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Incorporation of nitrogen from amino acids and 
urea by benthic microbes: role of bacteria versus 

algae and coupled incorporation of carbon

Bart Veuger*, Jack J. Middelburg

N etherlands Institute of E cology (NIOO-KNAW), Centre for Estuarine and M arine E cology, PO Box 140, 4400 AC Yerseke,
The N etherlands

ABSTRACT: We investigated the incorporation of nitrogen from amino acids and urea by the m icro
bial community in intertidal surface sediment, focusing on the relative contributions of bacteria v er
sus algae to total microbial nitrogen incorporation and the (un)coupled incorporation of carbon from 
these organic substrates. Dual-labeled (15N and 13C) urea and an amino acid mixture w ere added to 
surface sedim ent from 2 intertidal mudflats in the Scheldt Estuary (The Netherlands), and 15N and 13C 
w ere subsequently traced into bulk sediment, total hydrolysable amino acids (THAAs) and the bac
terial biom arker D-alanine (D-Ala) over a 24 h incubation period. All added 15N from urea and the 
amino acids w as incorporated into microbial biomass w ithin 24 h, w ith relatively rapid incorporation 
of 15N from the amino acids. The bacterial contribution to total microbial 15N incorporation (derived 
from 15N incorporation into D-Ala) w as large during the first 1 to 2 h of incubation, but small to negli
gible after 24 h for both substrates, indicating that total 15N incorporation w as dom inated by benthic 
microalgae (diatoms) that also dom inated total microbial biomass in the sediment. Comparison of 15N 
versus 13C incorporation into total microbial biomass (THAAs) after 24 h showed strong preferential 
incorporation of urea-N  over urea-C . Incorporation of nitrogen and carbon from the amino acids was 
partially uncoupled, indicating that a large fraction (>50%) of amino acid-N was taken  up as NH4+ 
resulting from extracellular amino acid oxidation.
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INTRODUCTION

M icrobial uptake of dissolved nitrogen is an im por
tant process in aquatic systems because nitrogen is an 
essential elem ent for microbial grow th and can be a 
limiting factor for aquatic microbial production. 
A lthough traditional research typically focused on 
uptake of dissolved inorganic nitrogen (DIN), it is now 
clear that dissolved organic nitrogen (DON) can also 
be an im portant nitrogen source for aquatic microbial 
communities. Two im portant forms of DON are urea 
and amino acids, of w hich the latter can be present as 
individual amino acids or in a com bined form (proteins, 
peptides). A lthough u rea  and amino acids generally 
m ake up no more than  -20%  of the total aquatic DON

pool, these labile com pounds are relatively im portant 
nitrogen sources for the microbial community and can 
account for a large fraction of total microbial nitrogen 
uptake in coastal w aters (Bronk 2002, V euger et al.
2004). Microbial nitrogen uptake has been  studied 
extensively, especially by 15N-labeling. However, 
some of its aspects are still unclear.

One aspect that has rem ained largely unresolved is 
the relative im portance of algae versus bacteria, the 2 
m ain groups involved in microbial uptake of dissolved 
nitrogen. M ethods used to discriminate 15N uptake by 
specific microbial groups include size fractionation 
(physical separation of relatively small bacteria from 
relatively large algae by filtration or flow cytometry) 
and the use of inhibitors to elim inate activity of a spe
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cific group (e.g. W heeler & Kirchman 1986, Lipschultz 
1995, M iddelburg & N ieuw enhuize 2000). However, 
application of these m ethods in turbid w aters and sed
iments is highly problematic, m eaning that specific 
assessm ent of 15N uptake by bacteria versus algae in 
these systems has so far been  ham pered by a lack of 
adequate methodology. Only recently was 15N-label- 
ing com bined w ith analysis of 15N incorporation into 
bacterial amino acids, which allowed specific assess
m ent of 15N incorporation into bacterial biomass 
(Tobias et al. 2003, V euger et al. 2005).

Another understudied aspect of aquatic microbial 
nitrogen uptake is the (un)coupling betw een uptake of 
nitrogen and carbon from organic compounds. Studies 
on algal cultures have shown that incorporation of 
urea-N  is uncoupled from urea-C  (Price & Harrison 
1988, Anfia et al. 1991), while both coupled and uncou
pled uptake of nitrogen and carbon has been reported 
for amino acids (Algeus 1948, Stephens & North 1971, 
Palenik & Morel 1990, Anfia et al. 1991). For natural 
aquatic microbial communities, up take of N and C 
from organic compounds has been  studied using dual
labeled urea (Mulholland et al. 2004, Fan & Glibert 
2005, Andersson et al. 2006) and amino acids (Schell 
1974, Zehr et al. 1985, M ulholland et al. 2002, 2003, 
2004, Andersson et al. 2006). In general, these studies 
found that amino acids can supply both N and C for 
microbial growth, while urea serves as a source of N 
only. However, exceptions have been  reported  and the 
factors controlling uptake of N and C are still largely 
unclear. One im portant controlling factor may be the 
composition of the microbial community responsible 
for uptake and incorporation of the N and/or C. The 
recent introduction of a m ethod for analysis of 15N and 
13C incorporation by bacteria (Veuger et al. 2005) may 
help to resolve this point.

A third aspect of aquatic microbial nitrogen uptake 
is that work on this subject so far primarily involved 
studies on nitrogen uptake by the microbial com m u
nity in the w ater column, while microbial nitrogen 
uptake in sedim ents has rem ained largely unstudied. 
This is mainly due to methodological problems, 
because analysis of total 15N uptake by the total b en 
thic microbial community was ham pered by the inabil
ity to differentiate betw een 15N incorporated into 
microbial biomass and other 15N pools in the sediment 
(e.g. extracellular 15N-labeled m aterial bound to the 
sediment). However, by combining 15N-labeling with 
analysis of 15N incorporation into total hydrolysable 
amino acids (THAAs, representing total proteinaceous 
biomass) it is now possible to specifically trace 15N 
incorporation into microbial biomass w ithin sedim ents 
(Veuger et al. 2005).

