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The abundance, activity, and diversity of ammonia-oxidizing bacteria (AOB) were studied in prepared
microcosms with and without microphytobenthic activity. In the microcosm without alga activity, both AOB
abundance, estimated by real-time PCR, and potential nitrification increased during the course of the exper-
iment. AOB present in the oxic zone of these sediments were able to fully exploit their nitrification potential
because NH,™ did not limit growth. In contrast, AOB in the alga-colonized sediments reached less than 20%
of their potential activity, suggesting starvation of cells. Starvation resulted in a decrease with time in the
abundance of AOB as well as in nitrification potential. This decrease was correlated with an increase in alga
biomass, suggesting competitive exclusion of AOB by microalgae. Induction of N limitation in the oxic zone of
the alga-colonized sediments and O, limitation of the majority of AOB in darkness were major mechanisms by
which microalgae suppressed the growth and survival of AOB. The competition pressure from the algae seemed
to act on the entire population of AOB, as no differences were observed by denaturing gradient gel electro-
phoresis of amoA fragments during the course of the experiment. Enumeration of bacteria based on 16S rRNA
gene copies and p-amino acids suggested that the algae also affected other bacterial groups negatively. Our
data indicate that direct competitive interaction takes place between algae and AOB and that benthic algae are

superior competitors because they have higher N uptake rates and grow faster than AOB.

Nitrification proceeds in two steps and is carried out by two
different types of chemolithoautotrophic organisms, distin-
guishable by their substrate utilization. The oxidation of NH, ™
to NO, ™ is performed by ammonia-oxidizing bacteria (AOB)
belonging to the B- and +y-proteobacteria (36), whereas the
oxidation of NO,  to NO; ™ is performed by nitrite-oxidizing
bacteria. Nitrification plays a key role in the N cycle, as this
process facilitates N removal from the ecosystem through deni-
trification. The rate-limiting step in this coupled nitrification-
denitrification process is the oxidation of NH," to NO, ™, and
AOB are therefore important regulators of the availability of
combined nitrogen in the ecosystem.

In aquatic sediments, the activity of AOB is restricted to the
upper few millimeters where O, is present (19, 20). In shallow
water systems, this habitat is also subject to colonization by
benthic microalgae, which can form dense mats on the sedi-
ment surface if light is present. Under these conditions, the
algae can have a significant impact on chemical components
central to the metabolism of AOB, i.e., O, and N concentra-
tions as well as pH and dissolved inorganic C (26, 38, 40).
Reduced N loading to estuaries, a consequence of intervention
against eutrophication, can be expected to promote microalga
colonization of the sediment surface (for an example, see ref-
erence 7). This colonization will alter the niches occupied by
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AOB and probably lead to changes in the abundance, activity,
and maybe also diversity of the AOB community, since phys-
iological properties are known to vary considerably among
different strains of nitrifying bacteria (23, 48, 51). These
changes may influence the capacity of the estuarine sediments
for removing N via coupled nitrification-denitrification, and
knowledge of interactions between AOB and benthic microal-
gae is therefore relevant when it comes to understanding the
effects of changing the N load to estuaries. Studies directly
addressing interactions between AOB and benthic microalgae
are few, however, and have focused mainly on the coupled
nitrification-denitrification process, but the conclusions drawn
from these studies seem to be contradictory. Several studies (2,
20, 42, 46) have proposed that benthic microalgae may stimu-
late coupled nitrification-denitrification by increasing the avail-
ability of O, via oxygenic photosynthesis and thereby stimulat-
ing aerobic NH, " oxidation. In contrast, other studies (10, 33,
50) have proposed that benthic microalgae may inhibit coupled
nitrification-denitrification by reducing N availability for nitri-
fying and denitrifying bacteria. However, a statistical analysis
of field denitrification data from 18 European estuaries sug-
gests a general trend towards lower coupled nitrification-deni-
trification rates in sediment with microalgal production (40).
This conclusion is further supported by laboratory studies
showing that microalgae do in fact inhibit coupled nitrification-
denitrification, probably through the induction of N limitation
of nitrifying bacteria (40). Hence, induction of N limitation of
the AOB community in the oxic zone is an apparent paradox.
Ammonia for nitrification is mainly supplied from the suboxic
sediment strata (6, 20), and microsensor studies have shown
maximum nitrification activity at the oxic/suboxic interface (6),
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TABLE 1. Parameters measured in experiments 1 and 2

Parameter

Experiment 1 Experiment 2 Sampling day(s)

Nitrification potential
Time series
Effect of N load
Coupled nitrification-denitrification and O, and nutrient fluxes
Bacterial abundance
Alga biomass and species composition
O, porewater profiles
NO,~ porewater profiles
Diversity, phylogeny, and abundance of AOB

’S

0,5,12,21

XX XX
ole
RNR

0,5, 12,21

“ X, parameter was measured in the indicated experiment.

which is usually well below the photic zone (39). Recently,
Risgaard-Petersen (40) suggested that N limitation below the
photic zone may be induced by the growth of heterotrophic
bacteria stimulated by alga exudates.

The present study complements the work of Risgaard-Pe-
tersen (40) by focusing more specifically on the population
ecology of AOB during a microalga colonization process. We
investigate how the growth, abundance, and potential and ac-
tual activity of AOB populations are affected by microalga
colonization of estuarine sediments. We also analyze whether
initiation of N limitation is likely to be responsible for a de-
crease in AOB abundance. In this context, we investigate
whether the elevated growth of bacteria is likely to be respon-
sible for the initiation of N limitation and growth suppression
of AOB below the photic zone in the sediment, as proposed
previously (40). Furthermore, we investigate whether alga col-
onization leads to the selection of specific AOB species
adapted to the chemical microenvironment created by the mi-
croalgae.

