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Abstract

The denitrification capacity of different phylogenetic bacterial groups was inves-

tigated on addition of different substrates in activated sludge from two nutrient-

removal plants. Nitrate/nitrite consumption rates (CRs) were calculated from

nitrate and nitrite biosensor, in situ measurements. The nitrate/nitrite CRs

depended on the substrate added, and acetate alone or combined with other

substrates yielded the highest rates (3–6 mg N gVSS�1 h�1). The nitrate CRs were

similar to the nitrite CRs for most substrates tested. The structure of the active

denitrifying population was investigated using heterotrophic CO2 microautora-

diography (HetCO2-MAR) and FISH. Probe-defined denitrifiers appeared as

specialized substrate utilizers despite acetate being preferentially used by most of

them. Azoarcus and Accumulibacter abundance in the two different sludges was

related to differences in their substrate-specific nitrate/nitrite CRs. Aquaspirillum-

related bacteria were the most abundant potential denitrifiers (c. 20% of

biovolume); however, Accumulibacter (3–7%) and Azoarcus (2–13%) may have

primarily driven denitrification by utilizing pyruvate, ethanol, and acetate.

Activated sludge denitrification was potentially conducted by a diverse, versatile

population including not only Betaproteobacteria (Aquaspirillum, Thauera, Accu-

mulibacter, and Azoarcus) but also some Alphaproteobacteria and Gammaproteo-

bacteria, as indicated by the assimilation of 14CO2 by these probe-defined groups

with a complex substrate mixture as an electron donor and nitrite as an electron

acceptor in HetCO2-MAR–FISH tests.

Introduction

An efficient removal of nitrate by denitrification in nutrient-

removal wastewater treatment plants is often hampered by

the lack of suitable organic substrates in the incoming

wastewater (Henze et al., 1994; Hallin & Pell, 1998). There-

fore, single or complex substrates, such as acetate, methanol,

glycols, and sludge hydrolysate, may be added as external

carbon sources. Activated sludge from different full-scale

municipal plants has commonly yielded different denitrifi-

cation rates upon addition of the same substrate (Gerber

et al., 1987; Hagman, 2003). For instance, a wide range of

nitrate consumption rates (CRs) (3–7 mg N per gram

volatile suspended solids per hour or mg N gVSS�1 h�1)

upon acetate addition were measured in seven different

European municipal activated sludge samples (Naidoo

et al., 1998). Similarly, different oxygen uptake rates (OUR)

have been reported for the same carbon source in different

activated sludge plants (Dircks et al., 1999; Benes et al., 2002;

Hagman, 2003).

An obvious explanation for this difference is that the

number of oxygen utilizers/denitrifiers varies among differ-

ent treatment plants, but variations in the relative abun-

dance of different species with specific substrate utilization

capacity may also explain these differences in rates. In

methanol- and ethanol-adapted activated sludge, differences

in the denitrifying populations have been proposed to

explain differences in denitrification rates (Hallin & Pell,

1998; Hallin et al., 2006). The community structure of

denitrifiers is affected by external carbon sources, as shown

by the enrichment of diverse denitrifying bacteria with

methanol and acetate (Ginige et al., 2004, 2005; Hallin

et al., 2006; Osaka et al., 2006). Nevertheless, in all such

studies on the effect of different substrates on denitrification
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in full-scale plants, the denitrifiers have not been identified

or have been identified only tentatively based on culture-

dependent techniques and phenotypic fingerprinting (Lee &

Welander, 1996).

Only recently, have the identity and presence of denitrify-

ing bacteria in nutrient-removing activated sludge plants

been better described. In several municipal activated sludge

plants operated for carbon removal, nitrification, and deni-

trification, Betaproteobacteria belonging to the genus Aqua-

spirillum were suspected to be the dominant denitrifiers

(Thomsen et al., 2004), comprising from 10% to 30% of the

total bacteria (Thomsen et al., 2007). Other denitrifying

Betaproteobacteria from the genera Thauera and Azoarcus

constituted from 1% to 12% and 1% to 6% of the total

bacteria, respectively (Thomsen et al., 2007). The proposed

denitrifying capacity of polyphosphate-accumulating or-

ganisms (PAO) (Dold & Barker, 1996; Zeng et al., 2003) has

now been evidenced for Accumulibacter PAO, which consti-

tute from 5% to 22% of the total bacteria in municipal and

industrial activated sludge with biological P removal (Kong

et al., 2004). Zoogloea along with Azoarcus and Thauera are

abundant and are believed to be the dominant denitrifiers in

some industrial treatment plants (Juretschko et al., 2002).

Betaproteobacteria from the order of Methylophilales and

from the genera Dechloromonas and Thauera were the

dominant denitrifiers in methanol-acclimated (Ginige

et al., 2004) and acetate-acclimated (Ginige et al., 2005)

activated sludge, respectively. Also, recently, other Betapro-

teobacteria from activated sludge have been considered to be

able to denitrify, such as various bacteria from Comamona-

daceae and some Alphaproteobacteria from Rhodobacteraceae

(Osaka et al., 2006). The extent to which these and other

bacteria contribute to denitrification in full-scale activated

sludge systems is so far unknown.

Although activated sludge denitrification appears to be

driven by few denitrifying bacterial groups; the substrate

utilization specificity of these denitrifiers in full-scale acti-

vated sludge plants is only partially understood. Acetate is

widely reported to promote the highest denitrification rates

(3–12 mg NOx-N gVSS�1 h�1) for different activated sludge

types (Gerber et al., 1987; Eilersen et al., 1995; Lee &

Welander, 1996; Hallin & Pell, 1998; Marchetto et al.,

2003), but mixed, complex substrates are also reported to

yield high rates (Monteith et al., 1980; Lee & Welander,

1996). Recent ecophysiological studies on denitrification

have shown that some denitrifying bacteria in activated

sludge appear very specialized in their substrate uptake

while others are more versatile (Thomsen et al., 2007). The

abundant Aquaspirillum-related bacteria utilize only mixed

amino acids, whereas Thauera, Azoarcus, and Accumulibac-

ter PAO consume a range of short-chain fatty acids and

amino acids. Glucose and oleic acid can only be consumed

by some Thauera (Thomsen et al., 2007). A more selective

utilization of methanol has been described for denitrifying

Methylophilales and of acetate for Dechloromonas in accli-

mated activated sludge (Ginige et al., 2004, 2005). There-

fore, it is likely that the relative abundance of the main

denitrifiers in full-scale activated sludge plants reflects the

denitrification rates with certain substrates due to the

substrate utilization specificity of the various denitrifiers.