In the present study, w e investigated the incorpora
tion of 15N and 13C from dual-labeled urea and amino

acids by algae and bacteria in intertidal surface sedi
ment. Analysis of 15N and 13C incorporation into 
THAAs, including the bacterial biom arker D-alanine 
(D-Ala), allowed us to clarify the relative contributions 
of bacteria versus algae to total microbial 15N incorpo
ration and the coupling betw een incorporation of N 
and C from urea and amino acids.

MATERIALS AND METHODS

Sediment collection. Sedim ent was collected from 2 
intertidal mudflats in the mid region (salinity 20 to 25) of 
the turbid, nutrient-rich and heterotrophic Scheldt Estu
ary (The Netherlands) (see Soetaert et al. 2006) during 
low tide on 1 June 2004. The first site w as characterized 
by sedim ent patches covered by a diatom biofilm, and 
sedim ent was sam pled from these patches. The second 
site (Biezelingsche Ham) was a mudflat -5  km from the 
first site. At this site, no visible diatom  biofilm was p re 
sent, w hich was likely related  to the high densities of 
diatom -grazing fauna at this site. At both sites, -500 ml 
of surface sedim ent (upper -10 mm) was collected as 
well as water from nearby intertidal pools. Sediment col
lection at the 2 sites and subsequent transportation of the 
sedim ent to the laboratory was com pleted within 2 h. 
Hereafter, we refer to the sedim ent from the first and 
second site as 'BMA+' and 'BMA-' respectively, which 
reflects the relative difference in abundance of benthic 
m icroalgae (BMA) at the 2 sites.

Labeling and incubations. In the laboratory, sub
samples (20 ml) of hom ogenized sedim ent w ere 
diluted w ith 20 ml w ater from the nearby intertidal 
pools in slurry bottles (100 ml, 35 mm internal diam e
ter). Incubations w ere started by addition of 1 ml of 
0.8 mM 13C -urea (Cambridge Isotope Laboratories, 
CLM-311, 99% 13C) and 1 ml of 0.8 mM 15N -urea 
(Cambridge Isotope Laboratories, NLM-233, >98% 
15N), or 1 ml of a 13C-labeled amino acid mixture 
(0.8 mM) (Cambridge Isotope Laboratories, CLM-1548, 
>98 % 13C) and 1 ml of the same amino acid m ixture but 
15N -labeled (Cambridge Isotope Laboratories, NLM- 
2161, 96 to 99% 15N). This amino acid mixture (here
after referred  to as 'AA-mix') is an algal-derived m ix
ture containing the following amino acids (with 
approxim ate mole % as indicated by the m anufac
turer): Ala (7%), Arg (7%), Asp (10%), Glu (10%), Gly 
(6%), His (2%), Ile (4%), Leu (10%), Lys (14%), M et 
(1%), Phe (4%), Pro (7%), Ser (4%), Thr (5%), Tyr 
(4%) and Val (5%). A dded concentrations of labeled 
u rea  and dissolved free amino acids (DFAAs) w ere 5 to 
8 times higher than am bient pore w ater concentra
tions. After addition of the labeled substrates, samples 
w ere hom ogenized by gentle shaking and placed ou t
doors (around noon) under am bient light and tem pera-
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ture (~25°C). After shaking, the sedim ent quickly set
tled to form a hom ogenized layer (~2 cm thick). Bottles 
w ere left open during incubation. Incubations w ere 
term inated after 0.5, 1, 2, 4, 7 and 24 h, of which the 
24 h incubations included 7.5 h of darkness (between 
10 h and 17.5 h). An additional set of AA-mix incuba
tions was term inated directly after addition of the 
labeled AA-mix, w hich resulted in an effective incuba
tion period of 10 to 15 min. Incubations w ere term i
nated  by transferring the slurries to 50 ml centrifuge 
tubes that w ere dipped in liquid nitrogen to stop 
microbial activity. Subsequently, thaw ed samples were 
centrifuged (10 min at 600 x g) and supernatants w ere 
filtered (GF-6 and 0.2 pm cellulose), transferred to 
headspace vials (10 ml), capped, killed w ith 100 pi of a 
saturated HgCl solution and stored at 4°C for 13C-DIC 
(dissolved inorganic carbon) analysis (see section 
'Analyses'). Sedim ent pellets w ere frozen at -20°C and 
freeze dried for analysis of 15N and 13C in bulk sedi
m ent and (HAAs) (see section 'Analyses' for details).

Analyses. 15N and 13C in the bulk sedim ent was 
m easured using a Fisons CN elem ental analyzer cou
pled on-line to a Finnigan Delta S isotope ratio mass 
spectrom eter (EA-IRMS). Samples for 13C analysis 
w ere acidified to remove carbonates. 15N and 13C 
incorporation into HAAs, including the bacterial bio
m arker D-Ala, was analyzed as described by V euger 
et al. (2005). Briefly, samples of freeze-dried sediment 
(1 g) w ere w ashed w ith 2 M HCl and Milli-Q w ater in 
order to remove dissolvable m aterial (free and sedi
m ent-bound) and subsequently hydrolyzed in 6 M 
HCl at 110°C for 20 h. After purification by cation 
exchange chromatography, amino acids w ere deriva- 
tized w ith isopropanol (IP) and pentafluoropropionic 
anhydride (PFA), and samples w ere further purified 
by solvent extraction. The relative abundance of 15N 
and 13C (615N and 513C) in the derivatized d -  and l -  

amino acids w ere analyzed by gas chrom atography- 
combustion-isotope ratio mass spectrom etry (GC-c- 
IRMS) during separate sessions for 15N- and 
13C-analyses. Additional information on 13C analysis 
can be found in V euger et al. (2006). Because of time 
constraints, 13C analyses w ere only perform ed for 
samples from 4 and 24 h incubations. Unfortunately, 
only a few samples from the BMA+ slurries incubated 
w ith urea could be analyzed for 15N and 13C enrich
m ent of HAAs because part of these samples w ere 
lost during sample processing.

