH4+ and amino acids
(Friedrich & Magasanik 1977). Since NH4+ (from direct
uptake or deamination of amino acids) at low concentrations is typically incorporated into glutamine (Madigan et al. 2003), the intracellular glutamine level may
activate the urea synthesis as suggested for Pseudomonas aeruginosa (Jahns 1992). In contrast, the presence of extracellular urea has been found to induce
urease synthesis in other bacteria (shown for Proteus
mirabilis; Mobley et al. 1995). Uptake of extracellular
urea may require an energy-dependent urea transport
system as observed in Corynebacterium glutamicum
when grown with urea as the only N source and at naturally low concentrations (Siewe et al. 1998). Thus, bacterial utilization of urea appears to necessitate energy
for production of urease and possibly also for transport
enzymes. This energy expenditure may restrict the
utilization of urea-N by natural bacterioplankton.
In order to examine to which extent natural bacterial
populations in diverse aquatic environments are capable of taking up urea and how this uptake may be
influenced by utilization of other N compounds, assimilation of urea-N was studied in 3 estuaries in Denmark
and 1 in Florida, USA. The uptake was related to the
utilization of ‘high quality’ N sources such as DFAA
and NH4+, and total N uptake by the bacteria. The various sites were chosen to characterize microbial urea
dynamics in environments with a different biological
activity but with a comparable trophic status. Various

methodologies were applied in the different studies as
the focus of the work has been to present general
aspects of urea uptake and its control, rather than
actual site-specific urea uptake rates at 4 locations.
Briefly, the results indicate that urea may sustain a
substantial portion of the bacterial N demand, although NH4+ and DFAA generally appear to be more
important N sources to estuarine bacteria.

MATERIALS AND METHODS
Sampling. Water was collected from the following locations: Roskilde Fjord, Knebel Vig and Limfjorden,
Denmark, and Santa Rosa Sound, northwestern
Florida, USA. All locations are estuarine sites influenced
by anthropological activity to a varying degree. Short descriptions of the sampling sites and information on chemical and biological analyses are given in Table 1.
In order to reduce uptake or production of urea by
organisms other than bacteria, the experimental setup
typically consisted of batch cultures of natural water
filtered through Whatman GF/F filters (nominal pore
size of about 0.7 µm) or 0.8 µm pore-size filtered water
(cellulose nitrate filters, Millipore), which was inoculated into 0.2 µm filtered water (Whatman Polycap filter capsules including a glass fibre prefilter) at a 1:9
ratio. Exceptions were the seasonal study in Roskilde
Fjord in spring 1997 when bacterial production and
uptake of urea and DFAA were measured in GF/C
(exclusion size of about 1.4 µm) filtered water, and
some of the studies in Knebel Vig in which urea uptake
was studied in untreated water.
Analysis of dissolved nitrogen. Samples for chemical analyses were filtered through 0.2 µm, 25 mm
diameter cellulose acetate Millipore or Sartorius membrane syringe filters. The initial 1 to 2 ml filtrate was
discarded before the filtrates were stored frozen in
60 ml acid-washed HDPE bottles (Nagle Nunc).
Dissolved N was determined as total dissolved N
(TDN), including both dissolved inorganic and organic
N (DIN and DON), using a Dohrman DN 1900 analyser
(Teledyne Technologies). NH4+, NO3– and urea were
measured on an AlpKem FlowSolution IV autoanalyzer
(OI Analytical) using standard methods, except for
urea, which was measured with the monoxime
method according to Price & Harrison (1987). Detection limits for NO3– and NH4+ were 0.05 and 0.1 µmol
l–1, respectively.
Manual analysis of urea with the monoxime method
is difficult to perform due to the high reaction temperature (> 85°C) to obtain a detectable color, the quickly
fading color, and formation of precipitate during cooling (Mulvaney & Bremer 1979, Price & Harrison 1987).
In this study, the fading color and precipitation prob-

Triplicate 5 l batch cultures (10% GF/F
filtered water in 90% 0.2 µm filtered water)
that received:
(1) 4.2 µM glucose (25 µM C)
(2) 4.2 µM glucose + 5 µM NH4+)
(3) 4.2 µM glucose + 2.5 µM NH4+ +
1.25 µM urea (2.5 µM N)
(4) 4.2 µM glucose (25 µM C) + 2.5 µM
urea (5 µM N)
Triplicate 4 l batch cultures (10% 0.8 µm
1.4–2.0
filtered water in 90% 0.2 µm filtered water)
to which was added:
(1) 20 µM glucose + 18 µM NH4+
(2) 20 µM glucose + 9 µM NH4+ + 4.5 µM urea
(3) 20 µM glucose + 9 µM urea

July 1995. Water collected
1 m below surface at
Rønbjerg Harbor (4.5 m
water depth)

February 1996. Water
collected at local pier at
1 m depth

Limjorden
(open fjord in
Northern Jutland,
Denmark; 8–13 m
water depth;
23–29 ppt salinity)

Santa Rosa Sound
(5–12 m deep sound
in NW Florida, USA;
25–28 ppt salinity)

0.5–2.0

0.2–1.6

0.8–1.1

0.4–5.5
June:
1.2

1.6–1.8

0.8–1.4

1.0–1.6

16–20

120–145 No data

180–240 No data

Batch
cultures:
Day 1:
190–240
Day 5:
100–160
Day 9:
185–310

0.6–2.4 145–1030 37–55
June:
June:
June:
0.8
150–240
45

Uptake of [14C]-DFAA. Leucine-MCA
activity. Analysis of ammonium,
nitrate, urea and DFAA. Bacterial
density (AODC)1. Bacterial N content
determined assuming 3.5 fg N per
bacterium2

Uptake of [14C]-urea and [14C]-DFAA.
Analysis of ammonium, nitrate, urea
and DFAA. Bacterial N biomass
determined from POC content6

Uptake of [14C]-urea and [14C]-DFAA.
Analysis of ammonium, nitrate, urea
and DFAA. Bacterial biomass (PON)5