The study was performed in experimental microcosms incu-
bated in 12:12-h light-dark (LD) cycles. For 21 days, we mon-
itored the abundance, diversity, and activity of AOB as well as
bacterial abundance by using a combination of molecular, '°N,
and microsensor (O, and NO;  plus NO,™ [NO, ]) tech-
niques. The data were compared with a similar data set ob-
tained in parallel dark-incubated microcosms. Due to difficul-
ties in constructing the membrane of the NO, microscale
sensors, we did not succeed in measuring all parameters simul-
taneously in the same experiment. The present study, there-
fore, integrates the results of two separate experiments de-
signed according to identical protocols.

MATERIALS AND METHODS

Preparation of experimental microcosms. The sediment used for the micro-
cosms was collected in Norsminde Fjord, Denmark, and sieved through a 1-mm-
wide mesh screen to remove large animals and shell fragments. The sediment
used for AOB activity measurements in intact cores, enumeration of bacteria and
AOB, and diversity studies of AOB (experiment 1) was collected in February
2002, and the sediment used for NO,~ profile measurements (experiment 2) was
collected in May 2002. Both experiments were initiated immediately after sam-
pling. The parameters measured in the two experiments as well as the sampling
frequencies are listed in Table 1.

Sediment cores were prepared by adding approximately 250 ml of sieved
sediment to Plexiglas tubes (inner diameter, 55 mm) with a height of 300 or 100
mm. The 100-mm-tall cores were used for microsensor studies, and the surface
of the sediment was aligned with the rim of the tube. Black plastic was wrapped
around the tubes from the bottom to the sediment surface to prevent microalgae
from colonizing the core walls. Half of the cores were placed in a transparent
aquarium with filtered (1-wm pore size; Millipore) seawater and exposed to a
12:12-h LD cycle (irradiance, 140 pmol of photons m~2 s, provided by 400-W
HPI-T+ mercury lamps from Phillips). These cores are referred to as alga
sediments. The other half of the cores were immersed in a darkened reservoir
also containing 20 liters of filtered seawater. These cores are referred to as
alga-free sediments. Stirring of the water overlying the sediment inside the
300-mm-tall cores was performed with Teflon-coated magnetic stir bars, posi-
tioned approximately 6 cm above the sediment surface. The setups were placed
in a temperature-controlled room at 19°C, and cores were incubated for 21 days.
The reservoir water was constantly aerated and renewed every 3 or 4 days.
Nitrate and NH,* concentrations in the reservoir water were 15 and <1 pM,
respectively.

Abundance, diversity, and phylogeny of AOB. DNA was extracted from 400 to
600 mg of sediment from the upper 3 mm of three replicate cores from each
treatment by using a commercial kit (Fast DNA spin kit for soil; Qbiogene, Inc.)
according to the manufacturer’s instructions.

The abundance of AOB was estimated by real-time quantitative PCR (16) with
a light cycler (Roche Diagnostics GmbH, Mannheim, Germany). Standard
SYBR Green detection was performed by using the LightCycler-FastStart DNA
Master SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer’s instructions. By this approach, the formation of

TABLE 2. Primer sequences

Primer Nucleotide sequence (5'-3") Target Reference(s)

amoA-1F GGG GTT TCT ACT GGT GGT amoA gene of 44
betaproteobacteria AOB

amoA-2R-TC CCC CTC TGC AAA GCC TTC TTC amoA gene of 31, 44
betaproteobacteria AOB

amoA-1F-clamp (CGCCGCGCGGCGGGCGGGGCGGGGGCACGGGGG)- amoA gene of 31

GGG GTT TCT ACT GGT GGT* betaproteobacteria AOB
Eub 338 F ACT CCT ACG GGA GGC AGC Bacteria 1
Univ 907 R CCG TCA ATT CCT TTR AGT TT Bacteria 30

“The clamp portion of the sequence is shown in parentheses.
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all double-stranded DNA is detected. The primer set amoA-1F-amoA-2R-TC
targeting the gene encoding subunit A of the ammonia monooxygenase (amoA)
(Table 2) was used in a 20-ul setup with 3.5 mM MgCl, 1.25 uM concentrations
of each primer, and 1X Mastermix (Roche Diagnostics GmbH). The cycling
program was as follows: 1 min of initial denaturation at 95°C, followed by 40
cycles of 5 s of denaturation at 95°C, 20 s of annealing at 57°C, and 45 s of
elongation at 72°C. Fluorescence was detected after each cycle at 84°C to avoid
detection of primer dimers. As the detection by SYBR Green is not fragment
specific, amplicons were subsequently checked by electrophoresis to verify frag-
ment length and quality of the amplicons. An external standard curve based on
known gene copy numbers of amoA was constructed from 8 dilutions ranging
from 3 X 10? to 3 X 107 gene copies/reaction. Fluorescence schemes were
collected in the computer for subsequent analysis. The slope of the standard
curve was —3.243 cycles/log [amoA]. The Fit Points method included in the
LightCycler software (Roche Diagnostics GmbH) was used to estimate the
crossing point (C,), and the concentration of gene copy numbers was subse-
quently calculated based on the standard curve.

The obtained gene copy estimates were corrected for sample dilution, extrac-
tion efficiency, and sample size before comparison. A minimum of four external
standard dilutions of amoA fragments was included in each round of PCR to
verify the setup.