13C analysis of pore w ater DIC was perform ed -2  wk 
after the experim ent. A helium  headspace replaced 
2 ml of the w ater in the vials, and subsequently sam 
ples w ere acidified (to convert all DIC to C 0 2), shaken, 
and the headspace gas analyzed by GC-IRMS.

A selection of samples was analyzed for concentra
tions of phospholipid-derived fatty acids (PLFAs) by

GC-c-IRMS to obtain an estim ate of bacterial biomass 
in the sedim ent slurries (see M iddelburg et al. 2000). 
For analysis of am bient concentrations of u rea and dis
solved free amino acids (DFAA), pore w ater was 
extracted from unlabeled slurries by centrifugation 
(10 min at 600 x g ) and the resulting supernatant was 
filtered through W hatm an GF/F filters and stored 
frozen at -20°C. Urea concentrations w ere m easured 
by a standardized colorimetric technique (M iddelburg 
& N ieuw enhuize 2000), and DFAA concentrations by 
HPLC (Fitznar et al. 1999). For analysis of photosyn
thetic pigm ent concentrations, additional sedim ent 
samples w ere frozen, freeze dried, stored frozen 
(-20°C) and later analyzed by HPLC (Barranguet et al. 
1997).

Data treatment. 15N and 13C enrichm ents are 
expressed as excess 15N and 13C per gram  dry sedi
ment, which was calculated as: excess X  = [(at%Xsample 
-  at% Xcontrol) /  100] X [concentration N or C in sample], 
w ith X  representing 15N or 13C. at% X  was calculated 
from 5Xas: at% X  =  [100 x R s t a n d a r d  x ( S a m p l e  /  1000) +1] 
/  [1 +  ^ s t a n d a r d  x (5Xsample /  1000) +1], and 5X was calcu
lated  as: 8X(%o) =  ] ( R s a m p i e /  ^ s t a n d a r d ) -  1] x  1000. For 15N, 
R = 15N /14N and atm ospheric N2 was used as standard. 
For 13C, R = 13C /12C and Vienna Pee Dee Belemnite 
w as used as standard. 513C values for the HAAs w ere 
corrected for addition of extra C during derivatization 
as described by V euger et al. (2006). U nlabeled sedi
m ent w as used as a control sample to determ ine the 
natural abundance of 15N and 13C.

D-Ala concentrations and excess 15N and 13C in D-Ala 
w ere corrected for hydrolysis-induced racemization 
empirically by subtracting 1.7 % of the concentration of 
(or excess 15N or 13C in) L-Ala from the concentration of 
(or excess 15N or 13C in) D-Ala. The 1.7 % is the average 
fraction of L-Ala being converted to D-Ala during 
hydrolysis under the used conditions (Kaiser & Benner 
2005, update of V euger et al. 2005).

Excess 15N in D-Ala is also expressed relative to 
that in L-Ala as the excess 15N D/L-Ala ratio, which 
was calculated as: [excess 15N in D-Ala] /  [excess 15N 
in L-Ala], using the m easured excess 15N in D-Ala 
(i.e. not corrected for racemization). Instead, the 
racem ization background (0.015 -  0.02) is indicated 
graphically. The bacterial contribution to total m icro
bial 15N incorporation was calculated from the excess 
15N D/L-Ala ratios as: bacterial contribution (%) = 
(excess 15N D/L-Ala -  0.017) /  (bacterial D/L-Ala -  
0.017) X 100, w here 0.017 represents the racem iza
tion background. Since the D/L-Ala ratio of natural 
bacterial communities ranges betw een 0.05 and -0.1 
(update of V euger 2005), bacterial D/L-Ala ratios of 
0.05 and 0.1 w ere used to derive a maximum and 
minimum estim ate of the bacterial contribution 
respectively (see Fig. 2A).
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RESULTS 

Sediment properties

The organic carbon (OC) content of the sediment 
was 2.0 ± 0.1 wt (weight) % (1.7 ± 0.1 mmol C g-1) for 
BMA+ sedim ent and 1.6 ± 0.1 wt% (1.3 ± 0.1 mmol C 
g-1) for BMA- sediment. The nitrogen content of the 
sedim ent was 0.26 ± 0.02 wt%  (0.16 ± 0.05 mmol C g-1) 
and 0.19 ± 0.02 wt% (0.13 ± 0.03 mmol C g -1) for BMA+ 
and BMA- sediment, respectively. The corresponding 
C/N  ratio (moles OC/moles N) was 10 ± 2 for the 
sedim ent from both sites. THAA concentrations 
(summed concentrations of individual HAAs) w ere 
100 ± 14 pmol AA g_1 in BMA+ sedim ent and 64 ± 
6 pmol AA g_1 in BMA- sediment. THAA-C m ade up 
24 and 19% of total OC in the BMA+ and BMA- sedi
ment, respectively, and THAA-N m ade up 66 and 51 % 
of total N in the BMA+ and BMA- sediment, respec
tively. D-Ala concentrations (corrected for hydrolysis- 
induced racemization) w ere very similar for BMA+ and 
BMA- (0.29 ± 0.06 pmol g_1), while D/L-Ala ratios (not 
corrected for racemization) w ere 0.038 ± 0.001 for 
BMA+ sedim ent and 0.050 ± 0.005 for BMA- sediment.

