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We have investigated bacterial populations relevant to nitrification in a full-scale activated sludge plant
receiving wastewater from a petroleum refinery showing unstable nitrification. Inhibition of ammonia
oxidation was related to phenol concentration according to a model of non-competitive inhibition. While
the number of ammonia-oxidizing bacteria (AOB) did not correlate with nitrification performance, the
total number of nitrite-oxidizing bacteria (NOB) dropped considerably during periods of nitrite accumu-
lation or no nitrification. Diversity of nitrifiers in the sludge of the full-scale facility was examined at a
itrification
henol
mmonia-oxidizing bacteria
itrobacter
ctivated sludge

time of full nitrification with the construction of clone libraries of ammonia monooxygenase (amoA) gene
and of the 16S rRNA gene of NOB. Nucleotide sequences of amoA gene belonged to one dominant pop-
ulation, associated with Nitrosomonas europaea, and to a minor population related to the Nitrosomonas
nitrosa lineage. The majority of sequences retrieved in the NOB-like clone library also clustered within a
single operational taxonomic unit. The high dominance of Nitrobacter over Nitrospira and the low diver-
sity of nitrifying bacteria observed in this wastewater treatment plant might account for the increased

nce o
risk of failure in the prese

. Introduction

Ammonium causes eutrophication and oxygen depletion in
eceiving waters, and exerts direct toxicity effects to aquatic life.
iological wastewater treatment plants achieve the important
ervice of ammonia removal from wastewater via autotrophic
mmonium oxidation, a two-step process, carried out by two cate-
ories of chemolithotrophic microorganisms: ammonia-oxidizing
acteria (AOB) and nitrite-oxidizing bacteria (NOB). The ways

n which the environment affects biological nitrification will
ltimately depend on the diversity and susceptibility to the
nvironmental conditions of nitrifiers existing in each particular
cosystem. The growth and the activity of nitrifying bacteria in
astewater treatment plants are influenced by the process tem-
erature, ammonia/nitrite concentration, oxygen concentration,
OD5/TKN ratio, pH and the presence of toxic compounds [1].
mong the latter, chemical inhibitors of nitrification present in

he wastewater produce unreliable process performance, which

ventually leads to complete failure [2,3]

Wastewater containing phenol is discharged from several
ndustrial processes, such as petroleum refinement, coking oper-
tions, coal processing, and the manufacture of petrochemical,
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pharmaceutical, plastics, wood products, paint, and pulp and paper
industries. A large body of research has focused on the inhibitory
effect of phenol on nitrification on isolated bacteria [4,5] and mixed
communities [2,6]. However, results from lab-experiments are dif-
ficult to extrapolate to real wastewater treatment conditions, and
little is known about the microbial ecology of nitrifiers in full-
scale processes treating wastewater containing both phenol and
high ammonia concentrations. We have used molecular tools to
investigate bacterial populations relevant to nitrification in a full-
scale activated sludge plant receiving wastewater from a petroleum
refinery, which shows unstable nitrification. Diversity surveys on
AOB and NOB, and the relationship of their abundance and activ-
ity with overall process condition may be useful to understand the
basis for process instability. This knowledge would allow one to
design better monitoring programs in order to avoid operational
failure, and to devise bioaugmentation strategies to enhance nitri-
fication performance in the presence of toxic chemicals.

2. Experimental

2.1. Description of the wastewater treatment plant
Activated sludge samples were collected from the aerated
basins of a modified Ludzack-Ettinger (MLE) process receiving pre-
treated wastewater from an oil refinery industry. The wastewater
treatment plant (WWTP) treated daily approximately 3.4 mil-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:erijman@dna.uba.ar
mailto:erijman@gmail.com
dx.doi.org/10.1016/j.jhazmat.2010.05.009
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Table 1
Oligonucleotide probes used in this study.