PCR preceding cloning, sequencing, and denaturing gradient gel electrophore-
sis (DGGE) was performed as described by Nicolaisen and Ramsing (31) with
primers amoA-1F and amoA-2R-TC. For DGGE-PCR, a GC tail was added to
the forward primer (amoA-1F-clamp) (Table 2). DGGE was performed as de-
scribed previously (31) with a denaturing gradient of 35 to 70%. Partial amoA
sequences were cloned (TOPO TA cloning kit; Invitrogen) and subsequently
sequenced as described previously (31). Obtained sequences were manually
aligned in SeqPup, version 0.6 (http://iubio.bio.indiana.edu/soft/molbio/seqpup
/java/seqpup-doc.html), against a selection of pure culture sequences available
from the GenBank database.

Phylogenetic analysis was implemented on 450 aligned nucleotides by using
the distance matrix and maximum-parsimony algorithms in PAUP, version 4.0
(Sinauer Associates), with the default settings. Bootstrap values (100 replicates)
were calculated based on both algorithms.

Accession numbers. Sequences retrieved during this study are available in
GenBank under accession no. AY616014 to AY616021. Kysing Fjord sequences
are available under accession no. AF489632 to AF489642.

Abundance of bacteria. We used two different proxies for net bacterial growth
in the upper 3 mm of the sediment: net changes in p-amino acids in the total
hydrolyzable amino acid (THAA) pool and net changes in the abundance of
genes encoding 16S rRNA. p-Amino acids are known to be bacterium-specific
components of peptidoglycan (27). The alternative production of p-amino acids
by racemization is a slow process, which takes ~10* to ~10° years at 0°C (3). The
net increase in the total hydrolyzable p-amino acid pool during the experiment
can therefore be assumed to reflect bacterial growth. 16S rRNA is prokaryote
specific, and the net increase in the abundance of genes encoding 16S rRNA
likewise reflects bacterial growth.

Sediment samples (0.9 to 2.0 g) from three replicate cores from each treatment
for THAA extractions were sampled in 20-ml injection vials (La-Pha-Pack,
Langerwehe, Germany) containing 10 ml of 6 N HCI. Vials were capped with
aluminum ColorSeal caps mounted with butyl/PTFE septa, after which sediment
and acid were mixed thoroughly and the headspace was replaced with N,. The
vials with sediment-HCI samples were stored upside down at 5°C. Blanks were
prepared as samples, leaving out the sediment. Hydrolysis of the sediment-HCI
mixture and sample neutralization were performed according to the method of
Guldberg et al. (15). p-Isomers of aspartate (Asp), glutamate (Glu), serine (Ser),
and alanine (Ala) were measured as dissolved free amino acids by using the
method of Mopper and Furton (29) with the modifications described by Guld-
berg et al. (15).

The quantification of 16S rRNA genes was performed by real-time PCR with
universal 16S rRNA gene primers (338F and 907R) (Table 2) targeting most
known bacteria. The protocol for real-time PCR and gene copy estimation was
similar to the procedure used for quantification of AOB, with the exceptions that
the MgCl, concentration was adjusted to 4 mM and the external standard curve
was based on known copy numbers of 16S rRNA genes in dilutions ranging from
3 X 107 to 3 X 107 gene copies/reaction with a slope of —4.0104 cycles/log [16S
rRNAJ.

Biomass and composition of the alga community. Sediment from the upper 3
mm of three replicate cores was sampled from each treatment for chlorophyll a
(Chl a) determination. Sediment was transferred to glass vials containing 10 ml
of acetone, and after 24 h of extraction, Chl a was quantified by photometry (25).
Samples of approximately 1 ml were collected at the end of the experiment for
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determination of the composition and biomass of the alga community, trans-
ferred to vials, and preserved in 1 ml of 5% (vol/vol) glutaraldehyde. Determi-
nation of the biomass and composition of the alga community was performed by
Bio/Consult A/S, Aabyhgj, Denmark, by using the procedures of Utermohl (52).
The alga biovolume was estimated by use of the appropriate geometric formulas
(12) using the linear dimensions of the cells (n = 10 for every unit) measured
during counting. The carbon content of the alga cells was calculated from the
biovolume according to the method of Edler (12).

Potential nitrification activity. Potential nitrification was estimated from the
production of NO,™ in NH,"-enriched (approximately 500 pM) slurries (17)
prepared from sediment samples of three replicate cores from each treatment.
The concentration of NOy in the samples was determined by using the vanadium
chloride reduction method (9) on an NO, analyzer (model 42c; Thermo Envi-
ronmental Instruments). In experiment 1, changes in the nitrification potential
were followed in parallel with the AOB abundance measurement.

N limitation. In experiment 2, we investigated the effects of N limitation on the
nitrification potential in cores with and without algae as follows. The alga cores
were preincubated as described above, with the exception that half of the cores
were incubated with additional 100 .M NO5™~ in the water column. The dark-
incubated (alga-free) cores were immersed in a tank with filtered seawater
without additional N. After 21 days of incubation, potential nitrification in the
top 3 mm of 3 cores from each treatment was measured as described above.

Coupled nitrification-denitrification and DIN fluxes. Coupled nitrification-
denitrification was measured in intact cores by using the N isotope pairing
technique (32) as described by Dalsgaard et al. (11). The exchange rates of
NO,~, NH,*, and O, were likewise measured as described by Dalsgaard et al.
(11). In the alga sediment, fluxes and denitrification were measured both in light
and in darkness (n = 5 for each treatment). In the alga-free sediment, fluxes and
denitrification were measured only in darkness (n = 5). Incubations were per-
formed in two sessions. Fluxes were measured first, and after an equilibrium
period of 20 h, the denitrification measurements were performed. All measure-
ments were initiated 4 h after a change in light regimen. An abundance of '°N,
(*’N, and 3N,) gas was measured by chromatography and mass spectrometry
(RoboPrep-G+ in line with Tracermass; Europa Scientific) (41). The >N atom%
of NO;~ was estimated by mass spectrometry after biological reduction to N,
(43). NO;~ plus NO, ™~ was determined as described above. NH," was deter-
mined by the salicylate-hypochlorite method (8) and analyzed automatically on
a robotic sample processor (RSP-5051; Tecan AG) in line with a spectropho-
tometer (M330; Camspec Ltd.). O, was measured by Winkler titration (14).