The aim of this study was to evaluate possible correlations

between the community structure of known, probe-defined

denitrifiers and their denitrifying capacity based on addition

of specific organic substrates in full-scale, nutrient-removal

activated sludge plants. Probe-defined denitrifiers refer to

denitrifying bacteria targeted and identified by specific FISH

probes. Nitrate and nitrite CRs were measured upon addi-

tion of different substrates in situ in sludge via biosensors

capable of measuring electron-acceptor concentrations nor-

mally encountered in activated sludge (o 0.8 mM NOx-N or

11 mg NOx-N L�1). Furthermore, the presence and activity

of other so far unidentified denitrifiers was evaluated under

nitrite-reducing conditions using heterotrophic CO2 micro-

autoradiography and FISH (HetCO2-MAR–FISH).

Materials and methods

Activated sludge samples

Mixed-liquor activated sludge was collected from two full-

scale wastewater treatment plants (WWTP) treating mainly

domestic wastewater in Northern Jutland, Denmark: Aal-

borg East WWTP and Aabybro WWTP. Both WWTP consist

of carbon removal, nitrification, denitrification, and chemi-

cal phosphorus removal with the addition of FeSO4; in

addition, Aalborg East WWTP has enhanced-biological

phosphorus removal (EBPR). Aalborg East WWTP is de-

signed for 100 000 population equivalents (PE) and Aabybro

WWTP operates at 9800 PE. The mean sludge retention

time in both plants is 25–30 days, and no external carbon

sources are used for denitrification. They have had stable

nitrogen removal for several years with effluent concentra-

tions of total nitrogen in the range of 5–8 mg N L�1. The

activated sludge mixed liquor was used either within 1–6 h

after collection or a day later, after overnight storage at 4 1C.

No differences in nitrate/nitrite CRs were measured when

using fresh or 1-day-old sludge.

Measurement of nitrate/nitrite CRs

Nitrate/nitrite biosensors

The nitrate and nitrite concentrations in the activated sludge

were measured on-line with the simultaneous use of a NOx
�

and a NO2
� biosensor (Unisense A/S, Aarhus, Denmark)

at nitrate and nitrite levels o 11 mg NOx
�-N L�1 (800 mM

NOx
�-N). These biosensors are based on the diffusion of
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nitrate/nitrite through an ion-permeable membrane into a

pure culture of denitrifiers, converting the ions into N2O,

which is subsequently electrochemically reduced and de-

tected, as described elsewhere (Larsen et al., 2000; Nielsen

et al., 2004). While the NO2
� biosensor detects nitrite alone,

the NOx
� biosensor detects both nitrate and nitrite together;

therefore, the nitrate concentration was determined by

subtracting the NO2
� from the combined NOx

� concentra-

tion. The linear decrease in the measured nitrate/nitrite

concentrations ensured that nitrogen availability in the

sludge flocs was not diffusion limited at the concentrations

used (0.8 mM NOx
� or 11 mg NOx

�-N L�1). Furthermore,

nitrite concentrations o 7 mg NO2
�-N L�1 (0.5 mM NO2

�)

were used to avoid nitrite toxicity to the biosensors

and activated sludge. Under neutral pH and with

540–3400 mg L�1 mixed liquor suspended solids (MLSS),

inhibition of nutrient-removal activated sludge by nitrite

has been reported at nitrite levels from 5 to 8 mg NO2
�-N L�1

(Meinhold et al., 1999) and 20 to 30 mg NO2
�-N L�1 (Weon

et al., 2002). The concentrations used to measure the nitrate/

nitrite consumption rates (NCRs) in this work are within

the range of nitrate/nitrite concentrations generally experi-

enced by denitrifiers in full-scale plants (Henze et al., 2002).

Batch measurements

Before measuring the NCRs, the activated sludge tempera-

ture was increased from 10–12 or 4 1C (after storage) to

22 1C in a water bath in order to maintain an optimal

bacterial activity in the biosensors (operating range

10–38 1C) and to increase the biosensors’ NOx
� detection

limits from 0–2.9 mg N-NOx
�L�1 at 10 1C to 0–14 mg N-

NOx
�L�1 at 20 1C, as per the manufacturer’s specifications.

The sludge was aerated for at least 30 min to ensure removal

of easily degradable substrate from the mixed liquor. The

effect of different carbon sources on the denitrification rates

was evaluated in 500-mL batches of undiluted activated

sludge under constant magnetic stirring by measuring NCRs

after substrate addition (Fig. 1). For each substrate or

mixture of substrates, two or three NCRs were sequentially

determined in single batch measurements. First, the biosen-

sors’ readings were allowed to stabilize, and then the

biosensors were calibrated as a five-point calibration in

activated sludge under diffused aeration (c. 30 min) by

spiking with known amounts of nitrate, followed by nitrite

(30–60 mL 500 mM NO3
�/NO2

�, yielding a final concentration

of 30–60 mM NO3
�/NO2

�). After the last nitrite spike, nitrite

was allowed to be completely nitrified before shifting the air

to N2 (c. 40 min) (Fig. 1). All the NCRs were determined

under anaerobic conditions ensured by N2 sparging.

NCRs were measured in a 3-week period and a 2-week

period after a lapse of 2 months in activated sludge from

Aalborg East WWTP. In the first 3-week period, the series of

rates were measured in duplicate batches for each substrate,

and the NCRs are therefore reported as means� SDs of all

the rates determined in the two batches. In the later 2-week

period, only one series of two or three NCRs were deter-

mined (one batch) because high reproducibility in the rates

was observed in the first 3-week period. No significant

differences in NCRs were observed either within each

measurement period or between the first 3-week period

and the second 2-week period. For Aabybro WWTP, only

series of two or three NCRs were measured during the 2-

week period in a single batch measurement. Both the

calibrations and the measurements were conducted at the

same stirring speed, at a room temperature of 22.5� 1 1C,

and pH = 7.5� 0.5.

Substrate addition

In general, NCRs were determined after substrate spikes,

yielding final concentrations in the mixed liquor of

200 mg L�1. However, in order to test against substrate

limitation, the sludge was sometimes spiked with substrate

two or three times and concentrations of up to 400 or

800–1100 mg L�1 (ethanol only) were achieved. The addi-

tion of extra substrate had no impact on the NCRs com-

pared with those measured under 200 mg of substrate L�1.

The substrates tested (Sigma, except where indicated) were:

sodium acetate (ACS Merck, Germany), a complex amino

acid mixture: casein hydrolysate (Microbiology, Merck),

ethanol (Malteserkors, Denmark), propionic acid, sodium

pyruvate (Merck), D-glucose (Merck), sodium oleate, gluta-

mic acid, aspartic acid, glycine (J.T. Baker, Holland), serine,

and L-phenylalanine. NCRs were also measured on com-

bined addition of acetate and casein hydrolysate, glutamic

and aspartic acids, and serine and glycine. In addition,

NCRs were determined without substrate addition in
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Fig. 1. Typical nitrate and nitrite profiles obtained from a batch experi-

ment with the N-removing sludge (Aabybro) with pyruvate spiking.