Short name Target Primer sequence Specificity Reference

amoA-1f amoA GGGGHTTYTACTGGTGGT AOB [43]
amoA-2r amoA CCCCTCKGSAAAGCCTTCTTC AOB [43]
CTO-189f rRNA GGAGRAAAGYAGGGGATCG Nitrosomonas/Nitrosospira [44]
CTO-654r rRNA CTAGCYTTGTAGTTTCAAACGC Nitrosomonas/Nitrosospira [44]
amoG1 f84 amoA CACGATGTATCTGACACGCA OTU1 This study
amoG1 r284 amoA CGCAGTGAACCTTGCTCAA OTU1 This study
amoG2a-f109 amoA TTGGTAACGGCGCTGATC OTU2a This study
amoG2a-r284 amoA AGTGAACCCTGCTCAATC OTU2a This study
AmoG2b-f174 amoA TTTTGGACCGACGCACTT OTU2b This study
AmoG2b-r395 amoA AGAAGGCTGTGCAGTAGA OTU2b This study
FGPS-872 rRNA TTTTTTGAGATTTGCTAG Nitrobacter [45]
FGPS-1269 rRNA CTAAAACTCAAAGGAATTGA Nitrobacter [45]
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NSR-1113F rRNA CCTGCTTTCAGTTGC
NSR-1264R rRNA GTTTGCAGCGCTTTG
F1114 rRNA GCAACGAGCGCAAC
R1392 rRNA ACGGGCGGTGTGTR

ion liters of wastewater containing an average influent BOD5 of
46 ± 78 mg l−1, hydrocarbons average of 6.1 ± 3.9 mg l−1 and a
igh load of ammonia, 81 ± 33 mg l−1. No sanitary sewage was dis-
harged into this WWTP. Phosphoric acid was supplemented as
he single source of phosphorus. The basin pH was maintained at
.1 ± 0.3 by the addition of spent caustic soda. Process temperature
as 34 ± 3 ◦C. The system was operated with a hydraulic retention

ime of 36 h and a mean cell residence time of 49 days. Although
riginally designed with an anoxic zone for total nitrogen removal,
he WWTP has not produced significant denitrification due to the
ow COD/N ratio

Relationships between operational parameters and perfor-
ance indicators were analysed using two-tailed Pearson corre-

ation coefficients (at significance <0.05). Calculations were carried
ut using GraphPad Prism, version 2.01 (GraphPad Inc., San Diego,
A).

.2. Inhibition of nitrification by phenol

Phenol inhibition of nitrification was described according to a
odel for non-competitive inhibition on the assumption that the

itrification is zero-order with respect to oxygen and ammonia [3]:

PhOH = kmax
[PhOH]c

[PhOH]c + [PhOH]
(1)

here kPhOH is the observed ammonia transformation rate when
henols are present, [PhOH]c is the inhibition constant for which
PhOH is half of the maximum ammonia transformation rate kmax.

The inhibition of nitrification was defined as

inhibition = 100 × kmax − kPhOH

kmax
(2)

It follows that the inhibition is related to the concentration of
henol as:

100
% inhibition

= 1 + [PhOH]c

[PhOH]
(3)

This expression is similar to the expression derived from
he extended non-competitive inhibition model used to fit the
nhibition of nitrification for combined municipal and industrial

astewater [7].
.3. DNA extraction

Activated sludge samples were transported to the laboratory at
T and stored at −20 ◦C until analysis. Extraction of genomic DNA

rom sludge was performed as in [8]
Nitrospira. [10]
G Nitrospira [10]

Bacteria [46]
Bacteria [46]