Bacterial production ([3H]-thymidine
incorporation). Uptake of [14C]-urea
and [14C]-DFAA. Analysis of
ammonium, nitrate, urea and DFAA.
Bacterial density (AODC)1. Bacterial
N content determined assuming 3.5 fg
N per bacterium2. Chlorophyll a
measured by filtration of untreated
water on GF/F filters3

Chemical and biological
measurements

2

Acridine orange direct counts (Hobbie et al. 1977)
Average bacterial N content from Fagerbakke et al. (1996)
3
Procedure according to Jespersen & Christoffersen (1987)
4
The nutrient enrichment changed the phytoplankton growth in the enclosures as follows: (1) N+P enclosures: Declining diatom population, but increase in numbers of phototrophic flagellates
and picoalgae. (2) N+P+Si enclosures: Development of an intense diatom population that peaked at Day 8. (3) Control enclosures: Declining populations of diatoms and phototrophic flagellates. Source: Baretta-Bekker et al. (1994)
5
Particulate organic nitrogen (N. Kroer unpubl. data)
6
Particulate organic carbon (POC) converted to bacterial N assuming a C/N ratio of 5 (Kroer 1993)

1

0.2–0.6

(1) Natural water samples incubated in situ
in triplicate 250 ml bottles in natural light or
in the dark
(2) 12 l batch cultures (10% 0.8 µm filtered
water in 90% 0.2 µm filtered water) were
set-up in triplicate on Days 1 (start), 5 (early
bloom) and 9 (crash of bloom)

June–July 1994. Water collected in mesocosms (3 m deep
and diameter of 1.75 m).
A bloom situation was
provoked by regular addition
of 14 µM NO3–, 2 µM PO43–
(N+P enclosures), or
additional enrichment of 2
enclosures with 14 µM Si
(N+P+Si enclosures)4

Knebel Vig
(up to 12 m deep
bay in Eastern
Jutland, Denmark;
18–23 ppt salinity)

0.3–0.5

1.0–4.0
June:
7.5

Ambient nutrients during study
(µM, except DFAA in nM and DON in µM N)
NH4+
NO3–
Urea
DFAA
DON

(1) Bacterial production and uptake of urea
and DFAA measured in GF/C-filtered water
(April–June)
(2) Batch cultures of 14 l (10% 0.8 µm
filtered water in 90% 0.2 µm filtered
water). Each of the triplicate cultures
received (1) 30 µM NH4+, (2) 8 µM DFAA,
or (3) were untreated controls

Experimental setup

(1) Seasonal sampling from
April to June 1997
(2) Laboratory batch cultures
16 June 1997
Water collected 1 m below
surface at Stn 60 in the open
fjord at 6 m water depth

Sampling

Roskilde Fjord
(estuary in Northern
Zealand, Denmark;
up to 5 m water depth;
16–18 ppt salinity)

Location

Table 1. Sampling locations, experimental setups, concentrations of nutrients and measured parameters
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lems were eliminated by fast cooling with a high-precision cooling device. After mixing of reagents and
sample at room temperature in the autoanalyzer, the
sample tube was connected to a 1.2 mm diameter,
coiled glass tube in a digitally temperature-controlled
oil bath at 90.0°C (0.1°C). A higher temperature increased the color intensity, but increased the risk of
bubble formation. The temperature of 90°C practically
eliminated formation of bubbles. After heating for
9.5 min in the oil bath, the sample tube was cooled to
15°C in 2 s in a thermo-electric pieltier cooling element. The detection limit was about 0.1 µmol l–1 urea
and a precision of 0.05 µmol l–1.
Dissolved free amino acids (DFAA) were quantified
as fluorescent o-phthaldialdehyde derivatives by
HPLC according to Lindroth & Mopper (1979) and
Jørgensen et al. (1993).
Analysis of bacterial N biomass. Bacterial biomass
in the Roskilde Fjord and Santa Rosa Sound samples
was calculated assuming a bacterial N content of 3.5 fg
N (average value by Fagerbakke et al. 1996). In the
Limfjorden batch cultures, the bacterial biomass was
determined from carbon content of particles retained
on a GF/F filter (analyzed by infrared gas analysis;
M. Middelboe unpubl. data) and assuming a bacterial
C/N ratio of 5 (Kroer 1993). N content of bacteria in the
Knebel Vig batch cultures was measured as particulate
matter on GF/F filters which were assayed in a Carlo
Erba NA 1500 CHN analyzer (Thermo Electron). Previous studies have shown that GF/F filters retain from 93
to 99% of marine bacteria in their late exponential
phase when grown in batch cultures similar to the present cultures (Kroer 1994). Similar retention efficiency
by filtration of bacteria onto GF/F filters was assumed
in the present study as the bacterial biomass typically
was harvested at maximum bacterial density.
Bacterial uptake of urea. Uptake (hydrolysis) of urea
by bacteria was measured from production of 14CO2 in
triplicate 20 ml water samples to which 60 to 75 nCi
(2.20 to 2.72 kBq) [14C]-urea (Perkin Elmer) (= 54 to
68 nmol l–1, or a maximum of 5 to 10% of the natural
concentrations) had been added. The samples were incubated in 100 ml serum bottles with rubber membranes to which small plastic cups were fixed with accordion-folded paper wicks under the membrane. All
incubations were done in the dark in the laboratory
within ± 2°C of the in situ temperature. Incubation of
field samples from Knebel Vig was initiated within 2 h
of sample collection. The urea uptake was stopped after 75 to 210 min by injection of formaldehyde through
the membranes. The samples were acidified with 10%
phosphoric acid to drive off [14C]-CO2, after which the
wicks were soaked with 100 µl β-phenylethylamine to
trap CO2. After 1 h on a shaking table, the CO2 traps
were transferred to 20 ml scintillation vials, which re-