Oxygen and NO, ™~ profiles. Oxygen concentration profiles were measured with
Clark-type microsensors (37). Concentration profiles of NO,~ were measured
with an NO, ~ biosensor (24) equipped with an electrophoretic sensitivity control
to optimize the sensitivity of the sensor (21). Prior to profile measurements, the
cores were placed in filtered seawater in a temperature-controlled (19°C) con-
tainer. The water was aerated to ensure stirring and constant O, concentration
during measurements. For the LD-incubated sediment, 3 to 5 depth profiles of
NO, ™ and O, were measured both in light and in darkness. Light was provided
by a halogen lamp (irradiance, 140 pmol of photons m~2 s ). For the sediment
incubated in the dark, 3 depth profiles of each species were measured only in
darkness. The profiles of O, and NO,~ production rates were obtained by
modeling the experimental data by the numerical method described by Berg et
al. (6).

Statistical analysis. Effects of the treatment (algae versus no algae) and time
effects on the measured parameters were evaluated by analysis of variance or
Student’s ¢ test. All analyses were performed by using the SAS system for
Windows (release 8.02; SAS Institute).

RESULTS

Enumeration and potential activity of AOB. A significant
decrease in amoA gene copy numbers was seen in the alga
sediment from day 5 to 21 (Fig. 1A) (P = 0.023). The decay
rate was 0.07 = 0.02 day~'. In contrast, the number of amoA
genes increased significantly in the alga-free sediment (P =
0.006). The specific net growth rate of amoA genes in this
sediment was 0.04 = 0.01 day'. By the end of the experiment,
the number of amoA gene copies was approximately four times
higher in the alga-free sediment than in the alga sediment. The
nitrification potential in the alga sediment and the alga-free
sediment followed a similar trend, displaying a significant de-
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FIG. 1. (A) Abundance of B-proteobacterial AOB amoA as mea-
sured by real-time PCR in samples from the upper 3 mm of the
sediment in experiment 1; (B) nitrification potential measured in the
samples from the upper 3 mm of the sediment in experiment 1; (C) ni-
trification potential in the upper 3 mm of the sediment at different N
loadings measured after 21 days of incubation in experiment 2. Alga
free refers to sediment incubated in the dark, algae refers to sediment
incubated in LD cycles, and Algae + N refers to sediment incubated in
LD cycles with 100 puM NO;™ in the water column. Error bars repre-
sent standard errors of the means (n = 3).

crease and increase (Fig. 1B) (P < 0.0001), respectively, during
the course of the experiment. The nitrification potential in the
alga-free sediment was approximately four times higher than
the activity in the alga sediment at the end of the experiment
(Fig. 1B). The ratio of potential nitrification to gene copy
number was 2.9 £ 0.2 fmol of N/gene copy/h in the alga-free
sediment and 2.7 = 0.3 fmol of N/gene copy/h in the alga
sediment. There was no indication of changes in this ratio
during the course of the experiment or of differences between
the treatments (P > 0.3).

The nitrification potential was lowest in the alga sediments
incubated without supplementary NO; ™ in the water column,
whereas the potential was the same in the alga-free sediment
and the alga sediment incubated with 100 uM NO;™ in the
water column (Fig. 1C) (alpha = 0.05 by analysis of variance
supplemented with Tukey comparisons). The potential nitrifi-
cation activity measured in experiment 2 (Fig. 1C) was about
two times higher than the activity measured in experiment 1 for
the same treatments (Fig. 1B), which may reflect differences in
the initial size of the nitrifying bacterial populations.
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FIG. 2. DGGE profile of PCR-amplified amoA fragments from the
alga and alga-free sediments on days 0, 5, 12, and 21 after initiation of
the experiment. A, alga sediment; AF, alga-free sediment.

Diversity and phylogeny of AOB. DGGE of amoA amplicons
showed identical band patterns during the course of the exper-
iment. Furthermore, identical band patterns were observed at
both treatments, indicating no loss of community members due
to alga colonization (Fig. 2). After 21 days of incubation, the
relative intensity of the bands in the alga-colonized sediment
changed slightly, with the two uppermost bands being relatively
more intense than the three lower bands compared to previous
samples. This could indicate a possible selection for organisms
representing these two bands during the alga colonization pro-
cess.

All sequences melted at denaturant concentrations of
<46%, indicating that the origin of all detected sequences was
the Nitrosomonas genus (31). Partial amoA sequence analysis
revealed similar branching patterns based on both algorithms
used (Fig. 3). Furthermore, the branching pattern obtained
was similar to those of previously published amoA-based trees
(for examples, see reference 35). All retrieved sequences were
mutually highly similar and very closely related to amoA se-
quences previously retrieved from the nearby site, Kysing
Fjord (30). Together, these sequences comprised a distinct
cluster (bootstrap values of 97 and 85% based on distance
matrix and maximum-parsimony settings, respectively) within
the Nitrosomonas marina cluster (as defined by Purkhold et al.
[36]), supporting the findings from the DGGE profile of Ni-
trosomonas-like sequences only. Even though bootstrap values
above 50% for the clustering of the retrieved sequences within
the N. marina cluster were only obtained with the distance
matrix method, pure culture representatives, N. marina and
Nitrosomonas aestuarii, are both retrieved from marine envi-
ronments (22), supporting the clustering of the retrieved se-
quences within this group.