2.4. Real-time PCR with SYBR green I and melting curve analysis

Gene copy numbers were quantified by real-time PCR, using a
Sybr Green assay on an Opticon2 (MJ Research). The primer sets
used for betaproteobacterial AOB (CTO and amoA), Nitrobacter-like
NOB (FGPS) and Nitrospira-like NOB (NRS) are indicated in Table 1.
Reactions were carried out using 25 �l reaction mixtures in 8-well
reaction strips with optical caps. PCR mixtures contained 1 U Taq
Platinum DNA polymerase (Invitrogen), 1× Taq Platinum buffer,
a 0.25 mM concentration of each deoxynucleoside triphosphate,
SYBR green I (1:50,000; Molecular Probes), DMSO 5%, primers
0.4 �M and 3 mM MgCl2. Samples were analysed in triplicate at
three different concentrations, using 3 ng, 0.6 ng and 0.3 ng of DNA
template, except for the bacterial 16S rRNA gene, where DNA was
added to the PCR reaction at two concentrations in a 10-fold dilu-
tion (6 ng and 0.6 ng of DNA template). The level of contamination,
the absence of inhibitory effect and the efficiency of the PCR were
checked for each assay. Calculation of cell numbers were perfomed
assuming one 16S rRNA gene copy/AOB cell [9], three amoA gene
copies/AOB cell [9], one 16S rRNA gene copy/Nitrobacter cell [10],
one 16S rRNA gene copy/Nitrospira cell [10] and 3.3 16S rRNA gene
copies/cell [11].

Primer sequences developed in this study for quantification of
ammonia-oxidizing bacteria OTU1, OTU2a and OTU2b are listed in
Table 1. The PCR conditions for the newly designed primers were
optimized with clones containing the target sequence. All primer
sets were tested for their specificities using clones belonging to one
representative of each other non-target groups as negative controls
(106 copies of competing gene fragments per assay).

2.5. Estimation of in situ substrate turnover rates

The amount of ammonia oxidized to nitrite per unit of time was
estimated according to the formula modified from [12]

NH+
4t

= {NH+
4i

− NR�COD − NH+
4e} × r (4)

where NH+
4t

is the transformed ammonia–nitrogen (in milligrams
per hour), NH+

4i is the ammonia–nitrogen concentration in the influ-
ent, NH+

4e is the ammonia–nitrogen concentration in the effluent, r
is the reactor influent rate [12], and NR is the ammonia requirement
for biomass growth [13], calculated as:

0.087(1 + f b � )Y

NR = D H x H

1 + bH�x
(5)

where YH is the true growth yield for heterotrophs, fD is the frac-
tion of active biomass contributing to biomass debris, bH is the
decay coefficient for heterotrophs and �x is the solid retention time
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tion also displayed positive correlation, although not significant
at the 95% level, with dissolved oxygen concentration (p = 0.112)
and effluent hydrocarbon concentration (p = 0.105). Loss of nitrifi-
cation did not correlate significantly with changes in process pH
(p = 0.869).

Fig. 2. Inhibition of nitrification by phenol. Data were fitted to Eq. (3), which
E.L.M. Figuerola, L. Erijman / Journal o

49 days). Values for YH = 0.45 mg MLSS (mg BOD)−1, fD = 0.2 and
H = 0.1 d−1 were obtained from the literature [13].

.6. Libraries construction and phylogenetic analysis

Two clone libraries were constructed using DNA extracted at
he time of full nitrification (week 54). One for ammonia-oxidizing
acteria, using primers amoA1f and amoA-2R targeted highly con-
erved regions, which amplify a 490 bp fragment of the gene
oding for the subunit A of the enzyme ammonia monooxygenase
Table 1). Nitrite-oxidizing bacteria (NOB) were characterized by
onstructing a clone library of a 400 bp fragment of the 16S rRNA of
itrobacter-like NOB, amplified using primers FGPS 872 and FGPS
269 (Table 1).

The purified amplicons were ligated into the pGem T-Easy vector
Promega Corp., Madison, WI), and transformed into E. coli DH10B
ells by electroporation. Plasmid templates DNA were prepared by
tandard alkaline lysis method. DNA sequencing was performed at
he Macrogen sequencing facility (Seoul, Korea).

ClustalX was used to align gene sequences to one another and
o selected related sequences obtained from the GenBank. Dis-
ance matrix was built using DNADIST, and used to construct

phylogenetic tree with the NEIGHBOR program, which imple-
ent the neighbor joining method. Bootstrap confidence analysis
as performed by generating 100 replicated data sets with the

EQBOOT program and generating the consensus tree with the
ONSENSE program. Phylogenetic trees were also constructed with
he DNAML (maximum likelihood) and DNAPARS (parsimony) pro-
rams (all in the PHYLIP software package version 3.5). Trees were
isualized using the ARB program package [14]. Sequence assign-
ent to OTUs was performed with the furthest neighbor algorithm

f DOTUR [15]. OTUs were defined using a genetic distance between
equences of 0.06 for amoA and 0.04 for NOB [15].