Microbial community composition

Bacterial biomass was estim ated from concentrations 
of the bacteria-specific PLFAs i 14:0, il5:0 and al5:0 
assum ing that C in i 14:0, il5:0 and al5 :0  m akes up 
12% of total bacterial PLFA-C and that total bacterial 
PLFA-C is 6% of total bacterial biomass-C (M iddel
burg  et al. 2000). Resulting estim ates w ere 24 and 
22 pmol C g-1 for BMA+ and BMA- sediment, respec
tively. Algal biomass was estim ated from concentra
tions of chlorophyll a (chi a) assum ing a C /chl a ratio of 
50. Average chi a concentrations w ere 118 pg g_1 for 
BMA+ sedim ent and 73 pg g_1 for BMA- sediment. 
Resulting estim ates of total algal biomass w ere 
492 pmol C g-1 for BMA+ and 306 pmol C g-1 for 
BMA-. The sedim ent showed a high abundance of the 
diatom pigm ent fucoxanthin w ith a fucoxanthin/chl a 
ratio of -0.25 for sedim ent from both sites, and the 
diatom-specific PLFA 20:5co3 m ade up a large fraction 
(18 ± 2 %) of the total PLFA pool in the sediment. Con
centrations of the cyanobacterial pigm ent zeaxanthin 
w ere below the limit of detection.

15N in bulk sediment and THAAs

Addition of the 15N -labeled substrates to the sedi
m ents resulted in clear 15N enrichm ent of the bulk 
sedim ent and HAAs, including D-Ala, w ith 615N

values up to -250 % o  (natural abundance was -20  % o ) . 

Trends in excess 15N in bulk sedim ent and THAAs 
over time w ere very similar for BMA+ and BMA- 
slurries, but showed a clear difference betw een slur
ries incubated w ith urea and those incubated with 
the AA-mix (Fig. 1). In the AA-mix incubations 
(Fig. 1A), bulk excess 15N was high (-60 nmol 15N 
g_1) almost directly (10 to 15 min) after addition of the 
labeled AA-mix, and rem ained at this level during 
the entire 24 h incubation period. This level corre
sponded to the total concentration of AA-15N added 
to the sediment. Conversely, excess 15N in THAAs 
w as initially very low, then  rapidly increased during 
the first 4 h and leveled off to values that represented
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Fig. 1. Excess 15N in bulk sedim ent and THAAs (summed 
excess 15N in individual HAAs [hydrolysable amino acids]) for 
incubations w ith (A) the AA-mix (amino acid mixture) and (B) 
urea. BMA+ and BMA- refer to sedim ent from the first 
and second sites, respectively. D ashed lines indicate total 

concentrations of added 15N
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48 to 52 % of bulk excess 15N after 7 h and 57 to 76 % 
after 24 h. In the urea incubations (Fig. IB), bulk 
excess 15N after 0.5 h was -40 nmol 15N g“\  while 
excess 15N in THAAs was negligibly low. In the 
BMA- incubations with urea, both bulk 15N and 15N 
in THAAs increased linearly (3.4 nmol 15N g_1 h_1 
with R2 of 0.90 for bulk 15N, and 2.2 nmol 15N g“1 h“1 
with R2 of 0.97 for 15N-THAAs) over the 24 h incuba
tion period (no data for BMA+ after 7 and 24 h). After 
24 h, bulk excess 15N in the BMA- sedim ent was sim
ilar to the total added am ount of u rea-15N, and excess 
15N in THAAs was 45% of bulk excess 15N. In all 
incubations, all individual HAAs showed a similar 
level of 15N enrichm ent and the relative composition 
of the 15N -labeled THAA pools was similar to that of 
the total THAA pool (i.e. total concentrations in the 
sediment) (data not shown).

15N in D-Ala

For BMA- sedim ent, excess 15N D/L-Ala ratios 
(Fig. 2A) w ere initially high (up to -0.08) but rapidly 
decreased to substantially lower values (0.030 to 0.035) 
after 4 h. After 24 h, values for urea incubations had 
decreased further, while values for AA-mix incuba
tions rem ained at the same level. Values for the BMA+ 
sedim ent incubated with the AA-mix w ere near or at 
racemization background (except for a som ewhat 
higher value after 2 h). Therefore, excess 15N in D-Ala 
could not be guantified properly for these samples. 15N 
incorporation into D-Ala in BMA- sedim ent incubated 
with the AA-mix appears to have been very rapid 
(-0.24 nmol 15N g_1 h_1) during the first 10 to 15 min, 
while incorporation was substantially lower during the 
following 24 h (-0.001 nmol 15N g“1 h“1, R2 = 0.96) 
(Fig. 2B). Conversely, BMA- sedim ent incubated with 
urea showed a more or less linear increase in excess 
15N in D-Ala over time (-0.025 nmol 15N g_1 h_1, R2 = 
0.67). The estim ated bacterial contribution to total 
m icrobial 15N incorporation calculated from excess 15N 
D/L-Ala ratios (Fig. 2A) for BMA- sedim ent was high 
(70 to 100%) early in the incubations, but substantially 
lower (16 to 55%) after 4 to 7 h. After 24 h, the bacter
ial contribution was 19 to 48% for BMA- incubations 
with the AA-mix, and only 6 to 15% for those with 
urea.

