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a b s t r a c t

Pharmaceuticals represent a group of the new emerging contaminants, which might influence microbial
communities in the activated sludge. Nitrification activity and Nitrospira community structure in the
small-scale reactors supplied with different concentrations (0, 50, 200, 500 �g L−1) of the selected phar-
maceuticals (ibuprofen, naproxen, ketoprofen, diclofenac and clofibric acid) were evaluated. Ammonia
removal was not influenced by selected pharmaceuticals. However, in the two reactors operated with
50 �g L−1 of pharmaceuticals (R50 and R50P), the effluent concentration of N-(NO2

− + NO3
−) was sig-

nificantly higher than in the other reactors. Nitrospira community structure was assessed by terminal
harmaceuticals
itrification
itrospira community structure
-RFLP

restriction fragment length polymorphism (T-RFLP) and by cloning and sequencing of the partial genes
for 16S rRNA. Nitrospira spp. were detected in all reactors. The two dominant T-RFs represented the sub-
lineages I and II of the genus Nitrospira. Main shifts were observed in the reactors R50 and R50P, where
the T-RF representing sublineage II was much higher as compared to the other reactors. Consistent with
this, the Nitrospira sublineage II was detected only in the clone libraries from the reactors R50 and R50P.
Our results suggest that the relative abundance of Nitrospira sublineage II could be related to the effluent
N-(NO2

− + NO3
−) concentration.
. Introduction

The occurrence and behaviour of pharmaceuticals in waste-
ater treatment (WWT) and in the environment have attracted

ncreasing interest since 1990s [1–4]. Many pharmaceuticals, in
articular non-steroidal anti-inflammatory drugs (e.g. ibuprofen,
iclofenac, naproxen, ketoprofen) and lipid regulators (e.g. clofib-
ic acid) are consumed in tons per year in human and veterinary
edicine. Consequently, substantial amounts of pharmaceuticals

an reach WWT plants and if they are not properly eliminated, they
an be released into surface waters where they can accumulate,
eaching detectable and biologically active levels. Numerous phar-
aceuticals have been detected in surface waters, groundwater,
astewater and even in drinking water, in concentrations rang-

ng from ng L−1 to several �g L−1. For example, Ashton et al. [5]
ave detected 27 �g L−1 and Farré et al. [6] 85 �g L−1 of ibupro-

en in the effluent samples, while in the influents from a municipal

ewage treatment plant located in the southeast of Spain (Alméria),
ómez et al. [7] have detected even 34–168 �g L−1 of ibuprofen.
ostly, studies focus on the presence and the elimination of phar-
aceuticals in the WWT plants. However, since WWT processes

∗ Corresponding author. Tel.: +386 1 320 3410; fax: +386 1 257 3390.
E-mail address: barbara.kraigher@bf.uni-lj.si (B. Kraigher).
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rely on the composition and activity of their microbial communi-
ties in activated sludge, it is also important to know how different
chemicals entering the wastewater (including pharmaceuticals)
affect activated sludge microbial communities.

Nitrification, the microbial oxidation of ammonia via nitrite to
nitrate, is the initial step in the nitrogen removal from wastewa-
ter and is one of the key processes of biological WWT. Nitrification
failure can occur easily, since nitrifying bacteria are slow-growing,
autotrophic bacteria and appear to be inhibited by several envi-
ronmental and operating factors such as low temperature, low
dissolved oxygen and various chemical inhibitors [8], which can
result in water resources pollution and eutrophication. Tran et al.
[9] have suggested that nitrification can enhance the biotransfor-
mation of pharmaceutical residues. The two steps of nitrification
(ammonia oxidation and nitrite oxidation) are carried out by two
distinct functional groups of bacteria: ammonia-oxidizing bacteria
(AOB) and nitrite-oxidizing bacteria (NOB), which are phylogene-
tically heterogenous [10].