ceived 0.5 ml Carbosorb CO2 absorber (Perkin Elmer)
as an additional precaution to fix CO2 to the wicks, and
15 ml of a commercial scintillation cocktail before
counting. Turnover time of the urea isotope was assumed to be identical to the turnover time of ambient
urea pool. It was further assumed that the N moiety of
urea was incorporated into the bacterial biomass. In
the bacterial cultures, the urea uptake was determined
at regular intervals during the incubation periods.
Uptake of urea by production of [14C]-CO2 from the
added [14C] urea isotope was compared to uptake
measured from changes in urea concentrations in the
Limfjorden microcosms during 36 h (see ‘Results’ and
Fig. 6B). A high agreement between the 2 approaches,
except for the control series, indicates that both methods produce reliable measurements of urea uptake.
The advantage of the isotope approach is that it allows
detection of an uptake being too small to be registered
from a difference in concentration. In most of the present experiments, the uptake of urea was too low to be
detected by differences in concentration.
Bacterial DFAA uptake. Bacterial assimilation of
DFAA was determined from net radiotracer incorporation and actual concentrations of the free amino acids.
Triplicate 5 ml water samples and a killed control (containing 2% formaldehyde) received 10 nCi (367 Bq) of
the following 4 [14C]-amino acids at equimolar concentrations: glutamic acid, serine, glycine and alanine
(Perkin Elmer). These amino acids were chosen as the
DFAA pool at the studied sites was dominated by acidic
and neutral amino acids. Basic amino acids (asparagine,
glutamine, lysine and ornithine) on the average made up
a 7% (4 to 11%) of all DFAA (data not shown). The
added tracers did not exceed 1 nM in concentration, corresponding to a maximum of 1 to 2% of their natural concentrations. The incubations were performed in the dark
at a temperature within ± 2°C of the field temperature.
The uptake was terminated after 30 to 40 min by addition of formaldehyde, followed by filtration through
0.2 µm membrane filters at maximum 25 kPa vacuum,
rinsing with 0.2 µm filtered water, and determination of
radioactivity on the filters by liquid scintillation counting.
Turnover rates of the 4 amino acids were assumed to represent uptake of all DFAA and were used to calculate the
total DFAA turnover. Respiration of [14C]-amino acids
taken up by the bacteria was not measured. This means
that the presented uptake rates, based on C-content of
the DFAA, are net rates. For calculation of DFAA-N
uptake, gross DFAA uptake rates were determined assuming a 50% respiration of the [14C]-amino acids (Jørgensen 1987) and a C:N ratio of 3.2:1 of the amino acids.
It was further assumed that all DFAA-N was incorporated into bacterial biomass. In the bacterial cultures, the
uptake of [14C]-DFAA was determined at regular intervals during the incubation periods.
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Bacterial production. The production of bacteria in
the Roskilde Fjord samples was estimated from bacterial incorporation of [3H]-thymidine (Fuhrman & Azam
1980), using a conversion factor of 1.4 × 1018 cells per
mol thymidine incorporated (Riemann et al. 1990).
Amino peptidase assay. Amino peptidase activity
was measured in the Santa Rosa Sound samples by addition of the substrate analogue leucine-MCA (SigmaAldrich) to subsamples from the bacterial cultures. Enzymatic cleavage of leucine from the leucine-MCA
compound is assumed to represent the bacterial amino
peptidase activity. The enzyme activity was measured
in quadruple 2 ml samples in clear 4 ml 4-way plastic
cuvettes with a final leucine-MCA concentration of
2 µM. The samples were incubated for 5 h within ± 2°C
of the field temperature. Fluorescence of the produced

Urea uptake in Roskilde Fjord
From 17 April to 24 June, the urea concentration in
the fjord was <1 µM, except for 1.35 µM on 13 May,
and was typically lower than the concentration of
ammonium and nitrate (Fig. 1A). Concentrations of

A

5

Nitrate
Ammonium
Urea
Chlorophyll a
DFAA

4

1000
800

3

600

2

400

1

200

0

0

500

DFAA (nM)

NH4+, NO3– or urea (µM)
Chlorophyll a (µg l–1)

RESULTS

1200

6

Bacterial production
(ng N l–1 h–1)

AMC (the compound formed after cleavage of the
leucine-MCA bond) was measured on a LS50 PerkinElmer spectrofluorometer at 380 nm excitation and
440 nm emission wavelengths with a 3 s integration
time. AMC standards of 0 to 5 µM were used to convert
fluorescence intensity to amino peptidase activity.

B

400
300
200
100
0

DFAA or urea uptake
(ng N l–1 h–1)

250

C

DFAA
Urea

39%

200
150

29%

100

30%
44%

50
9%
3.6%
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Fig. 1. Seasonal study in Roskilde Fjord. (A) Concentrations of nitrate, ammonium, urea, DFAA and chlorophyll a, (B) bacterial
production (incorporation of 3H-thymidine), and (C) uptake of DFAA and urea. Means ± 1 SD shown. n = 3, except in (A) where
no replicates were analyzed (typical analytical variation was 4 to 7% N compounds and 8 to 10% chlorophyll a)
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DFAA ranged from 140 to 650 nM, except for 1030 nM
on 20 May, and covaried with concentrations of urea
(Spearman rank correlation p < 0.05). Chlorophyll a in
the fjord water varied from 0.9 to 5.5 µg l–1 and had
highest concentrations in mid May and late June.
In GF/C-filtered fjord water, the bacterial production
ranged from 120 to 500 ng N l–1 h–1 and covaried with
the amount of chlorophyll in the untreated water
(Spearman rank correlation p < 0.02) (Fig. 1B). The
uptake of urea varied significantly, ranging from 1.8
(5 May) to 183 ng N l–1 h–l (24 June) (Fig. 1C). In contrast, assimilation of DFAA was less variable during the
period (28 to 237 ng N l–1 h– l). Assimilation of DFAA
correlated with the bacterial production (Spearman
rank correlation p < 0.02), but changes of the urea
uptake rates did not correlate with any of the measured parameters (concentration of urea, NH4+, NO3–,
bacterial production or DFAA assimilation; p > 0.05).
Uptake of urea was estimated to sustain from 0.6 to
44% (mean of 19.5%) of the bacterial N demand (indicated above the urea columns in Fig. 1C). This was about
1.5-fold lower than the N contribution by DFAA, which
was determined to 12 to 53% with a mean of 31%.