13C in bulk sediment and HAAs

Sedim ent incubated with the AA-mix showed sub
stantial 13C enrichm ent (Fig. 3A) with trends over time 
similar to those for excess 15N (Fig. 1A). In the sedim ent 
incubated with urea, 13C enrichm ent was low, with no
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Fig. 2. (A) Excess 15N D/L-Ala ratios (excess 15N in D-Ala/ 
excess 15N in L-Ala) and corresponding minimum and m axi
mum estim ates of the bacterial contribution to total 15N incor
poration and (B) excess 15N in D-Ala (corrected for hydroly
sis induced racemization). Grey bar indicates racem ization 
background. No excess 15N in D-Ala is presented  for 
BMA+ samples w ith excess 15N D/L-Ala ratios near or at 
racem ization background. Ala: alanine; for other abbrevi

ations, see Fig. 1

clear trend over time for bulk excess 13C and a small 
excess 13C in THAAs (~ 5 nmol 13C g“1) (Fig. 3B). 13C 
enrichm ent of D-Ala was below the limit of detection 
for urea incubations and very low for AA-mix incuba
tions, with excess 13C D/L-Ala ratios close to racem iza
tion background. Therefore, excess 13C in D-Ala could 
not be guantified properly.

15N versus 13C in bulk sediment and HAAs

For the AA-mix incubations, excess 13C /15N ratios of 
the bulk sedim ent w ere 1 to 1.5 during the first hour 
and 1.5 to 2 for the rest of the incubation period
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Fig. 3. Excess 13C in bulk sedim ent and THAAs (summed 
excess 13C in individual HAAs) for incubations with (A) the 
AA-mix and (B) urea. Dashed lines indicate total concen

trations of added 13C. For abbreviations, see Fig. 1

(Fig. 4A). Excess 13C /15N ratios for the THAAs (Fig. 4B) 
w ere similar to that for the bulk sedim ent (~2). Values 
w ere all clearly lower than the excess 13C /15N ratio of 
the added AA-mix (~4). For the urea incubations, 
excess 13C /15N ratios of the bulk sedim ent ranged 
betw een 0.01 and 0.25 (with the exception of BMA- 
after 7 h), and lowest values (0.02 to 0.04) occurred 
after 24 h (Fig. 4A). The excess 13C /15N ratio for THAAs 
(Fig. 4B) after 4 h was 0.4 to 0.5, which is similar to the 
13C /15N ratio of the added urea (0.5). After 24 h, the 
excess 13C /15N ratio for the THAAs was substantially 
lower (0.1). No excess 13C /15N ratio is presented  for d -  

Ala because excess 13C in D-Ala could not be quanti
fied properly.
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Fig. 4. Excess 13C /15N ratio of (A) bulk sedim ent and (B) 
THAAs. Dashed lines indicate 13C /15N ratios of added sub
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13C-DIC production

For both substrates, part of the added 13C was recov
ered as 13C-DIC in the w ater (Fig. 5). Unfortunately, it 
was not possible to quantify the total amount of 13C 
that was recovered as 13C-DIC because the experim ent 
was perform ed in open bottles, which allowed loss of 
13C-DIC by diffusion. However, sem i-quantitative 
interpretation of Fig. 5 shows that 13C-DIC production 
was substantially higher in the incubations with urea 
than in those with the AA-mix. This difference 
becomes even larger w hen taking into account that the 
C-content of the AA-mix was about 4 times higher than 
that of urea. H ighest excess 13C-DIC values w ere 
reached after 4 to 7 h for urea and after 2 to 4 h for the 
AA-mix. Production of 13C-DIC from 13C -urea was 
more rapid in BMA+ sedim ent than in BMA- sediment.
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Fig. 5. Excess 13C in dissolved inorganic carbon in water, 
expressed per gram  dry sediment. For abbreviations, see Fig. 1

DISCUSSION 

Bulk 15N and total 15N incorporation: amino acids

To aid the interpretation of our results, an overview 
of the 15N pools in the sedim ent is provided in Fig. 6. 
Bulk 15N did not include dissolved 15N-labeled m ater
ial because overlying w ater and pore w ater w ere 
rem oved from the sedim ent after incubation. Samples 
for 15N-HAA analysis w ere w ashed with w ater and 2 M 
HCl prior to hydrolysis, which removed dissolved, sed
im ent-bound and intracellular material, leaving the 
15N-HAAs from biomass only (see V euger et al. 2005). 
This also m eans that 15N-THAA results for the AA-mix 
incubations w ere not biased by the added 15N-labeled 
amino acids (dissolved in pore w ater or bound to sedi
ment), which was confirmed by the very low excess 
15N in THAAs in the incubations that w ere stopped 
almost directly (10 to 15 min) after addition of the AA- 
mix (Fig. IB). It should also be noted that presented 
results concern concentrations of excess 15N and 13C 
only. Ambient urea and DFAAs w ere not taken  into 
account because concentrations of added (15N and 13C 
labeled) urea and amino acids w ere 5 to 8 times higher 
than am bient concentrations of both urea and DFAAs 
in the pore water.

Bulk excess 15N in the AA-mix incubations rem ained 
stable throughout the entire sampling period at a level 
representing the concentration of total added 15N 
(Fig. 1). Combined with the very low excess 15N in m i
crobial biomass (THAAs) at the beginning of the incu
bation period, this indicates that all 15N from the AA- 
mix was rapidly bound to the sedim ent and/or taken
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Fig. 6. Overview of different 15N pools in sedim ent incu
bations. Dashed line indicates no proper distinction betw een 
these pools. THAA: total hydrolysable amino acids; D-Ala: 