Nitrobacter-like bacteria, which could be relatively easily iso-
lated from many environmental samples, were long considered

to be the key nitrite oxidizers in biological WWT. Only recently,
the application of cultivation-independent molecular methods
revealed that mostly uncultured Nitrospira-like microorganisms
and not Nitrobacter spp., are the dominant nitrite oxidizers in most
WWT plants [11–14]. The genus Nitrospira is one of the less inten-

dx.doi.org/10.1016/j.jhazmat.2011.01.072
http://www.sciencedirect.com/science/journal/03043894
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ively studied groups of NOB, which are mostly uncultured and
re, according to molecular data, among the most diverse and
idespread nitrifiers in natural ecosystems and biological WWT

12]. The knowledge about physiology of Nitrospira spp. is still
imited since the first enrichment of a sublineage I Nitrospira strain
which is mainly present in the WWT plants) from a nitrifying
ludge was reported only recently [15]. Sequencing the genome
f the ‘Candidatus Nitrospira defluvii’ revealed a gene similar to
enes encoding chlorite dismutase [16]. Hence, Nitrospira may
e involved in (per)chlorate and chlorite degradation, and might
rovide a link between N cycle and important bioremediation pro-
esses in WWT plants [16].

The aim of this study was to explore diversity of nitrite-oxidizing
acteria in the reactors operated with different concentrations
f widely used pharmaceuticals (ibuprofen, naproxen, ketopro-
en, diclofenac and clofibric acid) and to evaluate the potential
nfluence of selected pharmaceuticals on nitrification activity and
n the structure of nitrite-oxidizing bacterial communities in the
ioreactors. Since previous study [17] indicated differences in
acterial community structure of activated sludge in the pre-
ence of selected pharmaceuticals, specifically in nitrite-oxidizing
itrospira-like bacteria, this group was further assessed by termi-
al restriction fragment length polymorphism (T-RFLP) and by 16S
RNA gene clone libraries of the Nitrospira-like communities in the
ioreactors.

. Materials and methods

.1. Bioreactor description and sampling of activated sludge

Studies were performed in small-scale bioreactors already
escribed in Kosjek et al. [18] and Kraigher et al. [17].
rtificial wastewater was prepared by dissolving a nutrient-
ineral composition in tap water (simulating the composition

f real municipal wastewater). The chemicals used were:
east extract (130 mg L−1), casein peptone (130 mg L−1), meat
xtract (130 mg L−1), CH3COONH4 (317 mg L−1), NH4Cl (40 mg L−1),
2HPO4 (24 mg L−1), KH2PO4 (8 mg L−1), CaCO3 (100 mg L−1),
gCO3 (100 mg L−1), NaCl (40 mg L−1), and FeSO4·7H2O (5 mg L−1).

n order to follow biomass adaptation under exposure to diffe-
ent concentrations of pharmaceuticals, reactors were operated
nder continuous input of different concentrations (0, 50, 50, 200,
00 �g L−1 in reactors R0, R50, R50P, R200, R500, respectively) of
ach of the selected pharmaceuticals: ibuprofen, naproxen, keto-
rofen, diclofenac, clofibric acid (all provided by Sigma–Aldrich, St.
ouis, MO, USA). The R0 served as a control and was supplied with
rtificial wastewater without pharmaceuticals. Activated sludge
rom a Slovenian municipal WWTP was used for the reactors R0
nd R50 start-up. The reactors R50P, R200 and R500 were set
p using activated sludge from reactor R50 as inoculum. Reac-
ors were operated continuously for at least 18 months without
hanging conditions to allow adaptation of the activated sludge
ommunity. The removal efficiency for chemical oxygen demand
COD) was over 90% in all reactors. The removal efficiency of the
harmaceuticals was also followed and was high for ibuprofen,
aproxen and ketoprofen (over 86%) and lower for diclofenac and
lofibric acid (less than 60%) [18]. Nitrification performance was
ssessed by measuring N-NH4

+ and N-(NO2
− + NO3

−) concentra-
ions in the influent and in the effluent using continuous flow
nalyzer (FlowSys Alliance Instruments, Salzburg, Austria).
Sampling of activated sludge in the reactors was performed
hree times, at approximately 45-day intervals. For each sampling,
wo (or three for the first sampling) 10-mL samples were collected
rom each reactor, transferred into sterile plastic tubes and stored
t −80 ◦C until DNA extraction. Sampling of influents and effluents
zardous Materials 188 (2011) 78–84 79

was performed eight times between March and August. For each
sampling, 10-mL samples were collected and stored at −20 ◦C until
N-NH4

+ and N-(NO2
− + NO3

−) analyses.