Bacteria x 109 l–1

10

A

Addition of NH4+ or DFAA to batch cultures of bacteria from Roskilde Fjord in June 1997 caused a 2-fold
higher cell production in the DFAA-enriched cultures
than in the NH4+-enriched and the unenriched control
cultures (Fig. 2A). Urea uptake in the controls was on
average 2-fold higher than in the NH4+- and DFAAenriched cultures, except after 42 h when uptake of
urea in the controls was up to 10-fold higher (Fig. 2B).
In the DFAA-enriched cultures, up to 5-fold higher
DFAA assimilation rates occurred, relative to the control and NH4+ cultures (data not shown).
Integration of N uptake by urea and DFAA during
the 150 h incubation period showed that urea was a
minor N source to the bacteria, making up from 0.32%
(+DFAA cultures) to 3.3% (controls) of the DFAA
assimilation (Fig. 2C). DFAA-N sustained 129% (control), 116% (+NH4+ cultures) and 220% (+DFAA cultures) of the bacterial N demand, assuming a N content
of 3.5 fg N per cell. The apparent >100% N contribution by DFAA to the bacterial N biomass probably

24
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Urea uptake (ng N l–1 h–1)

Control
+30 µmol NH4+ l-1
+8 µmol DFAA l -1

12

Effect of N enrichment on urea uptake by Roskilde
Fjord bacteria
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Urea uptake (µg N l–1 150 h–1)
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+ 30 µM NH4 +
+ 8 µM DFAA

0.6

0.32%

C

140
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40

0.3
20
0.0

140

Time (h)

3.3%

0.95%

20

12

140

Urea

0.9

24

16

Time (h)

1.2

B

16

0
0

Control
+ -1
+30 µmol NH4 l
+8 µmol DFAA l -1

0

DFAA uptake (µg N l–1 150 h–1)

232

Fig. 2. Effect of enrichment with ammonium and DFAA on growth and urea uptake by Roskilde Fjord bacteria. (A) Bacterial
density, (B) uptake of urea, and (C) 150 h integrated urea and DFAA uptake, including indication of urea-N vs. DFAA-N uptake.
At start of the incubation, the ambient DFAA, urea and ammonium concentrations were 280 nM, 400 nM and 7.5 µM, respectively. Means ± 1 SD, n = 3. Error bars of the integrated rates in (C) were determined by least squares method
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reflects that the bacterial N content exceeded the
applied literature value of 3.5 fg N per cell.

Bacterial N sources during a provoked algal bloom
in Knebel Vig
During a stimulated summer algal bloom in mesocosms (enclosures) in Knebel Vig, 0.8 µm-filtered
water was collected Day 1 (12 h after addition of N+P
or N+P+ Si) and Days 5 and 9. Bacterial uptake of urea,
DFAA, NH4+ and NO3– in the filtered water was subse-

quently examined in batch cultures during 42 h.
Uptake rates of urea and DFAA were rather similar in
the 3 sets of cultures at Day 1, but at Days 5 and 9 the
rates varied between the cultures (Fig. 3). At Day 5, the
DFAA assimilation was similar in water from the N+P
and N+P+ Si enclosures and was 2-fold higher than in
the controls. The urea uptake was slightly higher in the
controls than in the N+P+ Si cultures, while it was
insignificant in the N+P cultures. At Day 9, the lowest
DFAA assimilation and highest urea uptake occurred
in the controls. In the N+P and N+P+ Si cultures, a
higher DFAA uptake was measured concurrent with

Day 1
Urea

Control
N+P
N+P+Si

160
120

160
120

80

80

40

40

0

0

0

Urea and DFAA uptake (ng N l -1 h-1)

DFAA

8

16

24

32

0

40

8

16

24

32

40

16

24

32

40

24

32

40

Day 5
900

900

Urea

DFAA

750

750

600

600

450

450

300

300

150

150
0

0
0

8

16

24

32

40

0

8

Day 9
500

500

Urea
400

DFAA
400

Urea

300

Control
N+P
N+P+Si

200
100

DFAA

300
200
100

0

0
0

8

16

24

Time (h)

32

40

0

8

16

Time (h)

Fig. 3. Bacterial N dynamics in 0.8 µm-filtered water from Knebel Vig mesocosms enriched with N+P or N+P+ Si. Water from the
mesocosms was collected on Days 1, 5 and 9 and used for bacterial batch cultures. Uptake rates of urea and DFAA in the 3 types
of batch cultures are shown. Means ± 1 SD, n = 3
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The bacterial N biomass in the cultures increased
from Day 1 to Day 9, except for a minor decline from
Days 5 to 9 in the N+P cultures (Fig. 4A). The highest
bacterial cell production was found in the N+P+ Si cultures at Day 9 (6.5-fold increase relative to Day 1).
Integrated uptake rates of DFAA and urea (from the
14
C tracer studies), and concentration changes of NH4+
and NO3– during the incubations, demonstrated that
DFAA and NH4+ were more important N sources than
urea to the bacteria, but the results also showed an
uptake of NO3– in most cultures (Fig. 4B). Urea sustained 0.2 to 8% (N+P cultures), 0.1 to 30% (N+P+ Si
cultures) and 9 to 41% (control) of the bacterial N
demand. Like DFAA and urea, the variable uptake of
NH4+ appeared not to depend on the actual pools in the
water, as rather similar concentrations
of NH4+ occurred in the enclosures
(0.2 to 0.6 µM). Similarly, change to
Control
N+P
N + P + Si
NO3– appeared not to be controlled by
25
the concentration, as a higher uptake
occurred in the controls (about ca.
20
1 µM NO3–) than in the N+P+ Si
cultures
(about 18 µM NO3–). Uptake
15
of the studied N sources on the aver10
age sustained 107% of the bacterial N
demand, ranging from 67% (N+P
5
cultures, Day 9) to 147% (control
cultures, Day 9; Fig. 4B).
0
Uptake of urea in the cultures was
related to the in situ urea uptake in
the enclosures (by alga and bacteria),
Control
N+P
N + P + Si
at either ambient light or in the dark
20
(3 h dark pre-incubated samples).
Urea
0.1/78
Urea uptake as % of
Urea uptake in the dark might be
DFAA
18
bacterial N biomass
expected to reflect the bacterial upAmmonium
Nitrate
take, assuming that algal uptake of
16
+
Urea+DFAA+NH 4 +NO 3 uptake
urea only occurred in the light (see
as % of bacterial N biomass
14
‘Discussion’). A summary of results
from Days 1, 5 and 9 shows that urea
12
30/111*
uptake during 42 h in the cultures
10
16/147
made up from 8 to 450% (mean of
0.5/73
41/137
158%) of the dark community uptake,
8
and that the community uptake at in
0.2/67
6
situ light was 3.4 to 282-fold (mean of
9/127*
9/109*
9/117*
15.8-fold if excluding the extreme
4
high value of 282) above the dark
2
community urea uptake. Details were
as follows: On Day 1, urea uptake in
0
the bacterial cultures made up 30 to
60% of the in situ dark uptake, but the
dark uptake was 10 to 19-fold below
Fig. 4. Bacterial N dynamics in Knebel Vig mesocosms. (A) Bacterial N biomass
that at in situ light (Fig. 5). On Day 5,
after 42 h growth in batch cultures from Days 1, 5 and 9, and (B) 42 h integrated
urea uptake in the bacterial cultures
uptake of urea, DFAA, ammonium and nitrate. In (B), 8 indicates that the contriwas from 0.08-fold (N+P) to 1.7-fold
bution of N from urea, DFAA, ammonium and nitrate exceeded the measured
N biomass (t-test, p < 0.05). Means ± 1 SD, n = 3 in (A) only
(control) and 4.5-fold (N+P+ Si) higher