D-alanine

up into microbial cells. Unfortunately, our data do not 
allow distinction betw een these 2 pools. This sedi
m ent-bound and/or intracellular 15N may have com
prised 15N-amino acids from the added AA-mix. How 
ever, the rapid uncoupling of 15N and 13C from the 
AA-mix (Fig. 4) indicates that this pool also included 
15NH4+ resulting from extracellular oxidation of the 
15N-amino acids (see Fig. 7 and 'Discussion', section 
,15N versus 13C:amino acids'). The rapid increase in ex
cess 15N in THAAs (Fig. IB) during the first 4 h reflects 
rapid incorporation of 15N into microbial biomass. The 
subsequent leveling off of 15N incorporation after 4 h 
likely resulted from depletion of the available 15N pool 
(15N-amino acids and/or 15NH4+). This is confirmed by 
the large fraction of bulk excess 15N present in THAAs 
after 24 h (57% for BMA- and 76% for BMA+). This 
fraction is very similar to the THAA content of micro
bial biomass (50 to 60 % for bacterial biomass [Simon & 
Azam 1989, Cowie & H edges 1992] and 60 to 80% for 
algal biomass [Cowie & H edges 1992]), indicating that 
(nearly) all added 15N had been incorporated into m i
crobial biomass. The relatively low value for the BMA- 
incubations after 24 h may be related to the relatively 
high contribution by bacteria (with a lower THAAs 
content than algae) to the 15N incorporation in these in 
cubations (see Fig. 2 and 'Discussion', section 'Bacter
ial contribution to total microbial 15N incorporation').

Bulk 15N and total 15N incorporation: urea

Unlike for the AA-mix incubations, bulk excess 15N 
at the beginning of the urea incubations was only one- 
third of the total added concentration of u rea-15N.
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Since 15N incorporation into microbial biomass 
(reflected by 15N in THAAs) at this time was negligible, 
this pool must have consisted of 15N bound to the sedi
m ent and/or taken  up into cells. The rapid and strong 
uncoupling betw een urea-15N and u rea-13C in the bulk 
sedim ent (Fig. 4A) indicates that the 15N w as not 
bound to the sedim ent as urea but mostly as 15NH4+ 
resulting from rapid metabolization of the labeled urea 
(see Fig. 7 and 'Discussion', section '15N versus 
13C:urea'). The subsequent increase in bulk 15N during 
the 24 h incubation period was due to 15N incorpora
tion into microbial biomass, as reflected by the parallel 
increase in 15N-THAAs. After 24 h, all added 15N was 
recovered in the bulk excess 15N, which indicates that 
two-thirds of the added  15N that was not rapidly bound 
to the sedim ent and/or taken  up into cells at the begin
ning of the incubations (i.e. 15N -urea and/or 15NH4+ 
dissolved in [pore] water) had  been incorporated into 
microbial biomass. The fraction of bulk excess 15N p re 
sent in THAAs in the u rea  incubations after 24 h (45 %) 
was som ewhat lower than that in the AA-mix incuba
tions, indicating that a somewhat smaller, but still sub
stantial, fraction (56 to 75%) of urea-15N had been 
incorporated into microbial biomass. The rem aining 
fraction must have consisted of 15N bound to the sedi
m ent and/or taken  up into cells (as 15N -urea and/or 
15NH4+).

Bacterial contribution to total microbial 15N 
incorporation

Until recently, it was impossible to trace 15N uptake 
and incorporation by specific groups w ithin the total 
microbial community. Application of a new  method 
that combines 15N labeling w ith analysis of 15N in 
the bacterial biom arker D-Ala (Veuger et al. 2005) in 
the present study allowed us to assess the contribu
tion of bacteria to total microbial 15N incorporation. 
The best indication of this bacterial contribution is 
provided by the excess 15N D/L-Ala ratio (Fig. 2A), 
w here D-Ala is specific for bacteria while L-Ala is a 
common protein amino acid that m akes up a stable 
fraction of the THAA pool of all organisms. For the 
present study it was assum ed that 15N incorporation 
into fauna was negligible because this incorporation 
normally occurs via grazing, w hich causes a delay 
in 15N incorporation into fauna of >24 h (Veuger et al. 
2007). Therefore, the excess 15N D/L-Ala ratio in the 
present study provides a direct indication of the bac
terial contribution to total microbial (bacteria + algae) 
15N incorporation.

The main trend in excess 15N D/L-Ala ratios for BMA- 
sedim ent involved high values early in the incubations 
followed by a rapid decrease to substantially lower val