2.2. Analysis of Nitrospira-like community structure by T-RFLP

DNA was extracted from 1-mL subsamples using the UltraClean
soil DNA isolation kit (MoBio Solano Beach, CA, USA) according to
the manufacturer’s instructions. Isolated chromosomal DNA (con-
centration of 50–100 ng �L−1) was checked on an 1% agarose gel,
compared to the Gene Ruler DNA Ladder Mix (Fermentas, Litva) to
estimate the size and concentration, and used as a template for PCR
with the 16S rRNA gene Nitrospira sp. specific primer Nspira-705r
[19] in conjunction with the conserved bacterial primer 27f labelled
with 6-FAM (6-carboxyfluorescein) at the 5′ end. The 25-�L reac-
tion mixtures were set up and PCR was performed as described in
Kraigher et al. [20] except that annealing temperature was 59 ◦C.
Restriction, ethanol precipitation and T-RFLP profiling was per-
formed as described in Kraigher et al. [17]. Profiles were generated
using Genescan analysis software (ABI). T-RFs with peak heights of
less than 50 fluorescence units and T-RFs that were less than 50 bp
long were excluded from the analyses. The size of each T-RF was
determined according to Genescan 500 ROX size standard (Applied
Biosystems Inc.) with an acceptable error of ±2 bp. Peak heights
differing by ±2 bp were summed (based on visual inspection of
profiles and on profiles of selected clones containing Nitrospira sub-
lineage I or II 16S rRNA gene partial sequences). The data were then
normalized by calculating relative peak height as a percentage of
the total signal intensity of the corresponding T-RFLP profile, which
minimized artifacts associated with different DNA concentrations
loaded in capillary electrophoresis. Only the peaks with relative
height >1% were considered for analyses.

2.3. Preparation of Nitrospira-specific 16S rRNA gene clone
libraries and sequence analysis

Clone libraries were constructed from the reactors R0, R50,
R50P and R500. PCR was performed with the thermocycling con-
ditions used for T-RFLP, only that unlabelled forward primer
was used. Purification of PCR fragments and cloning was per-
formed as described in Kraigher et al. [17]. White colonies were
screened for inserts of the expected size (about 700 bp) using
the vector primers SP6 and T7 (Promega, Madison, WI, USA).
PCR fragments obtained were subjected to restriction fragment
length polymorphism (RFLP) analysis with HaeIII. Since diversity
of the fragments appeared very low (only a few different pat-
terns were detectable in selected fragments for all clone libraries),
only 12 clones were selected from each clone library for sequen-
cing by Macrogen Inc. (Seoul, Korea). Plasmids were isolated from
colonies and single extension 16S rRNA gene sequencing was per-
formed by applying primer SP6. The sequences obtained were
manually proofread and corrected, if necessary, with Chromas Ver-
sion 2.3. Vector sequences were removed and potential chimeric
sequences were detected by the Chimera Check program ver-
sion 2.7 of the Ribosomal Database Project (RDP) [21] and by
the Bellerophon program [22]. The sequences were then com-
pared with available database sequences using the Basic Local
Alignment Search Tool (BLAST). GenBank sequences most similar
to clone sequences were downloaded and included in phyloge-
netic tree reconstruction using neighbour-joining method with
500 bootstrap replicates and the Kimura-2-parameter evolutio-

nary model within the MEGA version 4 [23]. Distinct OTUs at
different similarity levels were found and analyzed using the
Mothur program [24]. In addition, in-silico T-RFLP of the sequences
from clone libraries was performed using the T-DisctinctiEnz pro-
gram (http://www.biorcgld.org/tools/restriction/t DistinctiEnz.pl)

http://www.biorcgld.org/tools/restriction/t_DistinctiEnz.pl
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Fig. 1. Removal efficiencies of N-NH4

+ (a) and differences between effluent and
influent concentrations of N-(NO2

− + NO3
−) (b) in reactors R0, R50, R50P, R200 and
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nd the lengths of in-silico T-RFs were included in the phylogenetic
ree.

.4. Accession numbers

Sequences from the clone libraries were deposited in the Gen-
ank database under accession numbers HQ198808 to HQ198853.