Bacterial biomass (µg N l-1 42 h-1)

an insignificant urea uptake. The bacterial density in
the cultures at Day 1 covaried with the uptake of urea
but not of DFAA (Spearman rank correlation p < 0.05
and p > 0.05, respectively) (data not shown). Unfortunately, no bacterial counts were done in the Day 5 and
9 cultures.
Uptake rates of urea and DFAA did not correlate
with concentration changes of either urea or DFAA in
the water (Spearman rank correlations p > 0.05). Urea
varied between 0.5 and 0.8 µM in the cultures (no
trends were found), while the lowest and highest concentrations of DFAA were measured in the Days 5 and
9 cultures (100 to 160 nM and 185 to 310 nM, respectively). Intermediary DFAA concentrations of 190 to
240 nM occurred at Day 1.
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15
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Fig. 5. Bacterial N dynamics in Knebel Vig mesocosms.
Uptake of urea in the bacterial batch cultures (10% 0.8 µm filtered and 90% 0.2 µm filtered water), and in untreated mesocosm water in the dark or in natural mid-day daylight on
Days 1, 5 and 9. For the bacterial batch cultures the highest
measured rate during the 42 h incubation periods is shown.
Means ± 1 SD, n = 3

than in the in situ dark samples. Urea uptake at in situ
light was from 3.4-fold (control) to 16-fold (N+P+ Si)
and 28-fold (N+P) higher than in the in situ dark incubations. Finally at Day 9, urea uptake in the bacterial
cultures was from 0.11-fold (N+P) to 2.3-fold (N+P+ Si)
and 4.1-fold (control) higher than in the in situ dark
samples. At in situ light, urea uptake was from 13-fold
(control) to 16-fold (N+P) and 282-fold (N+P+ Si) higher
than in the corresponding dark incubations.

Effect of enrichment with glucose, NH4+ and urea on
urea uptake by Limfjorden bacteria
The amount of available carbon (glucose) and N
(NH4+ and/or urea at a C/N ratio of 5) was manipulated
in batch cultures of bacteria from the Limfjorden to
study the effect on uptake of urea. Relative to the unamended controls, glucose alone did not stimulate the
cell production, but addition of glucose together with
NH4+ and/or urea increased the bacterial production
by a factor of 2 (Fig. 6A). Enrichment with glucose and

N biomass or assimilation (µg N l–1 36 h–1)

2500

NH4+ led to an 8 to 10-fold higher uptake of NH4+ but
also a 2-fold higher assimilation of DFAA, while urea
uptake remained unchanged. In the cultures enriched
with glucose, NH4+ and urea, urea and DFAA uptake
was similar to that in the glucose + NH4+ cultures, but
NH4+ uptake was reduced by 26%. The effect of addition of only glucose and urea was a 60% higher uptake
of urea, a small release of NH4+ (no uptake) and a
reduced DFAA assimilation. A small uptake of NO3– of
about 1 µg N l–1 was measured in all cultures.
Urea sustained 32 to 35% of the N demand in the
control and glucose-enriched cultures. In the cultures
enriched with both glucose, NH4+ and/or urea, the N
sustenance by urea increased with a declining NH4+
addition, and urea met from 17% (+ NH4+ and glucose)
to 41% (+ urea and glucose) of the bacterial N demand.
The bacterial uptake of urea was determined by
both reduction in concentration during the incubation
and by production of 14CO2 from the added 14C urea
isotope (Fig. 6B). Except for the controls, no difference between the 2 approaches was found (analysis
of normalized data by Mann-Whitney Rank sum test,
p < 0.05).
60
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Fig. 6. Bacterial N uptake and N budgets in Limfjorden batch
cultures. (A) Bacterial N biomass and integrated uptake of
DFAA, urea, ammonium and nitrate after 36 h in the cultures.
The contribution of urea N to the total bacterial N is indicated.
(B) Comparison of urea uptake rates measured from changes
in concentration and from production of 14CO2 in 14C urea.
Means ± 1 SD, n = 3 (except for the integrated rates in A)
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Fig. 7. Bacterial N uptake in Santa Rosa Sound batch cultures after 120 h incubation. (A) Bacterial densities, (B) uptake or release
of urea (from difference in concentration at 120 h), (C) integrated uptake of DFAA (from uptake of 14C amino acids), (D) integrated peptidase activity (leucine-MCA), (E,F) uptake or release of ammonium and nitrate (from differences in concentration at
120 h), and (G) 120 h integrated uptake (or release) of urea, ammonium, nitrate and DFAA. In (G), numbers above the columns
are identical to those shown in Fig. 4B; *indicates that contribution of N from urea, DFAA, ammonium and nitrate was not different from the measured N biomass (t-test, p < 0.05). In (A), error bars indicate SE of 10 microscope fields counted. In (B), (E) and
(F), error bars = SD, n = 3. In (C), (D) and (G) error bars of the integrated rates were determined by least squares method