.7. Nucleotide sequence accession numbers

The sequences obtained in this study have been deposited in
he GenBank database under accession number FJ812415-FJ812514
nd GU562970-GU563050.

. Results

.1. Nitrification performance

Ammonia removal fluctuated widely in the full-scale activated
ludge (Fig. 1a). Nitrification inhibition resulted in accumulation of
mmonia, and occasionally of nitrite. Periods of low nitrification
ere coincident with absence of filamentous bacteria and heav-

ly reduced number of higher life forms, an implicit hint of an
nhibitory or toxic environment. The profiles of phenol during the
tudied period suggested a link between phenol concentration and
he inhibition of nitrification (Fig. 1b). The Pearson test revealed
significant correlation between phenol and ammonia concentra-

ion (p = 0.030) and also between phenol and nitrate (p = 0.014). The
nhibition of phenol could be fitted to a pattern of non-competitive
nhibition (Fig. 2). According to the model, the concentration of
henol for which the rate of ammonium oxidation was one half of
he maximum rate was 0.5 mg l−1.

Nitrification failure could not in principle be attributed to lack
f oxygen, because dissolved oxygen levels were maintained at all

imes above 2 mg l−1. Interestingly, there was a significant corre-
ation (p = 0.009) albeit positive, between ammonia concentration
nd dissolved oxygen concentration, a likely indication of the inhi-
ition of oxygen consumption by heterotrophic and/or nitrifying
acteria. In agreement with this suggestion, phenol concentra-
Fig. 1. (a) Operational data of ammonia–N (©), nitrite–N (�) and nitrate–N (�)
concentrations in the effluent samples taken from the full-scale activated sludge.
(b) Variation in the effluent phenol concentration (�).
describes the inhibition of nitrification according to a model for non-competitive
inhibition on the assumption that nitrification is zero-order with respect to oxy-
gen and ammonia. The linear regression of the double reciprocal plot (solid line) is
shown with 95% confidence limits (dashed lines) and 95% prediction limits (dotted
lines). [PhOH]c is the inhibition constant for which kPhOH is half of the maximum
ammonia transformation rate kmax; b is the y-intercept.
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Table 2
Quantification of gene copy number and conversion to cell number.

Target gene Copies l−1 Cells l−1

AOB 16S rRNA (9.3 ± 2.9) × 1010 (9.3 ± 2.9) × 1010

amoA (2.8 ± 1.0) × 1011 (9.2 ± 3.2) × 1010

3

n
d
e
a
P
o
�
c
i
r
c
t
n

Fig. 3. Abundances of AOB (black), Nitrobacter-like NOB (gray) and Nitrospira-like
NOB (white) in the full-scale activated sludge at three different periods, exhibiting

F
F
O

Nitrobacter 16S rRNA (1.8 ± 0.7) × 1011 (1.8 ± 0.7) × 1011

Nitrospira 16S rRNA (1.4 ± 0.5) × 109 (1.4 ± 0.5) × 109

Total bacteria (3.1 ± 2.0) × 1013 (9.5 ± 6.0) × 1012

.2. Quantification of AOB and NOB

The total number of ammonia-oxidizing bacteria (AOB) and
itrite-oxidizing bacteria Nitrobacter sp. and Nitrospira sp. were
etermined for available sludge samples at three different periods,
xhibiting marked differences in nitrification. The total number of
mmonium oxidizing bacteria was determined using quantitative
CR of a fragment of the ammonia monooxygenase gene (amoA) and
f a fragment targeting the V2–V4 region of the 16S rRNA gene of
-subclass AOB (CTO, Table 2). Nitrobacter-like and Nitrospira-like
ells were quantified using primers targeting conserved sequences

n the 16S rRNA gene FGPS and NRS, respectively (Table 2). The
elative proportions of AOB to the total bacterial density did not
orrelate with nitrifying activity of the sludge (Fig. 3). Larger varia-
ions were observed for the NOB comparing periods of high and low
itrification. Nitrobacter-like NOB represented approximately 2% of

marked differences in nitrification (see Fig. 1). Error bars indicate standard deviation,
n = 3.