Bacterial growth estimated from p-amino acids and 16S
rRNA. During the course of the experiment, there was a sig-
nificant (Fig. 4) (P < 0.01) increase in p-Asp (128%), p-Glu
(128%), and p-Ala (143%) in the alga-free sediment, whereas
D-Ser decreased to 41% of the initial level (Fig. 4) (P <
0.0001). In the alga sediment, there was no significant increase
in D-Asp, D-Glu, or b-Ala (P > 0.08), whereas D-Ser decreased



5532

RISGAARD-PETERSEN ET AL.

100

APPL. ENVIRON. MICROBIOL.

78

100

Nitrosomonas halophila
Nitrosomonas europaea

Nitrosomonas eutropha
Nitrosomonas communis

Nitrosomonas nitrosa

100

100

Nitrosomonas cryotolerans

E Nitrosomonas ureae
Nitrosomonas oligotropha

Nitrosomonas marina
Nitrosomonas aestuarii
Kysing Fjord clone K5
Kysing Fjord clone K4
Alga sediment clone 18
Alga sediment clone 2
81| Alga sediment clone 4

Alga sediment clone 14

m-[- Alga free sediment clone 17
Alga sediment clone 15

100

100

100

Kysing Fjord clone K8
Kysing Fjord clone K10

Alga free sediment clone 28

Alga sediment clone 13
Kysing Fjord clone K12
Kysing Fjord clone K13
I—Kysmg Fjord clone K2
I—Kysing Fjord clone K1

Nitrosospira

100 [—Nitrosospira sp.

Nitrosospira sp.
Nitrosospira
Nitrosospira briensis
Nitrosospira sp.
Nitrosospira
Nitrosospira tenuis

Nitrosococcus oceani

0.05

FIG. 3. Phylogenetic distance matrix tree reflecting the phylogenetic affiliation of the retrieved amoA gene sequences compared with a selection
of database sequences. Distance matrix bootstrap values (100 replicates) for branches are reported. Missing bootstrap values indicate that the
branching was not recovered in the majority of bootstrap replicates by the distance matrix method. Kysing Fjord clones were retrieved in a previous

study (30). The bar indicates 5% estimated sequence divergence.

significantly (Fig. 4) (P < 0.0001) to 21% of its initial content
during incubation.

At present, we do not have any explanations for the diver-
gent patterns of D-Ser relative to the other pD-amino acids. At
the end of the experiment, all measured total hydrolyzable
D-amino acids were highest in the alga-free cores, suggesting

the highest bacterial numbers in this sediment compared to the
alga sediment. In the initial samples, 16S rRNA genes num-
bered 2.41 X 10'°% 5.43 X 10° gene copies cm ™, which was
not significantly different from the number of 16S rRNA genes
in the alga-free sediment (2.65 X10'°* 2.32 X 10° gene copies
cm ) or in the alga sediment (2.09 X 10'°= 5.40 X 10° gene
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FIG. 4. p-Amino acids in the THAA pool measured in the upper 3
mm of the sediment in samples from the initial sediment pool and
samples from the alga-free and alga sediments after 21 days of incu-
bation. Error bars represent standard errors of the means (n = 3).

copies cm?) after 21 days of incubation. Although the data
indicated highest gene copy numbers of 16S rRNA genes in the
alga-free sediment at the end of the experiment, Student’s ¢
test gave no statistical evidence for this hypothesis (P > 0.04).

Chl @ and composition of the alga community. Chl a in-
creased significantly (P = 0.001) from 21 = 0.5 to 76 * 8 pg of
Chl @ cm™? in the alga cores during the course of the experi-
ment, and the net growth rate was 0.07 = 0.01 day™'. In the
sediment without algae there was no difference in Chl a con-
tent from the beginning to the end of the experiment (data not
shown). The alga community was composed mainly of pennate
diatoms (Table 3) and was almost entirely dominated by dia-
toms of the Gyrosigma and Pleurosigma genera, which consti-
tuted almost 97% of the phototrophic biomass. Gyrosigma
balticum, Gyrosigma fasciola, Gyrosigma limosum, Pleurosigma
aestuarii, Pleurosigma angulatum, and two unidentified Gy-
rosigma species were found. All diatoms observed possessed a
raphe on one or both frustule halves and were judged to be
motile (M. Temponeras, Bio/Consult A/S, personal communi-
cation).

Coupled nitrification-denitrification and fluxes of DIN and
0,. The coupled nitrification-denitrification rate was more
than 16 times higher in the alga-free sediment than in the alga
sediment (Fig. 5A) (P < 0.0001). In the alga sediment, the
coupled nitrification-denitrification rate was approximately
two times higher in light than in darkness. However, the activ-
ity was extremely low (<2 pmol of N m~2 h™ ") in darkness. O,
uptake in the alga sediments during darkness was more than

TABLE 3. Abundance and carbon content of the microalgae after
21 days of incubation?