. Results

.1. Nitrification performance in the reactors

Nitrification performance was determined from concentrations
f N-NH4

+ in the influent and in the effluent of the five reactors.
oncentrations were measured on eight sampling dates over five
onths and showed a high nitrification activity in all reactors with

verage removal efficiencies of at least 90% (Fig. 1a). Only on two
ampling dates in reactor R500 and on one sampling date in R0, the
emoval efficiencies were lower than 90% (however, the samples
or community analyses were not taken on these sampling dates).

In addition, N-(NO2
− + NO3

−) concentrations in the influent and
n the effluent were measured. In Fig. 1b, concentrations of N-
NO2

− + NO3
−) produced in the reactors (i.e. difference between

-(NO2
− + NO3

−) concentrations in the effluent and influent) are
hown. They were significantly higher in the reactors R50 and R50P
s compared to the reactors R200 and R500 and also higher than
n the control reactor R0 (p < 0.001). In all reactors, mean effluent
oncentrations of N-(NO2

− + NO3
−) were lower than mean influent

oncentrations of N-NH4
+ (9–61 mg L−1 and 72–75 mg L−1, respec-

ively).

.2. Analysis of Nitrospira-like community structure by T-RFLP

The structure of nitrite-oxidizing bacterial communities in
he five reactors was evaluated by T-RFLP of Nitrospira-specific
artial 27f – Nspira-705r 16S rRNA genes that were success-
ully amplified from all reactors on all sampling dates. Specific
everse primer Nspira-705r [19] was checked by RDP Probe Match

http://rdp.cme.msu.edu/probematch/search.jsp) and it revealed

uch more matches (993) to the Nitrospira-like bacteria in the
atabase as compared to the primers NSR1113f and NSR1264r [13]
only 84 and 133 matches, respectively). Two different concentra-
ions of PCR amplifications (varying for 7.5-fold) were digested by

ig. 2. Histograms of T-RF relative abundances in HaeIII T-RFLP profiles of Nitrospira-lik
ampling times (April, May, July). Numbers in the key indicate the lengths of the T-RFs.
R500 operated with different concentrations of pharmaceuticals: 0, 50, 50, 200,
500 �g L−1, respectively. Bars indicate standard deviations of eight measurements
between March and August (n = 8).

HaeIII and subjected to T-RFLP analysis. As expected, higher con-
centration revealed some more distinct T-RFs (data not shown)
as compared to the lower concentration profiles. However, some
T-RFs that were detected in higher concentration profiles (and
sometimes also in lower concentration profiles), were observed
also in the T-RFLP profiles of the single clones, indicating that they
were most probably artifacts of PCR or digestion. Therefore, only
lower concentration T-RFs that were present in at least one reac-

tor in both replicates of the sampling time (with relative height of
>1%) were considered for analyses. T-RFLP profiles were compared
by calculating the mean relative abundances of individual T-RFs in
different reactors on the three sampling dates and are shown as his-

e partial 16S rRNA genes in the five reactors (R0, R50, R50P, R200, R500) on three

http://rdp.cme.msu.edu/probematch/search.jsp
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ograms in Fig. 2. Three distinct T-RFs were found in the reactors and
nly one T-RF (approximately 260 bp) was found highly abundant
47–99%) in all reactors on all sampling dates. The main difference
etween the reactors was observed in the T-RF of approximately
29 bp, which was much more abundant in the reactors R50 and
50P (25–50%) as compared to the other reactors (2.5–15% in R0
nd 0–1.7% in R200 and R500). To identify the dominant T-RFs,
ome clones from the previously constructed clone library, which
ontained Nitrospira-like sequences [17], were also subjected to
-RFLP analyses. It was found that T-RFs of 260 bp and 329 bp repre-
ent the two Nitrospira sublineages I and II, respectively. The T-RF of
75 bp was also represented by one clone sequence in the previous

ibrary (0F5, EU499598).
To directly compare the relative abundances of the two Nitro-

pira sublineages in the reactors, the ratios between the fluorescent
ignals of T-RFs of 329 bp and 260 bp were calculated from each pro-
le as peak height ratio and are shown as mean values of two (or
hree) replicate samples and three sampling times in Fig. 3. Ratios
ere higher in the reactors R50 and R50P as compared to the other

eactors, which was evident from both peak height and peak area
data not shown) analyses.