Nitrate, nitrite, and pyruvate spikes are indicated by arrows.
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independent batches and within a batch measurement after

shifting to N2 and before substrate spiking. The addition of

substrate always caused a relative increase in NCRs in each

batch compared with the endogenous NCRs without sub-

strate addition (Fig. 1).

FISH and HetCO2-MAR–FISH

Paraformaldehyde fixation and FISH probing were con-

ducted based on the protocol by Amann (1995) with

homogenized activated sludge. The oligonucleotide probes

used were ALF968 for many Alphaproteobacteria (Neef,

1997), BET42a for Betaproteobacteria (Manz et al., 1992),

Aqs997 1 competitors for Aquaspirillum-related bacteria

(Thomsen et al., 2004), Thau646 for Thauera (Lajoie et al.,

2000), Azo644 for Azoarcus (Hess et al., 1997), PAO651 for

Accumulibacter PAOs (Crocetti et al., 2000), GAM42a for

Gammaproteobacteria (Manz et al., 1992), Pla46 for Planc-

tomycetes (Neef et al., 1998), CF319a1b for Cytophaga–

Flavobacterium-group of the Bacteroidetes (Manz et al.,

1996), HGC69a for Actinobacteria (Roller et al., 1994),

LGC354a1b for many Firmicutes (Meier et al., 1999),

SRB3851SRB385Db for Deltaproteobacteria and Desulfo-

bacteriaceae (Amann et al., 1992; Rabus et al., 1996),

GNSB9411CFX1223 for Phylum Chloroflexi (Gich et al.,

2001; Björnsson et al., 2002), Ntspa712 for Phylum Nitros-

pira/Leptospirillum (Daims et al., 2000), and EUBmix

(EUB338, EUB338-II, and EUB338-III) for all Bacteria

(Daims et al., 1999). Further details about the probes and

their competitors are provided at probeBase (Loy et al.,

2003). EUBmix labelled with FLUOS was used in combina-

tion with any of the other probes labelled with Cy3. In the

activated sludge sample analysed in this study, those cells

targeted by LGC354a1b were also targeted by the EUBmix

probe, despite competing for two overlapping bases in the

target RNA sequence.

HetCO2-MAR–FISH under nitrite-reducing conditions was

conducted following the general approach described pre-

viously (Hesselsøe et al., 2005; Nielsen & Nielsen, 2005), but

with the following modifications: a sample from Aalborg East

activated sludge was incubated for 5 h with 20mCi of

H14CO3
�mL�1 under anaerobic conditions with and without

0.5 mM NO2
� and with c. 800 mg chemical oxygen demand

(COD) L�1 of a complex mixture of substrates consisting of

14% w/w yeast extract, 14% meat extract, 14% casein hydro-

lysate, 23% sodium acetate, and 35% glucose (each compo-

nent yielding 160 mg COD L�1). Before adding the labelled

isotope and nitrite, the sludge with the substrate mixture was

preincubated for 1 h under anaerobic conditions to remove

traces of nitrite and nitrate. In addition, c. 73% of the

carbonate from the fresh activated sludge used in the pre-

incubation was removed by acidifying to pH 5 with 6 M HCl,

allowing the sample stand for 20 min, and then sparging with

N2 for 1 h and restoring the original pH to 7. This ensured an

optimal silver-grain MAR signal for assessment and quantifi-

cation, in which background silver-grain formation was mini-

mized. This pretreatment had no statistically significant

impact on the sludge denitrification capacity as assessed by

similar NCRs measured in the treated (3.9� 2.1 mg

N gVSS�1 h�1) and untreated (2.9� 0.9 mg N gVSS�1 h�1)

sludge on addition of the complex substrate mixture (paired

t-test, 95% confidence level, n = 4, P = 0.25). After isotope

labelling incubation, MAR–FISH slide preparations were

carried out as described previously (Nielsen & Nielsen, 2005).

Homogenization of the biomass was conducted for 5 min with

a tissue grinder. The slides were exposed in the dark at 4 1C for

5 days. The effect of longer exposure times on the MAR signal

was also tested for 30 and 54 days.

Quantification of FISH-based bacterial abundance
and HetCO2-MAR–FISH signal

The relative abundance of each probe-defined bacterial

group was estimated as the ratio of area fluorescing with

each specific probe to the area fluorescing with the EUBmix

probe on images of thin sludge samples. For each sample, 20

images of fields of view were taken at � 630 magnification

under oil immersion from two different hybridization wells

containing the same sample on the slide using an Axioskope

II epifluorescent microscope (METAVUE software 6.4; Univer-

sal Imaging Corp., Downington, PA). The numbers of cells

(cells mL�1) in the activated sludge samples and for the

targeted organisms were determined based on 4,6-diamino-

2-phenylindoldihydrochloride-dilactate (DAPI) staining, as

explained elsewhere (Morgan-Sagastume et al., 2008), where

the accuracy of the method and comparisons with the

literature are also presented.

The percentage of FISH-probe-defined cells yielding a

positive, silver-grain HetCO2-MAR signal was used for

quantifying specific microbial activity under nitrite-redu-

cing conditions (incubation with nitrite) and under anaero-

bic, fermenting conditions (incubation without nitrite).

Thus, the ratio of probe-specific fluorescing area with

silver-grain coverage to the total area fluorescing with the

specific oligonucelotide probe was calculated on MAR–-

FISH images. Bright-field images of silver-grain coverage

and fluorescing images were taken from 20 fields of view at

� 1000 magnification. All image analyses were conducted

using the image-processing software IMAGEJ 1.34s (http://

rsb.info.nih.gov/ij/; National Institute of Health, US).

MAR–FISH quantification was conducted after 5, 30, and

54 days of exposure, and although the longer exposure

increased the silver grain density for some probe-defined

bacteria, the same trends in results were observed. Never-

theless, reporting the silver-grain density for a range of

probe-defined organisms after a 5-day exposure ensured
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that the effects of background and neighbouring silver-grain

formation were taken into account.