ues after 4 h. The initially high values of up to -0.08 are 
w ithin the range for D/L-Ala ratios of natural bacterial 
communities (0.05 to 0.1, see update of V euger et al.
2005), indicating that bacteria dom inated initial 15N 
incorporation. This is reflected by the estim ated bacte
rial contribution to total microbial incorporation of 70 
to 100%. In addition, values w ere well above the D/L- 
Ala ratio of -0.05 for G ram -negative bacteria, which 
points to an additional contribution by Gram-positive 
bacteria that are characterized by substantially higher 
D/L-Ala ratios (see update of V euger et al. 2005). The 
rapid decrease in excess 15N D/L-Ala ratios during the 
following hours to values well below bacterial D/L-Ala 
ratios indicates a strong decrease in the relative contri
bution by bacteria, and hence a strong increase in the 
relative contribution by algae to total microbial 15N 
incorporation. The excess 15N D/L-Ala ratio for 
BM A-sedim ent incubated w ith urea after 24 h close to 
the racem ization background indicates that the bacte
rial contribution to total 15N incorporation after 24 h 
w as very low (estimated bacterial contribution of 6 to 
15%). Only in the case of BMA- sedim ent incubated 
w ith the AA-mix w as the excess 15N D/L-Ala ratio of 
0.033 after 24 h still well above racem ization back 
ground, w hich points to a substantial bacterial contri
bution (19 to 48%). These results suggest that bacteria 
incorporated N from urea and the AA-mix more 
rapidly than did algae (i.e. algae needed  more time for 
uptake and incorporation), while algae w ere able to 
incorporate more 15N (i.e. larger incorporation capac
ity). The latter is consistent w ith our microbial biomass 
estim ates that indicated that algal biomass in the sedi
m ent was an order of m agnitude greater than bacterial 
biomass, and resulted in algal dom ination of total 
m icrobial 15N incorporation after 24 h. Likely, the re la 
tively large bacterial contribution to total microbial 
incorporation of 15N from the AA-mix after 24 h 
resulted from the relatively rapid 15N incorporation 
(i.e. most 15N from the AA-mix was incorporated d u r
ing the first hours of incubation w hen bacteria w ere 
not yet outcom peted by algae). The m easured fucox- 
anthin/chl a ratio of -0.25 and the contribution of the 
diatom-specific PLFA 20:5co3 to the total PLFA pool are 
consistent w ith values from diatom cultures (Dijkman 
& Kromkamp 2006), which indicates that the benthic 
microalgal community was dom inated by diatoms and 
hence that nitrogen incorporation was also dom inated 
by diatoms. In comparison w ith results for the BMA- 
sedim ent, the limited data for the BMA+ sedim ent 
show relatively low excess 15N D/L-Ala ratios of re la 
tively low excess, w hich point to a negligible bacterial 
contribution to total microbial 15N incorporation after 
4 h. These relatively low values for BMA+ are con
sistent w ith the relatively high algal biomass in this 
sediment.
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The algal dom ination of incorporation of N from 
amino acids and urea in the present study challenges 
the concept of DON being predom inantly taken  up 
by bacteria. This has some im portant implications for 
studies that use total uptake of labeled amino acids 
(usually leucine) as a m easure for bacterial produc
tion (e.g. Kirchman et al. 1985). One of the main 
assumptions underlying this m ethod is that amino 
acids are specifically taken  up by bacteria. However, 
results from the present study clearly show that 
amino acid uptake in surface sedim ent can actually 
be dom inated by algae. Substantial amino acid 
uptake by benthic m icroalgae was also reported  by 
Linares & Sundbäck (2006). This large algal contribu
tion to total amino acid uptake actually provides a 
feasible explanation for discrepancies betw een esti
m ates of bacterial production in the sedim ent of an 
intertidal mudflat in the Scheldt Estuary, w here esti
m ates based on leucine incorporation w ere an order 
of m agnitude higher than  those based on sediment 
oxygen consumption (van O evelen et al. 2006). 
Hence, our results indicate that great care should be 
taken  w hen converting uptake of labeled amino acids 
to bacterial production in studies on surface sedi
m ents as well as other systems characterized by re la 
tively high algal biomass (e.g. phototrophic biofilms, 
algal blooms in the w ater column).

15N versus 13C: amino acids

Incubations w ith the AA-mix showed clear incorpo
ration of both 15N and 13C. However, the excess 13C /15N 
ratios of the bulk sedim ent and THAAs (1.5 to 2) w ere 
substantially lower than that of the added AA-mix (~4), 
w hich indicates preferential retention and incorpora
tion of AA-15N over AA-13C. Moreover, the production 
of 13C-DIC (Fig. 5) confirms that part of the AA-13C was 
transform ed to 13C-DIC. This uncoupled behavior of 
nitrogen and carbon from amino acids is consistent 
w ith results from previous studies on algal cultures 
(Algeus 1948, Stephens & North 1971, Palenik & Morel 
1990, Anfia et al. 1991) and coastal waters (Schell 1974, 
M ulholland et al. 2002, 2003, Andersson et al. 2006), 
and conversion of amino acid carbon to DIC in a 
coastal sedim ent was reported  by Christensen & Black
burn  (1980).

The explanation for this uncoupling lies in the p a th 
ways for amino acid uptake and incorporation (Fig. 7). 
Incorporation of nitrogen and carbon from amino acids 
into microbial biomass can occur via 3 different p a th 
ways. (1) Direct uptake and incorporation: amino acids 
are taken  up from the surrounding w ater into microbial 
cells as complete molecules that form readily available 
building blocks for production of new  biomass, and 
therefore can be directly incorporated into proteinaceous
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Fig. 7. C onceptual diagram  of pathw ays for m icrobial up take and incorporation of 15N and 13C from dual labeled  u rea  and amino 
acids. Arrow thickness indicates im portance of pathw ay in  p resen t study. AAs: amino acids; EAAO: extracellular amino acid

oxidation; DIC: dissolved inorganic carbon
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biomass. (2) Direct uptake into cells followed by transfor
mation into other amino acids w hen the composition of 
the available amino acid pool does not reflect that of 
microbial biomass (Stephens & North 1971). (3) Indirect 
uptake and incorporation via extracellular amino acid 
oxidation (EAAO). Amino acids are oxidized to NH4+, 
peroxide and C-skeletons outside the cells after which 
the NH4+ can be taken  up and used as a nitrogen source 
for grow th (Palenik & Morel 1990, Antia et al. 1991, 
Pantoja & Lee 1994, M ulholland et al. 1998).

The relatively low 13C /15N ratio for the bulk sedi
m ent and THAAs may theoretically have resulted 
from preferential incorporation of amino acids w ith a 
low C/N ratio such as Arg (C/N = 1.5), His and Gly 
(C/N = 2). However, this is unlikely because Arg, His 
and Gly only m ade up a small fraction (-15% ) of the 
total added AA-mix, while all amino acid-derived 15N 
was incorporated into microbial biomass. Moreover, 
substantial transform ation of added amino acids to 
those w ith a C/N  ratio of 1.5 to 2 was very unlikely 
because the composition of the added AA-mix was 
similar to that of microbial biomass (Cowie & Hedges 
1992), m eaning that the added AA-mix could directly 
be used for synthesis of new  proteinaceous biomass. 
This was confirmed by the fact that all HAAs showed 
a similar level of 15N enrichm ent (615N). Therefore, the 
uncoupled incorporation of 15N and 13C from the AA- 
mix was likely owing to EAAO, w hich resulted in effi
cient up take of 15NH4+ and subsequent incorporation 
of the 15N into biomass. The 13C-skeletons produced 
by EAAO may have been  used as a carbon source by 
heterotrophic bacteria and/or broken down to DIC, 
which is a potential carbon source for autotrophic 
algae. Both these pathw ays may have accounted for 
some of the 13C incorporation; however, the latter 
seems unlikely because the 13C-DIC was probably lost 
by diffusion and/or diluted in a large background 
pool of 12C-DIC. Therefore, most of the 13C incorpora
tion in the AA-mix incubations was probably due to 
direct incorporation of the amino acids (with coupled 
incorporation of 15N). The full incorporation of 15N 
com bined with incorporation of -50 % of the 13C indi
cates that EAAO accounted for at least 50% of total 
microbial 15N incorporation.