Additionally, to evaluate the AOB that perform the first step
f nitrification, the gene for ammonia monooxigenase amoA was
uccessfully amplified from all reactors and T-RFLP with the restric-
ion enzyme TaqI was performed. Since profiles were very variable
ithin and between reactors, data was not shown and further ana-

yzed. However, in all bioreactors (regardless of pharmaceutical
oncentration) we have found one dominant T-RF of 219 bp, which
epresents Nitrosomonas europaea/eutropha lineage [25] and was
ery often found as the dominant AOB in WWT [26,27].

.3. Nitrospira-specific 16S rRNA gene sequence analysis

To obtain a more detailed view of the phylogenetic diversity
f Nitrospira-like bacteria in the activated sludge of the reactors,
artial Nitrospira-like 16S rRNA specific gene clone libraries were
onstructed from reactors R0, R50, R50P and R500. For initial
creening of clone libraries, RFLP by HaeIII restriction enzyme on
he cloned sequences was performed and revealed only one diges-
ion pattern in the clone libraries R0 and R500 and two in R50
nd R50P (data not shown). Therefore, only 12 clones per library
ere selected for sequencing. 46 sequences of good quality were

btained and were initially analyzed using BLAST searches at NCBI.
hey were all affiliated with Nitrospira genus (at least 97% similar
o the sequences in the database), and were mostly very similar to
he sequences found in the WWT plants, some of them were found

lso in soil. The most similar sequences in the database and some
equences from different Nitrospira sublineages were downloaded
nd included in the phylogenetic tree reconstruction (Fig. 4). All
equences in the four libraries were at least 90% similar to each
ther. Distribution of the library sequences over different OTUs at

able 1
istribution of sequences from the four Nitrospira-like 16S rRNA gene libraries over dif
ifferent OTUs are shown.

Clone library Nitrospira sublineage I

OTUa 1 OTU 2

R50 5 1
R50P 5 3
R0 8 3
R500 10 2

Total number 28 9

In-silico T-RFb (bp) 264 264 (263)

a OTU represents a group of sequences with at least 99% of similarity.
b Size of terminal restriction fragments as obtained by in-silico T-RFLP with restriction
Fig. 3. Ratios of peak heights of two T-RFs with sizes 329 bp and 260 bp in the five
reactors (R0, R50, R50P, R200, R500). T-RFs of 260 bp and 329 bp correspond to the
Nitrospira sublineages I and II, respectively. Average ratios with standard deviations
(n = 6) for the five reactors are shown.

99% similarity level and over the two Nitrospira sublineages is sum-
marized in Table 1. Majority of the sequences (37 out of 46) were
assigned to the Nitrospira sublineage I and were all at least 98% sim-
ilar to each other. At a genetic distance of 0.01, they fell into two
groups (designated in the tree as OTU1 and OTU2). Nine sequences
were assigned to the Nitrospira sublineage II (with at least
94% similarity to each other), and they were all retrieved from
the libraries of the reactors R50 and R50P. At a genetic distance
of 0.05, they fell into two groups (designated in the tree as OTU3
and OTU4). In the libraries from reactors R0 and R500, no sequences
were assigned to the Nitrospira sublineage II.

In-silico T-RFLP (HaeIII) of the aligned sequences included in
the tree reconstruction revealed two dominant terminal fragments
(264 bp and 331 bp) representing sublineages I and II of the Nitro-
spira genus. The two sequences in the sublineage III were both cut
at 66 bp while sequences from the Nitrospira sublineage IV gave T-
RFs of different sizes (229 bp, 260 bp, 263 bp and 264 bp). Nitrospira
marina as a representative cultured species of sublineage IV gave
the same T-RF (264 bp) as the Nitrospira-like sequences that belong
to the sublineage I. Interestingly, at 331 bp all sequences included
in the tree (including Leptospirillum ferrooxidans) contained restric-
tion site for HaeIII enzyme (i.e. GG|CC; data not shown).