Effect of enrichment with glucose, NH4+ and urea on
urea uptake by Santa Rosa Sound bacteria
Bacterial utilization of urea and other N compounds
after addition of C (glucose) and N (NH4+ and/or urea)
was examined over 120 h in batch cultures with subtropical, estuarine bacteria. The addition of N was
18 µM N, being either 18 µM NH4+, 9 µM NH4+ +
4.5 µM urea, or 9 µM urea. Relative to unamended
control cultures, effects of the increasing urea concentration were: (1) a declining bacterial production,
(2) uptake of urea (only in the cultures enriched with

glucose + urea), (3) an increased DFAA assimilation
and leu-MCA activity, and (4) uptake of NH4+ which
declined in the 9 µM urea-enriched cultures, simultaneous with an uptake of NO3– (Fig. 7A–F).
The stimulated uptake of DFAA and NO3– and the
higher leu-MCA activity, when urea was the major N
source, suggest that urea was a less efficient or attractive N source than NH4+ and DFAA. Despite the
declining bacterial production with the higher urea
concentrations, the amount of N utilized by the bacteria increased. Thus, the total N incorporation (as µg N
l–1 120 h–1) was determined to 40 (control), 58 (glucose
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+ NH4+), 64 (glucose + NH4+ + urea), and 83 (glucose +
urea). Relative to the bacterial biomass production, the
utilized N compounds made up from 108 to 177% of
the estimated bacterial N production (Fig. 7G). Only in
the glucose + urea cultures was an incorporation of
urea found (met 46% of the biomass production), and
no release of NH4+ (expected N degradation product of
urea) was observed in these cultures.

DISCUSSION
Ammonium and amino acids have typically been
considered dominant N sources to pelagic, heterotrophic bacteria (Kirchman 2000), but the present scenarios demonstrate that urea may also sustain a sizable
portion of the N demand by aquatic bacteria. When the
highest urea uptake rates were measured in the spring
in Roskilde Fjord and in batch cultures with Knebel
Vig and Limfjorden bacteria, urea met > 30% of the
bacterial N demand and exceeded the DFAA-N assimilation. However, at other sampling times in Roskilde
Fjord and in some of the batch cultures, urea uptake
made up <1% of the bacterial N demand. The mechanisms causing these variations are not obvious, but
availability and composition of organic and inorganic
nutrients, specific bacterial N preferences, as well as
varying uptake capacities for different N compounds
may be among the factors controlling the urea uptake.

Uptake capacity for urea by bacterial populations
Among identified Gram-positive and Gram-negative
bacteria, only a fraction possess urease activity (search
performed on the ‘Prokaryotes’ website, http://link.
springer-ny.com/link/service/books/10125/) and therefore, presence of urease has been used as a taxonomic
character. As mentioned previously, synthesis of urease
in bacteria may be controlled by the general N status, including intracellular levels of glutamine and ammonium,
as well as the extracellular urea concentration (Jahns
1992, Mobley et al. 1995). In some urease-positive bacteria, uptake of urea depends on a specific transport protein complex, such as an ATP-binding cassette (ABC)
transporter as recently identified in Corynebacterium
glutamicum (Beckers et al. 2005). In this bacterium,
genes encoding the urea transporter and urease synthesis are controlled by the same global N regulator protein
(Beckers et al. 2005), but it is unknown if this control system is commonly occurring in urease-positive bacteria.
An additional controlling factor in utilization of urea
may be a slow uptake capacity. In Corynebacterium
glutamicum maximum uptake rates for urea have been
determined to 2.0 to 3.5 nmol mg dw–1 min–1 (Siewe et
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al. 1998). Applying these rates to the present estuarine
bacteria, cell-specific uptake rates of 8 to 13 amol h–1
cell–1 (a = 10–18) were found (assuming a cell volume of
0.2 µm– 3 and an average cell weight of 64 fg (Simon &
Azam 1989). This is a slow uptake, e.g. when related to
the maximum uptake potential for amino acids of
150 amol cell–1 h–1 as measured by attached bacteria in
the Mediterranean (Ayo et al. 2001). Although uptake
rates of a C. glutamicum laboratory culture and natural, aquatic bacterial populations may not be directly
comparable, the large difference in rates suggests that
bacteria have a slower uptake of urea than of free
amino acids. If applying the C. glutamicum uptake
rates to the entire bacterial community in, e.g.
the Knebel Vig batch cultures (assuming 5 × 109 bacteria l–1, each with a cell weight of 64 fg), the community
uptake rate is estimated to 45 to 80 nmol urea l–1 h–1.
This agrees with the maximum rate of about 50 nmol
l–1 h–1 measured in the Knebel Vig control cultures
Day 5, but in most experiments the bacterial uptake
was < 2 nmol l–1 h–1. Since urease-positive bacteria
most likely only made up a fraction of the bacterial
populations in the estuarine water, the estimate suggests that bacteria in the Knebel Vig cultures occasionally had an uptake capacity at least corresponding to
the maximum rate of C. glutamicum.
Based on the considerations above, factors that may
have influenced uptake of urea by the estuarine bacteria include: (1) limited number of bacterial species
being capable of taking up urea, (2) a relatively slow
uptake system, (3) lack of energy required for synthesis of urease and transport enzymes, and (4) a general
N control that favors free NH4+ and amino acid-derived
NH4+ to urea.