Results

Activated sludge nitrate/nitrite CRs

The nitrate CR without substrate addition was 1.0� 0.2

mg NO3
�-N g VSS�1 h�1 for the N- and P-removing sludge

(Aalborg East) in the first 3-week period, as calculated from

two batch measurements (n = 5). This value was subtracted

from the measured NCRs in order to account for background

denitrification on sludge substrates (Fig. 2). During the later 2-

week period, NCRs without substrate addition were measured

during each batch measurement before spiking with a specific

substrate in both the N- and P-removing (Aalborg East) and

the N-removing sludge (Aabybro). Thus, these values were used

to correct the NCRs measured in each specific batch (Fig. 2).
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Fig. 2. Increase in denitrification rates as NCRs

measured upon substrate addition in (a) the

N- and P-removing sludge (Aalborg East) and (b)

the N-removing sludge (Aabybro). The increase

with respect to the rates without substrate

addition is shown for each substrate and the

rates were calculated by subtracting the NCRs

without substrate addition from the NCRs mea-

sured in each batch. For (a), the averages for the

NCRs without substrate addition equalled

1.7�0.5 NO2
�-N g VSS�1 h�1 (n = 6) and 1.3�0.4

NO3
�-N g VSS�1 h�1 (n = 5); �set of data from an

initial 3-week period, in which the increase in the

rates was determined by subtracting a constant

average NCR without substrate addition = 1.0 mg

NO3
�-N g VSS�1 h�1 from the measured rates for

all substrates. For (b), the averages for the NCRs

without substrate addition equalled 1.5� 0.1

NO2
�-N g VSS�1 h�1 (n = 3) and 1.7�0.4 NO3

�-

N g VSS�1 h�1 (n = 12).
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All the substrates tested have been reported to be utilized

by one or several of the probe-defined denitrifiers in Aalborg

East activated sludge (Table 1). Immediately after substrate

addition, a linear reduction in nitrate and an increase in

nitrite levels were observed for all substrates tested. Nitrite

levels did not start decreasing until all nitrate was removed

(Fig. 1). From the substrates tested, the highest NCRs

(3–6 mg N gVSS�1 h�1) in both activated sludge types were

measured with acetate and the combination of acetate and

casein hydrolysate (Fig. 2). The lowest NCRs (o 1 mg

N g VSS�1 h�1) in both sludge types were measured after

addition of specific amino acids, such as aspartic acid and

phenylalanine. Glutamic acid and oleate also yielded low

NCRs in the N-removing sludge (Aabybro) and serine and

ethanol in the N- and P-removing sludge (Aalborg). Inter-

mediate NCR values ranging from 1 to 3 mg N gVSS�1 h�1

were measured with other substrates (Fig. 2).

In both sludge types, the mixture of acetate and casein

hydrolysate yielded NCRs that corresponded approximately

to the addition of the single substrate rates with acetate

and casein hydrolysate alone (Fig. 2). Glucose and ethanol

produced higher NCRs in the N-removing sludge (Aabybro)

than in the N- and P-removing sludge (Aalborg East). The

NCRs in the N-removing sludge with the other short-chain

fatty acids and amino acids were lower than in the N- and P-

removing sludge.

For most of the substrates tested, no significant differ-

ences in nitrate and nitrite CRs were observed (Fig. 2).

However, nitrate CRs were higher than the nitrite

CRs for pyruvate and glucose, and for sludge from Aabybro

WWTP also oleate, aspartate, phenylalanine, and casein

hydrolysate, which, alone or in combination with acetate,

also gave higher rates. Only for a few substrates (ethanol

in Aabybro and glutamate and glycine in Aalborg East)

were the nitrite-removal rates higher than the nitrate-

removal rate.

Abundance of potential denitrifying bacteria in
activated sludge

Group-specific oligonucleotide probes were used to quantify

the relative abundance of the dominant and physiologically

important bacterial groups in the sludge (Fig. 3). The

number of group-specific cells in the sludge (cells mL�1)

was estimated based on average DAPI cell numbers (Aalborg

East: 2.5� 109 cells mL�1; Aabybro: 1.9� 109 cells mL�1), an

average EUBmix/DAPI ratio (0.76) (Morgan-Sagastume

et al., 2008) assumed to be similar for both sludge types,

and the group-specific-probe/EUBmix ratios were deter-

mined. The five betaproteobacterial genera previously

shown to inhabit denitrifying activated sludge, i.e., Aqua-

spirillum, Thauera, Accumulibacter, Azoarcus, and Zoogloea

were found in both sludge types, with the Aquaspirillum-

related bacteria, Thauera, Accumulibacter, and Azoarcus

as the most abundant (Fig. 3a). Zoogloea was estimated

to be present in low abundance (o 1� 107 cells mL�1,

o 0.5–1%).

The abundance of Aquaspirillum-related Azoarcus and

Accumulibacter bacteria was different in the two sludge types

(Fig. 3a). The Azoarcus were more abundant in the N-

removing sludge (Aabybro: 19� 2� 107 cells mL�1,

13� 5%) than in the N- and P-removing sludge (Aalborg

East: 3.7� 0.9� 107 cells mL�1, 2� 1%), and the Aquaspir-

illum-related bacteria and Accumulibacter were more abun-

dant in the N- and P-removing sludge (Aalborg East:

39� 4� 107 cells mL�1, 20� 2% and 12� 1� 107 cells mL�1,

7� 2%) than in the N-removing sludge (Aabybro:

2.5� 0.2� 107 cells mL�1, 18� 2% and 3.9� 0.7� 107

cells mL�1, 3� 1%). The relative abundance of Thauera was

similar in both sludge types (10� 2� 107 cells mL�1, 5� 1%

in Aalborg East and 8.5� 1� 107 cells mL�1, 6� 1, Aabybro).

In terms of broader probe-defined groups, Betaproteobacteria

(36� 3%), Chloroflexi (33� 4%), and Alphaproteobacteria

Table 1. Summary of the substrate-uptake specificity for probe-defined (parentheses) denitrifiers with nitrite and nitrate as electron acceptors in

Aalborg East activated sludge, based on MAR–FISH studies (Kong et al., 2004; Thomsen et al., 2004, 2007)

Substrate

Aquaspirillum-related

bacteria (Aqs997)

Thauera

(Thau646)

Azoarcus

(Azo644)

Accumulibacter

(PAO651)

16-Amino acid mixture 1(20–30%) 1(15–25%) 1(50–60%) ND

Acetate � 1(50%) 1(20–30%) 1(22–35%)

Pyruvate � 1(10–20%) 1(5–10%) 1�

Ethanol � � 1(10–20%) 1(20–30%) � �

Propionate � 1(30–40%) � 1/�
Oleic acid � 1(10%) � � �

Glucose � 1(10–20%) ND � �

1, Uptake; � , no uptake; 1/� , both uptake and no uptake observed; ND, not determined, but likely.