The majority of the sequences from our clone library (36) gave
in-silico T-RF of 264 bp (and belonged to the Nitrospira sublineage I)
while only 8 sequences were cut at 331 bp, specific for the Nitrospira
sublineage II (Table 1). Only one sequence from each sublineage
gave different T-RFs (263 bp in sublineage I and 143 bp in sub-
lineage II), although they were very similar (99%) to the other
sequences in the two sublineage clusters.

4. Discussion
4.1. Nitrification performance in the reactors

Nitrification activity of activated sludge bacteria as indicated
by N-NH4

+ elimination was high in all bioreactors, independent

ferent OTUs and Nitrospira sublineages. In-silico T-RF lengths for the sequences in

Nitrospira sublineage II Total number

OTU 3 OTU 4

2 3 11
0 4 12
0 0 11
0 0 12

2 7 46

331 331 (143)

enzyme HaeIII.
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 G6-R500 (264)
 H5-R500 (264)

 E5-R500 (264)
 D1-R0 (264)
 F5-R500 (264)

 AF155154 N.cf.m oscoviens is  SBR2016(264)
 F6-R500 (264)
 C4-R50P (264)
 D2-R0 (264)

 G5-R500 (264)
 C2-R0 (264)
 B6-R500 (264)
 B3-R50 (264)

 D6-R500 (264)
 E6-R500 (264)
 A2-R0 (264)
 C1-R0 (264)
 C6-R500 (264)
 A1-R0 (264)
 G1-R0 (264)
 C5-R50P (264)
 A3-R50 (264)
 F4-R50P (264)
 F1-R0 (264)
 H4-R50P (264)
 D4-R50P (264)
 D3-R50 (264)
 E3-R50 (264)
 G3-R50 (264)

OTU 1

 Y14639 RC25 nitrite oxid.react.(264)
 0F4 (EU499594) activ.s ludge(264)

 0D5 (EU499593) activ.s ludge(264)
 B1-R0 (264)
 0D8 (EU499592) activ.s ludge(264)

 0A4 (EU499595) activ.s ludge(264)
 H6-R500 (264)

 A6-R500 (264)
 B2-R0 (264)
 H1-R0 (264)

 B4-R50P (264)
 B5-R50P (264)
 C3-R50 (264)
 E4-R50P (263)
 Y14636 RC11 nitrite oxid.react.(264)
 GQ249372 Cand.N.defluvii B14(265)
 AB567861 RBC3-76 activ.s ludge(264)
 Y14643 RC99 nitrite oxid.react.(264)

OTU 2

 DQ059545 Cand.N.defluvii(264)
 DQ414438 clone2 nitrif.react.(263)
 FJ660512 B23activated s ludge(264)

sub line a ge  I

 AY876626 Nsp6 grass land soil(264)
 0F5 (EU499598) activ.s ludge(178)

 AB113596 HAuDMB7geotherm al water(331)
 X82558 N.m oscoviens is(331)

 G2-R50 (331)
 FJ468394 P045 agricult.soil(331)

 F3-R50 (331)
OTU 3

 AY326515 1164-1 fores t soil(333)
 EF492916 JH-WH247 soil(331)

 AY221079 CCU23 Cave sediments (331)
 AF293010 MNC2 MG-rich wat.sed.(331)
 AF155152 N.cf.moscoviens is  SBR1015(331)

 AF155155 N.cf.moscoviens is  SBR2046(331)
 A5-R50P (331)
 G4-R50P (331)
 A4-R50P (331)
 DQ414437 clone 3 nitr.react.(331)
 FN687453 c13 thermoph.aer.diges ter(331)

 AJ224039 g6 nitr.react.(331)
 0B11 (EU499597) activ.s ludge(331)

 FJ439876 M3B59 m em br.rect.(331)
 Y14644 GC86 nitr.oxid.react.(331)
 AF155153 N.cf.m oscoviens is  SBR1024(331)

 EU937900 3BR-8DDiron oxid.biofilm (331)
 AB064685 NK207 phenol-diges ting r.(331)
 H3-R50 (331)
 FJ439855 M3B11m em br.bior.biofilm (331)

 D5-R50P (331)
 F2-R50 (143)

 H2-R50 (331)

OTU 4

subline a ge  II

 AY555798 PK287 hot spring(264)
 AY627547 Urania-1B-39deepsea sed.(66)