Relations between uptake of urea and DFAA
and NH4+
If availability of ‘high quality’ N such as amino acid
N or NH4+ is a major controlling factor to the uptake of
urea, a high uptake of urea by the estuarine bacteria
might be expected to coincide with low uptake rates
and/or low concentrations of NH4+ and DFAA. A plot of
in situ uptake rates of DFAA vs. uptake rates of urea in
Roskilde Fjord from April to June did not confirm such
a correlation, although a declining uptake of DFAA
coincided with an increased urea uptake at half of the
sampling days (Fig. 8A). Further, no trends between
concentrations of DFAA, urea, NH4+ and NO3– and
uptake of DFAA or urea were obvious as indicated by
correlation analyses (see ‘Results’) and as exemplified
in text fields in Fig. 8A. Only a correlation between
DFAA uptake and bacterial production was found in
the seasonal study.

238

Aquat Microb Ecol 42: 227–242, 2006

Uptake of DFAA and urea in Roskilde Fjord April - June
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Fig. 8. (A) Uptake rates of DFAA vs. urea in the Roskilde Fjord seasonal study and (B) in the 4 series of batch cultures. Rates in
(B) are average rates during the incubation periods to allow a comparison with rates in (A)

In contrast to the seasonal study of in situ uptake of
urea and DFAA in Roskilde Fjord, there were indications of a ‘high quality’ control of urea uptake in the
batch culture experiments. In the Roskilde Fjord cultures, the urea uptake was reduced to one-third when
enriched with 30 µM NH4+-N or DFAA-N, respectively. The reduction in urea uptake, whether DFAA
or NH4+ was supplied, suggests that N rather than C
of the DFAA controlled the urea uptake. In further
support of a ‘high quality’ N control of urea utilization
were the Limfjorden cultures, in which urea met 32 to
41% of the N demand when low amounts of NH4+
(< 0.5 µM) and DFAA (< 240 nM) were present, but
when NH4+ was added the contribution was reduced
to below 21%. Contrasting these observations, no
relations between urea uptake and concentrations of
‘high quality’ N was found in the Santa Rosa Sound.
Despite low concentrations of NH4+ (< 2 µM) and

DFAA (<145 nM), no uptake of urea was measured
although relatively high urea concentrations (0.8 to
0.9 µM) occurred. A similar lack of agreement
between uptake of urea and availability of NH4+ and
DFAA was found in the Knebel Vig batch cultures. In
these cultures the contribution of urea-N to the bacterial N demand ranged from 0.1 to 41%, despite
rather similar NH4+ (0.2 to 0.6 µM) and DFAA pools
(195 ± 56 nM) occurred in all cultures.
Uptake of urea in the batch cultures enriched with
different C and N sources showed that availability of a
labile C source (glucose) and absence of a ‘high quality’ N source (NH4+ or DFAA) was a major controlling
mechanism in stimulating the uptake of urea. As summarized in Fig. 8B, addition of glucose only led to an
increased uptake of urea when NH4+ was not present
(Limfjorden and Santa Rosa Sound cultures). An additional effect of glucose addition was a stimulated
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uptake of DFAA, whether the cultures were enriched
with NH4+ or urea (Fig. 8B). The higher DFAA uptake
most likely reflects the increase in bacterial biomass
(Limfjorden cultures) or may indicate a stimulated
uptake capacity for ‘high quality’ N to avoid utilization
of urea.

Urea uptake and bacterial N balance
Uptake of urea, DFAA, NH4+ and NO3– in most cases
sustained a large portion or all of the bacterial N demand, but the significance of the different N sources varied. Without enrichment with C or N, the 4 N sources
sustained the following percentage of the bacterial N demand: urea 3 to 37%, DFAA 21 to 100% (ignoring the
>100% values in the Roskilde Fjord cultures), NH4+ 5 to
100% (ignoring the >100% values in the Santa Rosa
Sound cultures), and NO3– –8 (release) –46% (Table 2).
The dominant N source in Roskilde Fjord and Limfjorden
was DFAA, while NH4+ and NO3– were the major N
sources in Knebel Vig. In Santa Rosa Sound, most of the
bacterial N demand was supplied by NH4+.
DFAA and NH4+ have previously been found to be
major N sources for heterotrophic, aquatic bacteria
(Hoch & Kirchman 1995), but a significant bacterial
uptake of urea in short-term studies has not been
shown before. The in situ urea uptake in Roskilde
Fjord is significantly above the maximum contribution
of urea of 3% to the bacterial N demand observed in
the Thames estuary (Middelburg & Nieuwenhuize
2000). It is possible that higher DIN pools in the
Thames estuary repressed the bacterial urea uptake.

Like urea, DFAA and NH4+ contain N in a reduced form that can immediately enter biosynthetic
processes. In contrast, reducing power (NADH+ or
NADPH+) and hereby energy is required for the
reduction of NO3– before the N moiety can be incorporated into bacterial biomass. The present finding of
NO3– being an important bacterial N source agrees
with observations of heterotrophic bacteria in North
Atlantic waters in which NO3– met 20% or more of the
N demand when NO3– exceeded 5 µM (Allen et al.
2002, 2005). Possibly, the cost of reducing NO3– to
NH4+ is lower than the energy expenditure for producing urease and urea transport enzymes, and this
may explain the urea uptake in the present studies.
Opposite a reduction of NO3–, in the Santa Rosa
Sound cultures a production of NO3– was found. This
production coincided with a high uptake of NH4+, and
may reflect bacterial nitrification, but this was not
studied.
Bacterial uptake of the different N compounds (urea,
DFAA, NH4+ and NO3–) sustained the entire N demand
in some experiments, e.g. in 6 of the 9 Knebel Vig
experiments, but only 67 to 78% in the remaining
3 experiments. Similarly, in the Limfjorden experiments, the N compounds only met 75% of the N
demand in the urea- and glucose-enriched cultures. A
potential N source that was not included in the present
study are combined, e.g. protein-bound, amino acids,
which are among the commonly utilized organic substrates by aquatic bacteria (Jørgensen et al. 1994, Keil
& Kirchman 1993). In support of this, an enhanced peptidase activity was measured in the Santa Rosa Sound
cultures when NH4+ was replaced by urea.