The values in parentheses correspond to percentages from each probe-defined population taking up labelled substrate.
�Expected facultative behaviour for nitrate/nitrite, based on substrate uptake tests conducted with oxygen as electron acceptor. No MAR–FISH tests

under anoxic conditions were conducted.
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(17� 2%) were the most dominant bacterial groups,

and Bacteroidetes (13� 1%) and Gammaproteobacteria

(10� 2%) were present in medium abundance in Aalborg

East WWTP (Fig. 3b). The addition of the percent-specific

probe binding for all the groups, except Chloroflexi, was

close to 90%, indicating that the nine probe-targeted

bacterial groups accounted for the majority of the EUB-

mix-positive bacteria in the sludge. An overestimation of the

abundance for some groups, as the specific case of Chloro-

flexi, is possible because many filamentous bacteria belong-

ing to Chloroflexi were not targeted by the EUBmix, but gave

a clear signal with the group-specific probes GNSB941 and

CFX1223. This yielded an artificially higher percentage of

the relative abundance of Chloroflexi, which, however,

appear inactive under nitrite-reducing conditions, as dis-

cussed below.

14CO2 assimilation under nitrite-reducing
conditions

In order to gain insights into the diversity of potentially

active denitrifiers (nitrite reducers) in the activated sludge,

assimilation of 14CO2 with nitrite as an electron acceptor

and with a complex substrate mixture as an electron donor

was investigated in Aalborg East activated sludge. A broad

mixture of substrates, including acetate and amino acids,

was used to target most of the bacteria with potential

denitrifying capacity and in the same sludge on which

previous single-substrate, MAR–FISH studies had been

conducted (Table 1). Active cells assimilating CO2 were

visualized using MAR and their identity was determined

using FISH. Parallel MAR incubations were conducted to

test the assimilation of 14CO2 under anaerobic conditions

without nitrite but with the complex substrate mixture in

order to exclude the possible activity of nondenitrifiers

under nitrite-reducing conditions, such as fermenting bac-

teria. The semi-quantitative HetCO2-MAR–FISH results are

summarized in Table 2.

Assimilation of 14CO2 with the complex substrate mix-

ture under nitrite-reducing conditions was detected in some

of the probe-defined bacterial groups (Table 2). Assimilation

of 14CO2, as determined by a medium (30–50% of targeted

bacteria) to high (4 50%) silver-grain coverage of probe-

hybridized cells, was detected for Alphaproteobacteria,
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Fig. 3. Abundance of (a) known

denitrifiers in the N- and P-removing sludge

(Aalborg East) and the N-removing sludge

(Aabybro; shaded bars) and of (b) broad bacterial

groups in the N- and P-removing sludge (Aalborg

East), as determined using FISH biovolume

measurements. The error bars correspond to

averages�95% confidence limits.
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Betaproteobacteria, including all the four potential denitri-

fiers (Aquaspirillum, Azoarcus, Thauera, and Accumulibac-

ter), Gammaproteobacteria, and Firmicutes under nitrite-

reducing conditions. A small fraction (o 10–20%) of

bacteria belonging to Actinobacteria presented a positive

HetCO2-MAR signal. Chloroflexi filaments, Deltaproteobac-

teria/Desulfobacteriaceae, Nitrospira, Planctomycetes, and

Bacteroidetes were unable to assimilate 14CO2 (no silver-

grain coverage observed) under such conditions (Table 2).

The expected lack of 14CO2 assimilation by autotrophic

nitrite oxidizers Nitrospira served as a negative control

for the HetCO2-MAR experiments under nitrite-reducing

conditions.

Some probe-targeted bacteria assimilating 14CO2 under

nitrite-reducing conditions were also able to assimilate
14CO2 under anaerobic conditions without nitrite (Table

2). Some Alphaproteobacteria, Betaproteobacteria, Gamma-

proteobacteria, Firmicutes, and Actinobacteria showed simi-

lar silver-grain coverage under anaerobic conditions as

under nitrite-reducing conditions. However, the previously

reported betaproteobacterial denitrifiers Aquaspirillum,

Azoarcus, and Thauera showed an insignificant silver-grain

coverage (o 5–10%) under anaerobic conditions without

nitrite. The MAR-positive Accumulibacter were also more

active under nitrite-reducing conditions than under anae-

robic conditions (Table 2). From the probe-defined bacterial

groups assessed, only Firmicutes showed high activity

(4 50% grain coverage) in both incubations. None of the

bacterial groups examined and found capable of assimilat-

ing 14CO2 were completely MAR-positive with a 100%

silver-grain coverage, which indicates the presence of in-

active, non-14CO2-assimilating, and/or non-substrate-uti-

lizing members within these probe-defined groups.

Discussion

Measurement of denitrification as NCRs

The NCRs of this study reflect the process of denitrification

in situ and at electron-acceptor concentrations to which

activated sludge is generally exposed in a full-scale plant.

Although the NOX
� (combined nitrate and nitrite) and

nitrite biosensors had been used previously in activated

sludge (Larsen et al., 2000; Nielsen et al., 2004), they had

not been systematically used to determine both nitrate and

nitrite CRs in bulk activated sludge. The NOX
� biosensor has

only been applied in denitrification studies with diatoms in

freshwater sediment (Lorenzen et al., 1998) and with

activated sludge (NOX
� CRs only) (McMurray et al., 2004;

Sin & Vanrolleghem, 2004). The online measurement of

nitrate and nitrite allowed for NCR measurements in

activated sludge at concentrations three to six times lower

than those used in conventional approaches (c. 20–60 mg

NO3
�-N L�1) with periodic sampling and analysis (Kristen-

sen et al., 1992; Oh & Silverstein, 1999; Hagman, 2003).

Therefore, these in situ measurements reflect more realisti-

cally the ecophysiology of the denitrifiers in activated sludge.

Although the denitrification rates determined in this study

at 22.5� 1 1C will be higher than those expected in the full-

scale plant (10–12 1C), no significant impact on the relative

activity of the different bacterial groups assessed is expected.

No interference in the biosensor measurements by N2O was

expected because N2O concentrations have been observed to

be negligible in activated sludge under anoxic conditions

(Larsen et al., 2000; McMurray et al., 2004).

Detectable nitrite consumption only occurred once the

nitrate levels were limiting (Fig. 1). This denitrification

behaviour involving nitrite accumulation has also been

reported for activated sludge from other nutrient removal

plants (Wilderer et al., 1987; Ekama & Wentzel, 1999).

Nitrate reduction without nitrite accumulation has only

been reported for acclimated sludge, as for the case of an

acetate-fed sludge (Oh & Silverstein, 1999), or for pure or

mixed cultures of known denitrifying bacterial strains under

specific substrate and environmental conditions (Blaszczyk,

1993; van Rijn et al., 1996).