 AF317762 wb1C17 Nullarbor cave(66)
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Fig. 4. Phylogenetic tree based on partial (0.7 kb) Nitrospira-like 16S rRNA gene sequences from the four libraries (designated in clone names as R0, R50, R50P and R500), and
from similar Nitrospira-like sequences found by BLAST searches in the GenBank database. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (500 replicates) is shown at the nodes (only values over 50 are shown). Sequences obtained in this study are printed bold. Leptospirillum ferrooxidans
(X86776) was used as the outgroup species. Four sublineages of the Nitrospira genus and four different OTUs at a distance of 0.01 are designated. Lengths of the in-silico
restriction digests with HaeIII restriction enzyme are given in parentheses.
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f concentration of pharmaceuticals in the reactors. Mean effluent
oncentrations of N-(NO2

− + NO3
−) were not reaching the mean

nfluent concentrations of N-NH4
+. This indicated that denitrifica-

ion or some other N-(NO2
− + NO3

−) removal process occurred in
he reactors, especially in the reactors R200 and R500 where re-
atively low concentrations of N-(NO2

− + NO3
−) were detected in

he effluents (mean concentrations 9–11 mg L−1), in contrast to the
eactors R50 and R50P where concentrations of N-(NO2

− + NO3
−)

ere significantly higher (mean concentrations 56–61 mg L−1).
Although denitrification is generally considered to be an ana-

robic process, it may occur under aerobic and microaerophilic
onditions [28]. In the previously constructed clone libraries of 16S
RNA genes of total bacteria [17], many Acidovorax and Thauera spp.
ave been found, which were also detected in different denitrifying
eactors [29–31]. Gentile et al. [32] have found that Acidovorax-like
solate reduced nitrate to dinitrogen gas without the accumulation
f nitrite or nitrous oxide. These bacteria could perform denitrifi-
ation in our reactors in the microaerophilic conditions that might
evelop in activated sludge flocs [33]. Also, nitrifiers (AOB and
OB) can denitrify under O2-limited conditions [34]. For example,
. europaea and N. eutropha could nitrify and denitrify simulta-
eously under O2 limitation by using nitrite in addition to O2 as
lectron acceptor when ammonia and suitable organic compounds
ere present [35]. Under anoxic conditions, Nitrospira moscoviensis

ould reduce nitrate with hydrogen as electron donor [36]. Con-
idering the above, there were many possibilities for the nitrate
emoval from the reactors. However, the reason for better removal
f nitrate from the reactors with higher concentrations of phar-
aceuticals and also from the reactor with no pharmaceuticals (as

ompared to the reactors R50 and R50P) remains unclear.

.2. Nitrospira-like community structure

According to phylogenetic analyses, the genus Nitrospira con-
ists of at least four distinct sublineages [12]. Sublineage I contains
nly mostly uncultivated organisms from activated sludge, while
ublineage II contains the cultivated species N. moscoviensis, as well
s sequences of uncultivated bacteria retrieved from diverse habi-
ats, including bioreactors [12]. Studies addressing the Nitrospira
ommunity structure in the activated sludge and Nitrospira-specific
-RFs for sublineages I and II are scarce [37].

In-silico T-RFLP of the clone library and database sequences
evealed that sublineages I and II could clearly be distinguished
sing the restriction enzyme HaeIII. However, the in-silico predicted
nd the experimental T-RF lengths differed for approximately 4 bp
or sublineage I and for approximately 2 bp for sublineage II. T-RF
rifts of this kind are well known [38] and our results demonstrated
hat a clone library and your own database for T-RF affiliations
hould be constructed because public databases for T-RFs can lead
o erroneous interpretations of the community composition.