ig. 4. Dendrogram showing the phylogenetic position of the clones obtained after amplification of a fragment of the amoA gene from genomic DNA of the activated sludge.
illed circles correspond to branches conserved for all methods tested (maximum parsimony and neighbor joining with more than 70% bootstrap, and maximum likelihood).
pen circles correspond to branches conserved for at least two of the methods tested. The scale bar represents a 0.05 substitution per nucleotide position.
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ig. 5. Dendrogram showing the phylogenetic position of the clones obtained after
ike NOB. Filled circles correspond to branches conserved for all methods tested (m
ikelihood). Open circles correspond to branches conserved for at least two of the m

acterial populations during time of full nitrification. Nitrospira-like
OB were detected only during time of full nitrification, albeit in
ery low amount (Fig. 3). The total number of NOB dropped con-
iderably during periods of nitrite accumulation or no nitrification.
ccordingly, AOB/NOB ratio was 3.6 under conditions of nitrifica-

ion failure and shifted down to 0.5 at the time of good nitrification.

.3. Cloning, sequencing and phylogeny for AOB and
itrobacter-like NOB bacteria

A diversity analysis of nitrifiers in the sludge of the full-scale
acility was performed at a time of full nitrification. Nucleotide
equences of amoA gene fragments and the derived amino acid
equences were determined for a total of 110 clones. All clones
ere classified as Nitrosomonas species, according to the phyloge-
etic tree given in Fig. 4. AmoA genes belonged to two populations
eparated by a genetic distance of 0.06. The dominant population
77% of the clones) was related to an ammonia oxygenase gene
elonging to N. europaea, whereas the second population showed
4% similarity with the amoA of N. nitrosa (AF272404).

In addition to the use of primers targeting conserved frag-
ents of the amoA gene, novel PCR primer sets were designed
o target signature DNA sequences in the amoA gene of the two
TUs detected in the clone library, and used to quantify both taxa
sing real-time PCR. The number of bacteria determined as belong-

ng to the N. europaea-related taxa (OTU 1) was (8.5 ± 0.6) × 1010

ells ml−1, in close agreement with total AOB. Populations belong-
ification of a fragment of the 16S rRNA gene using primers specific for Nitrobacter-
m parsimony and neighbor joining with more than 70% bootstrap, and maximum
s tested. The scale bar represents a 0.05 substitution per nucleotide position.

ing to N. nitrosa-related taxa were separately quantified in two
groups and accounted for only (5.4 ± 2.7) × 109 cells ml−1 for OTU2a
and (1.4 ± 0.6) × 108 for OTU2b, meaning that N. nitrosa-like bacte-
ria represented less than 5% of total AOB. Thus, the quantitative
data confirm the dominance of N. europaea-like clones determined
in the clone library.

The populations of nitrite-oxidizing bacteria (NOB) were charac-
terized by constructing a clone library of a PCR-amplified fragment
of the 16S rRNA of Nitrobacter species. The vast majority (82%) of
the 80 clone sequences retrieved from the Nitrobacter clone library
clustered within a single operational taxonomic unit (OTU1, Fig. 5),
suggesting that nitrite oxidation, as well as ammonia oxidation,
depended on a highly dominant population. The closest matches
retrieved from a BLAST search corresponded to a Nitrobacter strain
isolated from a soil in Galapagos Islands (Ecuador) [16], a clone
derived from a nitritation reactor [17], and an enrichment culture
of nitrite-oxidizing bacteria from activated sludge source [18].