The NCRs measured in both sludge types (Fig. 2) are in

agreement with denitrification rates reported in the

Table 2. Potential denitrifiers as determined by HetCO2-MAR–FISH

Oligonucleotide probe-

targeted bacteria

Density of silver grain formation

Incubation with nitrite

(nitrite-reducing

conditions)

Incubation without

nitrite (anaerobic

conditions)

Chloroflexi � �
Nitrospira � �
Alphaproteobacteria 1 1

Betaproteobacteria 1 1

Aquaspirillum-related 1 �
Azoarcus 1 � /1

Thauera 1 �
Accumulibacter 11 1

Gammaproteobacteria 1 1

Deltaproteobacteria � �
Firmicutes 11 11

Actinobacteria � /1 � /1

Planctomycetes � �
Bacteroidetes � �

� , no or insignificant silver grain coverage: o 5–10% of probe-defined

organisms; � /1, slight silver-grain coverage: o 10–20%; 1, medium

silver grain coverage: 30–50%; 11, high silver-grain coverage: 4 50%.

Summary of the assimilation of 14CO2 with a complex substrate mixture

as electron donor and carbon source, and under nitrite-reducing and

anaerobic conditions by different probe-defined bacterial groups in

Aalborg East activated sludge. Quantification was conducted based on

the ratio of probe-specific fluorescing area with silver grain coverage to

the total area fluorescing with the specific oligonucleotide probe.
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literature for some of the substrates used, i.e., acetate,

propionate, and ethanol (Table 3). For the case of glucose,

however, the NCRs from this study are comparatively high-

er. Compared with denitrification rates from sludge accli-

mated to specific substrates (e.g. ethanol or methanol), the

NCRs from this study are relatively lower because no

microbial population actively utilizing the specific sub-

strates was enriched. Denitrification rates with the addition

of different substrates and from different activated sludge

plants are limited in the literature (Table 3). Nevertheless,

based on the similarity between the NCRs published and

measured in this study for acetate, propionate, and ethanol,

the NCRs for other substrates are believed to reflect real

denitrification rates in activated sludge.

The NCRs measured in the activated sludge are also

comparable with those measured in pure cultures of

Table 3. Comparison of available activated sludge denitrification rates for some of the substrates used in this study

Activated Sludge

Denitrification rates (mg N gVSS�1 h�1)

Observations ReferencesAcetate Propionate Ethanol Glucose No substrate

Goudkoppies sewage plant,

SA

c. 2.5 c. 1.7 c. 1.8 c. 0.9 Washed, filtered,

resuspended sludge,

(mg N g MLSS�1 h�1)

Gerber et al. (1987)

Northern works sewage

plant, SA

c. 2.2 c. 2.1 c. 0.6 c. 0.7

Henriksdal sewage plant,

Stockholm

– c. 0.8–1.3 Full-scale plants Hansson & Gunnarson

(1990)

Odense North-West plant – 1.4

Slotshagen sewage plant,

Norrköping

4.7 –

Chemically pretreated

wastewater

3.4 – Pilot plant fed with

differently pretreated

domestic wastewater

Kristensen et al. (1992)

Chemically

pretreated1hydrolysate

4.8 1.7

Chemically

pretreated1hydrolysed sludge

3.4 1.5 Rates determined at

T = 12–13 1C and

Chemically pretreated

(twice)1hydrolysate

3.5 – corrected for T = 20 1C

Primary settled wastewater 4.3 1.3

Frederikssund (nitrification-

denitrification)

7.4 2.2

Sjælso (nitrifying sludge) 1.1 0.4

Pilot plant 4.5 T = 20� 2 1C Isaacs et al. (1994)

Kungsängen Municipal plant,

Uppsala

3–4 – 0.5–1 As N2O-N released

at T = 18 1C

Hallin & Pell (1994)

5.1�0.2 c. 3 – As N2O-N released

at T = 15 1C

Rates read from

figures

5.0�0.2 – – As nitrate uptake

rates at T = 15 1C

Nonacclimated sewage plant 3.6�0.9 University of Florida

treatment plant

Lee et al. (1995)

Acclimated to acetate sewage

plant

12.1�0.4 T = 22� 1.5 1C

Acclimated to methanol 4.3 Municipal sludge Nyberg et al. (1996)

Acclimated to ethanol 10 T = 10 1C

Sludge acclimated to acetate 76�7 T = 15 1C Lee & Welander (1996)

Kungsängen Municipal plant,

Uppsala

6.2–7.5 2.8–3.8 2.3–3.5 1.5–2.3 0.3–0.9 Municipal sludge,

predenitrification

Hallin & Pell (1998)

Full-scale adapting to methanol 4.2 2.2 5.5 1.3 0.7 As N2O-N released

at T = 15 1C

Hallin et al. (2006)

Pilot plant 5 2 2.5 0.5 0 (Graphical source)

Pilot plant adapting to ethanol 12.8 3.5 12 1.5 0.2

Acclimated to ethanol Pilot plant,

Uppsala

4–8 As N2O-N released

at T = 15 1C

Hasselblad & Hallin

(1998)
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denitrifiers with acetate and propionate addition. Assuming

that 10–20% of the sludge organic biomass (VSS) are cells

(Nielsen, 2002) and that 20% of the bacterial cells may be

able to denitrify based on an estimation of the active

Betaproteobacteria able to reduce nitrite in MAR–FISH tests

(refer to next section) or that 50% of the bacterial cells may

denitrify based on acetate utilization with nitrate as an

electron acceptor (Nielsen & Nielsen, 2002), denitrification

rates for acetate of 5 mg N g VSS�1 h�1 would correspond to

125 or 50 mg N (g cell dry wt)�1 h�1, respectively. These

values are comparable with the nitrite reduction rates

reported for pure cultures of Pseudomonas spp. with acetate:

137� 7 mg NO2
�-N (g cell dry wt)�1 h�1 (Almeida et al.,

1995) and 75� 13 mg NO2
�-N (g cell dry wt)�1 h�1 (van Rijn

et al., 1996) for P. fluorescens and P. stutzeri, respectively.

Higher nitrate CRs are reported (318� 21 and 173� 17 mg

NO3
�-N (g cell dry wt)�1 h�1, respectively) in the same pure

cultures, which points to the importance of assessing

denitrification rates in situ involving all the sludge-denitrify-

ing populations because no significant difference between

nitrate and nitrite CRs upon acetate addition was observed

with the sludge of this study.