The Nitrospira community structure in the reactors was evalu-
ted by T-RFLP and sequence analyses of clone libraries. Influence
f pharmaceuticals was detected in the reactors with 50 �g L−1 of
elected pharmaceuticals (R50 and R50P), where the T-RF peak
eight representing Nitrospira sublineage II was much higher as
ompared to the other reactors. Consistent with this, Nitrospira
ublineage II was detected only in the libraries R50 and R50P,
here substantial portions of clones (5 out of 11 and 4 out of

2, respectively; Table 1) were affiliated with this sublineage. The
esults suggested positive effect of the selected pharmaceuticals at
oncentration of 50 �g L−1 on the Nitrospira sublineage II. A pos-

ible explanation for this might be that pharmaceuticals at the
bserved concentration were used as a source of carbon or were
o-metabolized by Nitrospira sublineage II, while at higher con-
entrations sublineage I or some other competitor co-metabolized
he pharmaceuticals and the advantage of Nitrospira II sublineage
zardous Materials 188 (2011) 78–84 83

was lost. It might also be possible that the pharmaceuticals at
concentration of 50 �g L−1 influenced the activity and/or structure
of denitrification bacteria, which increased the concentration of
nitrate in the reactors R50 and R50P, and that Nitrospira community
structure was ultimately influenced by the nitrate concentration.
However, we did not detect nitrite accumulation in the presence of
pharmaceuticals (in all reactors, less than 1 mg L−1 was detected;
data not shown), which suggests that nitrite oxidation was not
inhibited by pharmaceuticals.

Only few studies evaluated effects of different environmental
parameters on Nitrospira community structure in activated sludge
by T-RFLP. For example, Park and Noguera [37] have found that
in the reactor operated with high dissolved oxygen a (partial)
shift in Nitrospira community from sublineage I to sublineage II
occurred while this was not the case in the reactor operated with
low dissolved oxygen. Siripong and Rittman [39] analyzed the
Nitrospira-like bacteria in seven different full-scale municipal water
reclamation plants (WRPs). T-RF of 277 bp, which was highly abun-
dant in all their samples, represented the sublineage I in our library
(i.e. T-RF of 260 bp), and the T-RF of 265-267 bp that was detected
only in the samples from Lemont WRP represented the sublineage
II in our library (i.e. T-RF of 329 bp). Interestingly, when we checked
the conditions in the Lemont WRP (Table 4 in Siripong and Rittmann
[39]), especially the winter samples showed higher concentration
of N-(NO2

− + NO3
−) in the effluent of the Lemont WRP as compared

to the other plants (although the removal efficiency of N-NH4
+ was

over 99%). This was consistent with our results, suggesting that
the presence of the Nitrospira sublineage II could be related to the
higher concentration of N-(NO2

− + NO3
−) in the effluent. However,

further studies should be performed to confirm this observation
and to find the reason for this relationship.

First Nitrospira sp. from sublineage I was only recently selec-
tively enriched [15] and therefore knowledge about microbiology
of these organisms is still very limited. Huang et al. [40] stud-
ied the influence of physicochemical and operational parameters
on Nitrobacter and Nitrospira communities in an aerobic activated
sludge bioreactor using real-time PCR. Nitrospira was negatively
correlated to nitrite concentrations and positively to temperature.
They have found no correlation to nitrate concentration. How-
ever, they have evaluated the quantity of the total Nitrospira in
the samples by real-time PCR, and differences in the ratio between
the two sublineages could not be revealed. It is often presumed
that all Nitrospira spp. have the same physiological behaviour and
are treated as one coherent group when studying different influ-
ences. However, as speculated about this already by Schramm et al.
[41], indicated in this study, and shown by Maixner et al. [42] and
Park and Noguera [37], different physiologies of different Nitro-
spira spp. should be considered when evaluating different effects
on Nitrospira-like bacteria. By metagenomic studies, Lücker et al.
[43] recently revealed that ‘Candidatus Nitrospira defluvii’ differs
dramatically from other known nitrite oxidizers in the key enzyme
nitrite oxidoreductase, in the composition of the respiratory chain,
and in the pathway used for autotrophic carbon fixation.

5. Conclusions

Our findings suggest that selected pharmaceuticals often
detected in wastewaters may influence the structure of the sensi-
tive nitrite-oxidizing bacterial community in the treatment plants.
We have detected that the Nitrospira community structure and the

effluent N-(NO2

− + NO3
−) concentrations in the reactors operated

with 50 �g L−1 of pharmaceuticals were different as compared to
the reactors operated with higher concentrations of pharmaceu-
ticals or with no pharmaceuticals. Nitrospira spp. were present
in all reactors, however, the relative abundance of the Nitrospira
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ublineage II could be related to the effluent N-(NO2
− + NO3) con-

entration. The reason for this observation remains to be clarified
y further investigations.
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