Organism(s) Abundance (10* C content
’ cells cm™3) (pmol cm™3)
Cyanobacteria 1(0.2) 4.0 (0.8)
Nitzschia sp. 3.2 (0.64) 5.8(1.2)
Other pennate diatoms (20-50 wm) 4.8 (0.96) 0.3 (0.1)
Gyrosigma 42 (8.4) 311 (62.3)

“ Numbers in parentheses represent standard errors.
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FIG. 5. Coupled nitrification-denitrification (A), O, flux (B), NH;
flux (C), and NOj3 plus NO, flux (D) in alga-free and alga sediments
after 21 days of incubation. Error bars represent standard errors of the
means (n = 5).

two times higher than in the alga-free sediment, and this dif-
ference was highly significant (Fig. 5B) (P < 0.001). NH," was
taken up exclusively from the water column by the alga sedi-
ment, whereas NH, " was released to the water column from
the alga-free sediment (Fig. 5C). The latter sediment also
exported NO, ~, whereas the alga sediment took up NO,~ both
in darkness and in light (Fig. 5D).

In the alga-free sediments, 40% of the NO,~ produced was
denitrified and 60% was released to the water column. Nitri-
fication, as estimated from these opposing NO;~ fluxes from
the nitrification zone, was 250 = 37 pmol m 2 h™!. Assuming
a similar partition of upward and downward NO; ™~ fluxes from
the nitrification zone in the alga sediments (i.e., 40% of the
produced NO; ™ is denitrified and 60% is assimilated), nitrifi-
cation in the alga-colonized sediment was 13 = 1 pumol m™?
h™ ! in light and 4 = 2 wmol m 2 h™! in darkness. Ammoni-
fication, estimated from the denitrification rate and DIN fluxes
measured in the alga-free sediments (40), was 512 * 72 pmol
m~2 h™!'. Assimilation of N in the alga sediment, estimated as
ammonification plus DIN uptake minus the loss of nitrogen via
denitrification (40), was 656 = 73 pmol m 2 h™! in light and
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FIG. 6. Microprofiles of O, (open circles) and NO,” (black
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in alga-free sediment (B), illuminated alga sediment (D), and dark-
ened alga sediment (F). The values are estimated from the porewater
profiles.
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746 + 78 wmol m~2 h™! in darkness. The two assimilation
rates were not significantly different.

NO, ™ and O, porewater profiles. In the alga-free sediment,
NO,~ accumulated in the oxic zone of the sediment and was
depleted well below the oxic-suboxic interface at a depth of 2
mm (Fig. 6A). An NO,~ peak of 36 pM was observed above
the oxic-suboxic interface. The profile indicated a flux of NO,
from the sediment toward the water column. The zones of net
NO,~ production and consumption appeared to be separated
by the oxic-suboxic interface, with nitrification occurring in the
entire oxic zone and NO,~ consumption occurring in the sub-
oxic sediment strata (Fig. 6B). Nitrification was highest imme-
diately above the oxic-suboxic interface, suggesting that the
majority of the nitrifying bacteria developed in the deepest
part of the oxic zone to obtain optimal conditions for the
supply of both NH,* and O,. Volume-specific O, and NO,~
consumption was almost constant throughout the oxic and
suboxic zones, respectively. In the alga sediment, both NO,~
consumption and production were observed in the oxic zone
during illumination (Fig. 6D). Aerobic NO,~ consumption was
located in the net O,-producing zone and may therefore be
attributed to microphytobenthic assimilation. Below the assim-
ilation zone, a constant volume-specific net nitrification was
observed in the remainder of the oxic zone, whereas NO,~ was
consumed in the suboxic strata below and was depleted at a
depth of approximately 2.5 mm (Fig. 6C). There was no indi-
cation of aerobic net NO,~ production in the alga sediment in
darkness. NO,~ was exclusively consumed in the oxic and
suboxic sediment strata (Fig. 6E and F), and NO,~ penetrated
0.8 mm into the sediment, i.e., only 0.2 mm deeper than O,.
Volume-specific O, consumption activity was highest at the
very surface of the sediment, reflecting respiration of the alga
biomass.

Both depth-integrated and specific nitrification activity were
significantly higher in the alga-free sediment than in the alga
sediment (Table 4) (P < 0.0001). Depth-integrated and vol-
ume-specific anaerobic NO,  consumption were likewise
higher in the alga-free sediment than in the alga sediment
(Table 4) (P < 0.001). Depth-integrated and volume-specific
O, consumption rates were higher in the alga sediment than in
the alga-free sediment by a factor of approximately two to
three. However, only differences in depth-integrated O, con-
sumption were statistically significant (Table 4) (P = 0.038).

The data in Fig. 6 reflect porewater chemistry after 21 days
of incubation. However, O, profiles changed significantly dur-

TABLE 4. Depth-integrated and volume-specific NO,~ and O, transformation rates as estimated from numerical modeling of NO,~ and O,
porewater profiles (n = 4 for Algae Light treatment and n = 3 for the remainder)

Parameter

Result with treatment”:

Algae with light Algae with darkness

No algae (n = 3)

(n=4) (n=3)

NO,~ production (nmol cm~2 h™!) 21.09 (1.88) 5.82(0.74) 0
Vol-specific NO,~ production (nmol cm 2 h™1) 285.9 (32.4) 53.5(5.2) 0
Aerobic NO,~ consumption (nmol cm ™2 h™!) 0 4.05 (0.27) 4.51 (0.58)
Anaerobic NO,~ consumption (nmol cm™* h™1) 11.30 (0.70) 3.58 (0.55) 1.03 (0.16)
Vol-specific anaerobic NO,~ consumption (nmol cm™> h™) 91.87 (4.56) 35.04 (11.1) 41.43 (15.4)
0, production (nmol cm ™2 h™ ') ~123 (22.4) 132 (37.9) ~296.5 (43.0)
Vol-specific O, consumption (nmol cm™> h™1) 1,066 (222) ND 4,318 (1,353)

¢ Standard errors of the means are given in parentheses. ND, not determined.
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ing the course of both experiments 1 and 2. In experiment 1,
the O, penetration depth was 1.5 mm in the alga-free sediment
after 7 days of incubation and 1 mm after 21 days. In the same
time interval, the O, penetration depth in the alga cores
changed from 0.9 mm in darkness and 2.8 mm in light to 0.4
and 1.6 mm, respectively. The pattern was similar in experi-
ment 2.