Denitrification rates and substrate utilization

In accordance with several studies (Table 3), acetate yielded

the highest nitrate/nitrite CRs as a sole substrate in both

sludge types (Fig. 2). This could be explained by acetate-

based selection in treatment plants and a common capacity

for acetate assimilation among denitrifiers. Acetate in waste-

water may enrich and select for acetate degraders in full-

scale plants because acetate typically comprises 5–10% of the

total COD in municipal wastewater, whereas the other

soluble organic compounds occur in lower concentrations

(Henze et al., 1994). In addition, acetate uptake under

anoxic conditions, i.e. with the supply of nitrate, is a

trait of facultative denitrifying bacteria in activated sludge

(Nielsen & Nielsen, 2002). Acetate is utilized under anoxic

conditions by three (Thauera, Azoarcus, and Accumulibac-

ter) out of the four abundant potential denitrifying groups

present in the activated sludge investigated (Table 1), and,

therefore, the overall denitrification rate would correspond

to the addition of the rate contribution from each group.

The substrate-based NCRs (Fig 1, Table 1) suggest that

denitrifiers in activated sludge are specialized utilizers of

Table 3. Continued.

Activated Sludge

Denitrification rates (mg N gVSS�1 h�1)

Observations ReferencesAcetate Propionate Ethanol Glucose No substrate

Rostock, Germany 7.3� 0.4 1.1�0.1 Municipal sludge,

full-scale plants

Naidoo et al. (1998)

Orense, Spain 6.8� 1.6 – T = 20 1C

Crespières, France 5.3� 0.1 –

Brno, Czech Rep. 5.2� 0.2 –

Berwick, UK 4.5� 0.1 –

Boran, France 4.4� 0.1 1.0�0.1

Morainvilliers, France 3.2� 0.1 –

Fed with acetate 20� 2 T = 21 1C Oh & Silverstein (1999)

23� 4

Overall activated sludge 4–12 T = from 15 to 30 1C Henze et al. (2002)

Fed with effluent from an

anaerobic fluidized bed reactor

treating domestic sewage

16 10 As N2O-N released

at T = 30 1C

Marchetto et al.

(2003)

Källby, Lund (predenitrification,

postchemical treatment)

6 2.5 Municipal sludge,

full-scale plants

Hagman (2003)

T = 20 1C Hagman et al. (in

press)

Klagshamn, Malmö (prechemical

treatment, postdenitrification)

8.2 9

Sjölunda pilot plant, Malmö (N

and P removal)

4.8 3

N- and P-removing sludge

(Aalborg East)

T = 22.5�1 1C This study

4.0–6.4 2.9–3.3 1.6–1.9 2.4–3.1 0.4–1.7

3.0–5.1 2.5–3.4 1.4–2.1 1.9–2.2 0.8–2.5

N-removing sludge (Aabybro) 4.8–6.1 2.6–2.9 1.8–2.1 2.7–5.8 1.2–2.2

4.9 2.8–3.4 2.5–2.9 2.7–4.6 1.4–1.6

Rates correspond to nitrate consumption rates except where indicated (nitrite consumption rates are in italics).
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substrates as electron donors and carbon sources, and

that the denitrifiers all combined yield an overall activated

sludge-denitrifying capacity based on utilizing specific sub-

strates from a pool of organic compounds. Two combined

substrates always yielded higher NCRs than the substrates

alone, as in the cases of acetate and casein hydrolysate, and

aspartic and glutamic acids (Fig. 2). This is in agreement

with higher NCRs reported for a mixture of acetate and

methanol (Hagman et al., 2008) and several combined

substrates (Dionisi et al., 2004) compared with NCRs for

the single substrates. A broad substrate, for example sludge

hydrolysate, has also yielded higher NCRs than acetate alone

in different sludge samples (Kristensen et al., 1992). The

increased NCR with combined substrates could be due to a

larger number of denitrifying species utilizing different

substrates and/or increased specific denitrification rates per

cell basis due to substrate coutilization. MAR–FISH studies

on several activated sludge microorganisms, such as Accu-

mulibacter and glycogen-accumulating organisms (Compe-

tibacter and Defluviicoccus), have shown that these bacteria

are able to take up two substrates simultaneously (Kong

et al., 2006; Burow et al., 2007). Furthermore, the MAR–

FISH studies with denitrifiers in activated sludge (Table 1)

suggest that no universal single substrate exists that can be

utilized by all the known probe-defined denitrifiers in

activated sludge.

The relatively high NCRs based on glucose (Fig. 2) could

result from not only denitrifiers using glucose directly but

also denitrifiers using glucose fermentation products, such

as pyruvate and acetate, as assessed previously for Accumu-

libacter (Kong et al., 2004).

Community structure of denitrifiers and
denitrification capacity in activated sludge

Aquaspirillum-related bacteria appear as the most abund-

ant potential denitrifying Betaproteobacteria in municipal

activated sludge (Fig. 3a), confirming previous results

(Thomsen et al., 2007). The relative abundance of the

probe-defined denitrifying Betaproteobacteria in the N- and

P-removing sludge (Aalborg East) agrees with recent quan-

tifications for these potential denitrifiers in sludge from the

same plant (Aquaspirillum-related bacteria 29� 5%,

Thauera 7� 4%, Accumulibacter 7� 2%, and Azoarcus 4�
2%) (Thomsen et al., 2007). In contrast, the same groups,

especially Azoarcus, appear to be more abundant in the N-

removing sludge (Aabybro) than reported previously

(Aquaspirillum-related bacteria 14� 6%, Thauera 2� 1%,

Azoarcus 2� 2%, and Accumulibacter 0%) (Thomsen et al.,

2007) perhaps due to changes undergone in the 2 years

between the assessments. The lower abundance of Accumu-

libacter in the N-removing sludge (Aabybro) agrees with the

lack of significant biological phosphorus removal in this

plant, but underlines the role of some Accumulibacter as

denitrifiers.

Differences in the abundance of Azoarcus and Accumuli-

bacter between the two sludge types coincided with differ-

ences in NCRs for specific substrates known to be utilized by

these bacterial groups (Table 1), which suggests that the

structure of the denitrifying community and bacterial group

substrate specificity determine the denitrification rates. The

33% lower abundance of Accumulibacter in the N-removing

sludge (Aabybro) than in the N- and P-removing sludge

(Aalborg East) coincided with lower pyruvate-based (52%

and 58% lower for both nitrite and nitrate, respectively) and

propionate-based (48% lower for nitrate) NCRs (Fig. 2).

Pyruvate and propionate can also be taken up by some

Thauera and Azoarcus under nitrate-reducing conditions

(Table 1), but no lower abundances were observed in the N-

removing sludge for these organisms. Consequently, Accu-

mulibacter may play an important role as nitrate reducers

utilizing pyruvate. The fourfold higher abundance of Azoar-

cus in the N-removing sludge than in the N- and P-removing

sludge can be related to 1.5-fold and 23% higher nitrite CRs

based on ethanol- and acetate, respectively (Fig. 2).