Table 2. Percentage contribution of N from uptake of urea, DFAA, ammonium and nitrate relative to the bacterial N biomass. All
values are mean percentages. For the Roskilde Fjord field samples and the Knebel Vig batch cultures at Days 1, 5 and 9, mean
values of the different sampling days and the measured ranges are shown. nd: not determined

Roskilde Fjord Field samples
Roskilde Fjord Batch cultures

Knebel Vig Batch cultures

Limfjorden Batch cultures

Gulf Breeze Batch cultures

Control
+DFAA
+NH4+
Controls (Days 1–5–9)
+N+P (Days 1–5–9)
+N+P+ Si (Days 1–5–9)
Control
+Glucose
+Glucose + NH4+
+Glucose + NH4+ + urea
+Glucose + urea
Control
+Glucose + NH4+
+Glucose + NH4+ + urea
+Glucose + urea

Urea

DFAA

Ammonium

Nitrate

20 (0.6–44)
3.3
0.3
1
29 (10–54)
5 (0.1–11)
15 (0.1–33)
37
44
18
19
30
–0.4
–4
–18
81

31 (11–51)
129
220
116
27 (27–28)
23 (20–26)
21(13–26)
69
70
61
52
45
46
24
19
35

nd
nd
nd
nd
37 (6–60)
38 (27–48)
42 (30–55)
5
9
27
18
–0.7
113
98
69
60

nd
nd
nd
nd
46 (9–97)
22 (0.3–60)
29 (1.8–61)
1.3
0.5
0.9
0.8
0.7
–8
4
0.2
2
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In addition to uptake, a production of urea was
observed in the Santa Rosa Sound cultures. Production
of urea has previously been measured in bacterial
batch cultures (Berman et al. 1999, Jørgensen et al.
1999a,b). The urea production may indicate a surplus
of cellular N for biosynthesis, but it may also be caused
by degradation of extracellular purines (Berman et al.
1999, Berg & Jørgensen 2006, this issue).
Uptake of the different N compounds was related to
the bacterial N production in the Roskilde Fjord and
Santa Rosa Sound samples assuming a bacterial N
content of 3.5 fg. This was based on a mean N content
of bacteria from 6 aquatic locations (range was 1.6 to
5 fg) by Fagerbakke et al. (1996). The assumed N content may have diverged from the actual bacterial N
content in the cultures and may explain the calculated
N contributions >100%. Using actual measurements
of the bacterial N content, or a known C content and a
C:N ratio of 5 (Table 1), contributions close to 100% to
the bacterial N budgets by uptake of the different N
compounds were obtained. Another potential source
of error in the different N budgets may be the calculated incorporation of DFAA-N, which was based on
net incorporation of [14C]-DFAA. To determine the
total (gross) DFAA-N uptake, it was assumed that the
incorporated DFAA-C represented 50% of the total
DFAA uptake, i.e. 50% of the [14C]-DFAA taken up
were respired, while all N in the DFAA was incorporated into bacterial biomass. If the actual respiration
percentage differed from 50% or if DFAA-N subsequently was released by the bacteria, the actual
uptake of DFAA-N may have differed from the calculated values.
In addition to being a source of N, some bacteria may
also incorporate the C moiety of urea. In a study of urea
uptake in soils, a minor incorporation of 13C from 13C
urea was detected in phospholipid fatty acids in both
heterotrophic and nitrifying bacteria (Petersen et al.
2004). It is uncertain if utilization of urea-C provides
bacteria with nutritional advantages.

Bacterial vs. community urea uptake
Uptake of urea in the light in untreated Knebel Vig
water was on average 15.8-fold higher than in the dark
(if neglecting the extreme high 282-fold value of the
N+P+ Si mesocosms on Day 9). This shows that the
major sink for urea in the shallow Knebel Vig bay was
phytoplankton production. Dark uptake of urea by
algal species has not been widely studied, but during
dinoflagellate blooms a high urea uptake has been
observed in the dark (Fan & Glibert 2005, Kudela &
Cochlan 2000). Phototrophic flagellates dominated the
phytoplankton community in the N+P enclosures in

Knebel Vig (Baretta-Bekker et al. 1994), but urea
uptake by the unidentified flagellates was not examined. In general, urea serves as an important supplementary N source to algae, especially when other N
sources are depleted (Berman & Bronk 2003). This is
confirmed by summer algal blooms in the Baltic Sea
(Tamminen & Irmisch 1996).
In the Knebel Vig experiments, uptake of urea in the
bacterial cultures receiving water from the mesocosms
on Days 1, 5 and 9 corresponded to 158% (mean value;
range was 8 to 450%) of the community dark uptake in
untreated water. A value of 100% would indicate that
only bacteria took up urea in the dark. Due to methodological differences between the applied batch cultures (bacteria growing in 0.8 µm filtered water for
42 h) and intact, dark-incubated water samples, a difference in urea uptake rate would be anticipated. In
the batch cultures, filtration through 0.8 µm filters most
likely removed some bacteria, and in the intact water,
organic compounds from the stimulated phytoplankton
production in the mesocosms may have favored specific microorganisms (Sundh 1992) and finally, algae
may have taken up urea in the dark (Tamminen &
Irmisch 1996). However, considering these variables,
the results indicate that bacteria accounted for a sizeable portion of the community dark uptake.

CONCLUSIONS
The studies on urea uptake in 4 estuarine environments demonstrated that natural bacterial populations
are capable of utilizing urea as N source, but the
uptake is variable. Manipulation of available C and N
sources demonstrated a higher preference for NH4+
and amino acids than for urea, despite all compounds
contain reduced N. The mechanisms controlling utilization of urea by the bacteria seems to include a
relatively slow uptake system for urea, energy expenditure for synthesis of urease and transport enzymes,
and a limited number of bacteria possessing the urease
enzyme. The observed uptake rates of urea, ranging
from insignificant to sustaining about half of the bacterial N demand, indicate that prokaryotic urea utilization can be an important element in the global N
cycling.
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