DISCUSSION

Growth and death of AOB. In the present study, we have
shown that the presence of active benthic microalgae promotes
the death of AOB, as indicated by the parallel decrease in
abundance of the amoA genes and nitrification potential in the
alga sediment, while similar parameters increased in the alga-
free sediment during the experiment (Fig. 1A and B). How-
ever, the death of AOB in the alga sediments did not result in
measurable changes in the cell-specific activity or loss of mem-
bers of the AOB population during the experiment. The
change in relative DGGE band intensities that was observed
after 21 days (Fig. 2) could be indicative of a slight change in
the AOB population structure in the alga sediment, suggesting
that specific organisms were better adapted than others to
chemical or biological factors initiated during the alga coloni-
zation process. Caution should be taken, however, when relat-
ing DGGE band intensities to organism abundance in situ, due
to the biases that are often introduced in the preceding PCR
(53).

The AOB abundance (Fig. 1A and B) in the alga-colonized
sediment was inversely correlated (R* = 0.79, P = 0.0001) with
the alga biomass, measured as Chl a. This suggests that the
decrease in the abundance of AOB with time can be explained
by the principle of competitive exclusion, i.e., one organism
directly or indirectly inhibiting the growth of the other. As
indicated in the following calculation, this inhibition can be
linked to an ability of the algae to reduce the metabolic activity
of the AOB. In the alga sediment, the average diurnal nitrifi-
cation was 8.5 wmol m~2 h™! at the end of the experiment.
With a mean diurnal O, penetration depth of 1 mm (see
previous section), this corresponds to a specific activity of 8.5
nmol cm™? h™*, assuming that nitrification took place in the
entire oxic zone. This is approximately 20% of the nitrification
potential measured in the top 3 mm of this sediment on day 21
(Fig. 1B). The nitrification rate in the oxic zone of the alga-free
sediment was 250 wmol m~2 h™'. With an O, penetration
depth of 1 mm, this corresponds to a specific activity of 250
nmol cm > h™*, which is approximately 160% of the nitrifica-
tion potential in the upper 3 mm of this sediment (Fig. 1B). A
similar pattern was observed in experiment 2. The volume-
specific net nitrification estimated from the porewater profiles
was 35 and 0%, respectively, of the potential measured in the
upper 3 mm of the alga sediment in light and darkness, respec-
tively (Fig. 1C and 6D and Table 4). In the alga-free sediment,
the volume-specific net nitrification in the oxic zone was 87%
of the potential activity (Fig. 1C) and the maximum activity
near the oxic-suboxic border was 160% of the potential mea-
sured in the upper 3 mm of the sediment. Based on model
simulations of the metabolism of Nitrosomonas strains,
Poughon et al. (35) estimated that 75% of maximum NH,"
oxidation serves for maintenance alone. Given that the nitrifi-
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cation potential approximates the average maximum NH,"
oxidation rate of the population (5), the average activity of the
AOB population in the intact alga sediment was thus only 30%
of its maintenance requirement. In the alga-free sediment,
however, the activity of the AOB exceeded the maintenance
requirements of the population. This may explain differences
in growth patterns of AOB in sediment with and without algae.
The death of AOB in the alga sediment, as inferred from the
decrease in the number of amoA genes and the nitrification
potential may in this context be explained as the result of cell
starvation. Batchelor et al. (4) observed a similar decrease in
cells of starved Nitromonas europaea in a culture experiment.

Factors responsible for decreases in the population of AOB.
In a previous study, it was suggested that N limitation of nitri-
fying bacteria in alga-colonized sediments was the major rea-
son for reduced coupled nitrification-denitrification (40). The
results of the present study support this hypothesis. In exper-
iment 2, we observed similar nitrification potentials in alga-free
and alga sediment incubated with 100 pM NO, ", whereas the
nitrification potential in alga sediments incubated without ad-
ditional water column NO;~ was only about 50% of the activity
measured in the alga-free cores (Fig. 1C). Risgaard-Petersen
(40) observed a similar but less pronounced response to NO;
additions. Furthermore, the indication of lower actual nitrifi-
cation than potential nitrification in the alga sediments (see
above) is an indication of NH," limitation of AOB (47), since
the nitrification potential is estimated in slurries containing an
excess of NH, *. Thus, in line with previous studies (10, 40) the
results of the present study point to N limitation as a major
mechanism reducing the number of AOB in alga-colonized
sediments.