These results are consistent w ith previous reports on 
the im portance of EAAO in w ater column studies (Pan
toja & Lee 1994, M ulholland et al. 1998, 2002, 2003, 
Andersson et al. 2006) and for the first time show the 
im portance of EAAO in microbial nitrogen incorpora
tion in sediment. Although extracellular oxidation of 
amino acids and subsequent resynthesis of amino acids 
inside the cells seems inefficient, it may actually be 
more economical than direct up take of intact amino 
acids, w hich requires more energy than uptake of 
NH4+ (Antia et al. 1991 and references therein). M ore

over, EAAO may be a particularly efficient pathw ay for 
uptake and incorporation of amino acid nitrogen in 
sedim ents given the high cell densities (allowing effi
cient uptake of NH4+ resulting from EAAO) and the 
relatively high concentrations of amino acids (dis
solved free and combined) in sediments. EAAO gen er
ally seems to be associated w ith algae because only 1 
study has reported  EAAO activity in the bacterial size 
fraction (Pantoja & Lee 1994). However, even w hen 
only algae are capable of EAAO, bacteria may still be 
able to use EAAO products as nitrogen and/or carbon 
substrates because these products are produced extra- 
cellularly. This may be especially relevant for systems 
like surface sedim ents and photosynthetic biofilms 
w here bacteria and algae live in close association. 
Assessment of the role of EAAO in bacterial nitrogen 
uptake in the present study was not possible because 
nitrogen incorporation was dom inated by algae.

15N versus 13C: urea

In general, although all u rea-15N was incorporated 
into microbial biomass during the 24 h incubation 
period, the incorporation of u rea-13C was m uch lower 
(Fig. 3B) and part of the 13C was recovered as 13C-DIC 
(Fig. 5). As a result, corresponding excess 13C /15N 
ratios w ere generally below that of the added urea 
(Fig. 4). These results are com parable w ith those of 
Lund & Blackburn (1989), who m easured production of 
14C-DIC after addition of 14C -urea to a coastal marine 
sedim ent but no incorporation of 14C. Release of 13C- or 
14C-DIC following addition of 13C- or 14C -urea was also 
observed for algal cultures (Price & Harrison 1988, 
Antia et al. 1991 and references therein), bacteria from 
estuarine w aters (Jorgensen 2006) and a natural 
planktonic microbial community (Tamminen & Irmisch 
1996). Moreover, uncoupled uptake of 15N and 13C 
from dual-labeled urea has been reported for coastal 
w aters (Mulholland et al. 2004, Fan & Glibert 2005, 
Andersson et al. 2006).

The observed uncoupling of C and N from urea is 
consistent w ith the urea metabolization pathw ay 
(Fig. 7). In order for bacteria and algae to use urea as a 
nitrogen source for growth, u rea  first needs to be b ro 
ken down to NH4+ and DIC. Subsequently, the resu lt
ing NH4+ can be used to synthesize amino acids for 
production of proteinaceous biomass, while the DIC 
may be used as a carbon source for photosynthesis 
(Price & Harrison 1988, Antia et al. 1991). This urea 
m etabolization pathw ay appears to be w idespread 
because urease, the enzym e responsible for the b reak 
dow n of urea, is a common enzym e used by algae as 
well as bacteria (Price & Harrison 1988, M obley & 
H ausinger 1989, Antia et al. 1991, Zehr & W ard 2002).
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The rapid uncoupling betw een urea 13C and 15N in the 
present study is consistent w ith the rapid m etaboliza
tion of urea reported  for algal cultures (Price & H arri
son 1988, Antia et al. 1991). During the first hours, only 
a small fraction of total added u rea-15N was incorpo
rated  into biomass (as indicated by 15N in THAAs). 
Therefore, the relatively high excess 15N (compared 
w ith 13C) in the bulk sedim ent during this period must 
have been due to a relatively strong retention of 
15NH4+ by binding to the sedim ent and/or by selective 
uptake into microbial cells (see 'Discussion', section 
'Bulk 15N and total 15N incorporation: urea'). Contrary 
to the preferential retention of 15N in the bulk sedi
ment, the excess 13C /15N ratio for the THAAs after 4 h 
(0.4 to 0.5) was very similar to that of the added urea 
(0.5), indicating that both 15NH4+ and 13C-DIC w ere 
used as sources of nitrogen and carbon, respectively, 
for grow th during the first hours of incubation. The 
strong decrease in excess 13C /15N ratios for bulk sedi
m ent and THAAs betw een 4 and 24 h (the period du r
ing w hich most of the added 15N was incorporated into 
microbial biomass) may have been  due to light lim ita
tion during this period. Since 13C-DIC could not be 
fixed by photoautotrophic algae in the dark 
(overnight), the rem aining 13C-DIC w as probably lost 
from the sedim ent by diffusion. Although incorpora
tion of 15N from 15NH4+ (derived from 15N-urea) may 
also have been  lower in the dark, 15NH4+ was probably 
retained  relatively well in microbial cells and/or bound 
to the sedim ent and was therefore still available for 
incorporation in the light the following morning.
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