Although the lower abundance of Aquaspirillum and Accu-

mulibacter coincided with lower propionate- and casein

hydrolysate-based nitrite CRs, these rate differences were

not statistically significant. Therefore, both Azoarcus and

Accumulibacter may drive nitrite reduction because Azoar-

cus’ ability to utilize ethanol and acetate (Table 1) agrees well

with their higher abundance in the sludge and the higher

ethanol and acetate-based nitrite CRs. The capacity to utilize

pyruvate by Accumulibacter may have reflected lower pyr-

uvate-based nitrite CRs due to lower abundance.

The results suggest that Aquaspirillum-related bacteria,

although abundant and involved in denitrification, are not

the only main driving organisms of the process in the two

plants assessed because their inability to utilize acetate

(Table 1) contrasts with the highest acetate-based NCRs

measured in this study. In addition, casein hydrolysate and

specific amino acids (glycine, serine, glutamic, and aspartic

acids), shown to be selectively utilized by Aquaspirillum-

related bacteria under denitrifying conditions in MAR-FISH

studies (Table 1), produced the lowest NCRs. However, an

important difference between these studies and the actual

conditions in full-scale N-removal plants is the concentra-

tion of organic substrate. Under in situ conditions, amino

acids are provided by hydrolysis of proteins and thus are

only present in very low concentrations implying that

microorganisms able to take up substrate at low concentra-

tions and at low rates may be important for the denitrifica-

tion process. Indeed, typical denitrification rates in full-scale

plants with wastewater or due to endogenous metabolism

at 12–15 1C are low (0.7–1.25 mg NO3
�-N g VSS�1 h�1)

(Metcalf & Eddy, 2003). In any case, the large biomass of
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Aquaspirillum-related bacteria indicates that they may con-

sume a significant part of the incoming organic matter

coming from proteins. Furthermore, relative differences in

denitrification rates with different substrates may depend

not only on the abundance of the different types of

denitrifiers but also on cell-specific denitrification rates and

the fraction of active cells for each probe-bacterial group.

The HetCO2-MAR–FISH results confirm the denitrifying

capacity of a fraction of Betaproteobacteria related to Aqua-

spirillum, Azoarcus, Thauera, and Accumulibacter in acti-

vated sludge, as indicated by the medium to high silver-

grain coverage under nitrite-reducing conditions (Table 2).

These probe-defined bacteria appeared to be inactive under

anaerobic conditions without nitrite, with the exception of

Accumulibacter, which showed some activity, as expected, as

polyphosphate-accumulating organisms (Kong et al., 2004).

Some Alphaproteobacteria, Gammaproteobacteria, and Acti-

nobacteria showed a similar activity under both nitrite-

reducing and anaerobic conditions, indicating that some

members from these classes are possible glycogen-accumu-

lating organisms, fermenters, Fe(III) reducers, or denitri-

fiers. Indeed, denitrifiers from the Alphaproteobacteria and

Gammaproteobacteria have been isolated from activated

sludge (Heylen et al., 2006) and found in clone libraries

based on stable isotope probing under nitrate-reducing

conditions (Osaka et al., 2006), but their abundance remains

to be established. Among the gammaproteobacterial glyco-

gen-accumulating bacteria, some of the Competibacter may

be denitrifiers (Kong et al., 2006). Firmicutes displaying the

highest activity under nitrite-reducing and anaerobic con-

ditions are most likely displaying the high activity of

fermenting bacteria known to be abundant in this phylum

(Madigan et al., 2006), but some denitrifiers may also be

present in this group (Heylen et al., 2006). Chloroflexi,

Planctomycetes, and Bacteroidetes did not show denitrifica-

tion capacity. To the authors’ knowledge, no denitrifiers

have been reported within these groups in activated sludge,

except for one Bacteroidetes strain isolated recently (Heylen

et al., 2006). Anammox activity within Planctomycetes is

ruled out because no Anammox activity or probe-defined

bacteria have ever been detected in the sludge from the

Aalborg East plant (J.L. Nielsen & P.H. Nielsen, unpublished

results). The relatively high NCRs measured with oleate in

both sludge types (Fig. 2) suggest the presence of additional

denitrifiers because oleate is only utilized by Thauera of the

known denitrifiers (Table 1). For instance, the filamentous

bacterium Candidatus ‘Microthrix parvicella’ could contri-

bute to nitrate CRs (Nielsen et al., 2002), but not to nitrite

CRs (Hesselsøe et al., 2005).

An estimate of the active denitrifiers within each probe-

defined group based on the fraction of MAR-positive cells

under nitrite-reducing conditions (Table 2: Alphaproteobac-

teria c. 30–50%, Betaproteobacteria c. 30–50%, Gammapro-

teobacteria c. 30–50%, and Actinobacteria c. 5–10%) and

their relative abundance in the sludge (Fig. 3b) suggests that

the active denitrifying bacteria from Alphaproteobacteria (c.

5–9%), Gammaproteobacteria (c. 3–5%), and Actinobacteria

(c. 1%) combined (9–15%) would be as important as

Betaproteobacteria (c. 11–18%).

The combined denitrifying capacity of activated sludge

revealed a microbial versatility with multiple phylogenetic

groups involved. These denitrifying consortia constitute a

dynamic ecosystem built upon the presence of a broad range

of available substrates, with each group having specialized

nutritional niches. Similar to what may occur in other

environments, such diversity may stabilize the system upon

external or internal changes. It is, however, relatively easy to

enrich denitrifiers in low abundance with specific substrates,

for example methanol in lab-scale reactors (Ginige et al.,

2004; Osaka et al., 2006) and full-scale treatment plants

(Hagman et al., 2008). Interestingly, in the lab-scale reactors,

bacteria related to Methylophilaceae and Hyphomicrobiaceae

were dominant, whereas Azoarcus was strongly enriched in

the full-scale plant and constituted 30% of the bacteria. This

confirms the common observation that results from lab-

scale reactors are difficult to extrapolate to full-scale plants.

The polyphyletic distribution of the denitrifying microor-

ganisms makes them well suited for further investigations on

their survival strategies in a mixed community. The ecophy-

siological characterization of microorganisms responsible

for biological nutrient removal is anticipated to be a helpful

tool for process optimization, for example when determin-

ing the treatment feasibility of waste streams with a specific

organic content, when assessing external substrates for

enhancing denitrification, or when determining/applying

denitrification rates for optimizing or modelling nutrient-

removal processes.
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