N limitation of the AOB community in the oxic zone is an
apparent paradox given the fact that NH, " for nitrification is
mainly supplied from the suboxic sediment strata (6, 20), well
below the photic zone of the sediment. Thus, in principle, AOB
could avoid N limitation by developing maximum densities at
the oxic-suboxic interface. However, according to our NO,~
sensor measurements, an AOB distribution such as this was
only observed in the alga-free sediments (Fig. 6). This may
suggest N limitation throughout the oxic zone in the alga sed-
iments. This hypothesis is further supported by the observation
that net NO,~ production in the oxic zone in light was less than
35% of the potential activity (Fig. 1C and 6). Risgaard-Pe-
tersen (40) likewise provided evidence for N limitation of AOB
below the photic zone and suggested that benthic microalgae,
via their release of photosynthetates (49), stimulated the
growth of heterotrophic bacteria. According to this theory, N
assimilation of these bacteria should be responsible for the
decline in AOB in the lower part of the oxic zone. We found no
evidence, however, of elevated bacterial net growth in the
alga-colonized sediments compared to the alga-free sediment.
The 16S rRNA real-time PCR data suggested no significant
differences between the two types of sediment, and p-amino
acid data even suggested the lowest bacterial net growth rates
in the alga-colonized sediments (Fig. 4). The NO,~ microsen-
sor measurements likewise showed the lowest volume-specific
activity of anaerobic NO,~ reduction (Table 4) in the alga-
colonized sediment, suggesting a lower density of denitrifying
bacteria in the presence of algae. Oxygen uptake rates in dark-
ness were highest in alga sediments, however, indicating the
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highest heterotrophic activity in these sediments. The incon-
sistency between bacterial abundance and O, uptake rates
suggests that the elevated O, uptake can be attributed to algal
respiration. Hence, the data obtained in the present study do
not support the hypothesis of Risgaard-Petersen (40) stating
that N limitation of the AOB population is initiated by het-
erotrophic bacterial growth stimulated by the release of easily
accessible carbon by benthic microalgae.

We propose that direct competitive interaction takes place
between algae and AOB and that depression and possible N
limitation of AOB below the photic zone is caused by the
algae, which may exploit the deeper parts of the oxic zone
through vertical migration. Pennate diatoms dominated the
alga-colonized sediments, and the morphology of these algae
indicates that the majority of the population was motile. The
diatoms observed possessed a raphe on one or both frustule
halves, which according to Hoek et al. (18), is used for loco-
motion.

Are benthic microalgae better competitors than AOB?
Given that direct competitive interaction takes place between
AOB and benthic microalgae, the alga must grow faster than
AOB and their N uptake must exceed the cell-specific NH,*
oxidation rate of the AOB or, alternatively, algal N uptake may
have a much higher impact on the N availability for AOB than
NH, oxidation has on the availability of N for algae. The
present data set indicates that all of these criteria were ful-
filled.

The net growth rate of AOB in the alga-free sediment was
0.04 day~', which is close to the growth rate reported for N.
marina (0.03 to 0.17 day ') when grown in a chemostat at 20°C
(13). Since NH," was not limiting AOB growth in this sedi-
ment, as indicated by the NH, " efflux and agreement between
actual and potential nitrification rates, we must assume that
the estimated net growth rate was near the optimum of the
population. The growth rate of the algae, estimated from the
increase in Chl a with time was nearly two times higher (0.07
day ™).

The maximum cell-specific NH, " oxidation activity of AOB
was 5.9 fmol of N cell " h™* as judged from the ratio between
amoA gene copies and the nitrification potential (Fig. 1) and
assuming two amoA gene copies per cell (28, 34). This is
comparable with data reported for N. marina (0.9 to 4.9 fmol
of N cell™* h™") (13). The cell-specific algal N uptake rate
estimated from the abundance of the dominant alga group
(Gyrosigma sp.) in the upper 3 mm of the sediment and the
assimilation estimated from the flux and denitrification data
(Fig. 6) was 560 fmol of N cell ' h™'. Thus, alga cells exhibited
uptake rates nearly 2 orders of magnitude higher than the
maximum cell-specific NH, " oxidation rate of AOB. In addi-
tion, the algae may take up both NH,* and NO,~ (Fig. 6)
while AOB take up only NH, " and release NO, . Thus, algal
N uptake may have a much higher impact on the N availability
for AOB than NH,* oxidation has on the availability of N for
algae.

In addition to superiority with respect to growth and N
uptake, the algae may initiate O, limitation of the majority of
the AOB through their respiration. In both experiments 1 and
2, there were large diurnal fluctuations in the O, penetration
depth in the alga cores, and during darkness, the O, penetra-
tion depth was lower in these cores than in alga-free cores.
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These diurnal fluctuations in O, penetration significantly af-
fected the growth conditions of AOB. The NO,~ microsensor
experiments performed in experiment 2 showed that net nitri-
fication in alga sediments was absent in darkness and only
present below a depth of 0.5 mm in light (Fig. 6D and F). Thus,
the major fraction of AOB in the alga-colonized sediments
were only able to maintain a detectable metabolism in periods
when oxygenic photosynthesis allowed O, to penetrate deeper
than the superficial zone, corresponding to only 12 h per day in
the present study. During the remaining 12 h, the population
was O, limited.

In the present study, we investigated the growth of AOB in
sediments colonized by benthic microalgae. Our data show that
microalgae, via their assimilation and alterations of the chem-
ical microenvironment, create conditions that prevent AOB
from maintaining their population size. In addition, our data
indicate that not only the AOB population is affected. Bacteria
with the ability to reduce NO,~ anaerobically, e.g., denitrifiers,
seem to be negatively affected by the presence of active mi-
croalgae as well. This observation needs further documenta-
tion, however, for instance, through measurements of the deni-
trification potential. We propose that direct competitive
interaction takes place between algae and AOB and that the
benthic algae are superior competitors because they have
higher N uptake rates and grow faster than AOB. In addition,
via their respiration, the algae may induce O, limitation of the
AOB population. The overall consequence of this interaction
is a reduction in the capacity of the sediment for removing N
via coupled nitrification-denitrification upon alga colonization.
Risgaard-Petersen (40) showed that this was in fact the case for
natural sediments. As this reduction is linked to the initiation
of N limitation of the bacterial populations, the reduction of
coupled nitrification-denitrification is most severe during the
summer months when N availability is low (45, 50).
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