3.4. In situ activity of AOB

The in situ rate of ammonia oxidation per ammonia oxidizer
cell within the activated sludge was calculated during the period

of full nitrification (week 54), when nitrification was rate-limited
by the first step. The average concentration of NH4–N in the influ-
ent and effluent during the investigated period was 81 ± 33 mg l−1

and 9.0 ± 8.9 mg l−1 respectively. During that time the nitrogen
required for assimilation (Eq. (5)) was estimated as 2.1 mg l−1.
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rom Eq. (4), AOB oxidized (1.0 ± 0.9) × 107 mg of ammonia h−1 or
7.1 × 1017 ± 6.4) × 1017 fmol of ammonia h−1. The average number
f AOB determined by quantitative PCR using three different set of
rimers was (9.2 ± 3.2) × 1010 cells l−1. Considering that the total
eactor volume was 5430 m3, the total amount of ammonia oxidiz-
rs in the reactor was (5.0 ± 1.7) × 1017 cells. Thus, the cell-specific
mmonia oxidation rate was 0.96 ± 0.71 fmol of ammonia to nitrite
er hour.

. Discussion

.1. Inhibition by phenol

The inhibitory effect of phenol on nitrification is well known.
ur data show that periods of nitrification failure coincided
ith increased phenol concentrations in the effluent wastewater.
ydrocarbons and phenols were the main carbonaceous compo-
ents of the influent wastewater. N. europaea nitrification displayed
on-competitive inhibition by aromatic hydrocarbons and halo-
enated hydrocarbons, whereas phenol showed 90% inhibition at a
oncentration of 4.7 mg l−1 [19]. Large amount of phenols enter the
ctivated sludge of petroleum refineries mainly via spent caustic
oda. The inhibitory effect of low concentration of phenol on nitri-
cation has been extensively documented. Earlier studies reported
5% and full inhibition of ammonium oxidation in nitrifying sludge
t phenol concentrations of 5.6 mg l−1 [20] and 3.7 mg l−1 [3]. In a
tudy of the effect of phenol on the nitrifying activity of aerobically
rown microbial granules produced in a sequencing batch reactor,
t was reported that ammonium oxidation activity of phenol-
xposed granules decreased significantly in comparison with the
nexposed control. Nitrification could occur only after phenol in
astewater was degraded to a very low value [21]. Similarly, it
as found that phenol was inhibitory to the nitrification process in
concentration-dependent manner in a batch assay, where nitrifi-
ation started only after phenol was completely degraded [2]. In the
ame study, the authors did not observed inhibition of ammonium
emoval by phenol in a lab-scale activated sludge reactor, presum-
bly due to rapid dilution or degradation [2]. It was also shown in
n activated sludge process with cross-flow filtration that ammo-
ium oxidation depended on the complete removal of phenol [22].
espite the activated sludge from the petroleum refinery sludge
ontained high diversity of bacteria with the capacity of degrad-
ng phenol [23], complete degradation of phenol was not achieved,
ossibly due to inhibitory effects of phenol on the activity of phenol
ydroxylase. In that regard, the use of biofilm systems and dilution
f the industrial wastewater, as in submerged fixed-film reactor
echnology, might provide better capabilities for removing high
oncentration of phenol from wastewater, thus minimizing toxic
ffects on nitrifiers [24].

We have previously shown that the bacterial community in this
ull-scale industrial activated sludge had a strong dominance of a
ew species [8], suggesting that a few factors dominate the ecology
f the assemblage. Moreover, the pattern of species abundance dis-
ribution of heterotrophs was consistent with a geometric series, a
ypical descriptor of species-poor communities subjected to harsh
nvironmental conditions [8]. Similarly to the case of leachate from
reosote-contaminated sand [3], the ammonia oxidation in the
ndustrial activated sludge process was closely correlated with the
oncentrations of phenolic compounds, even though the adding
ontributions of other inhibitory compounds, e.g. hydrocarbons
ay explain the scatter in the fitting observed in Fig. 2.
.2. AOB diversity

Analysis of microbial diversity may contribute to gain insight
nto the relationship between environmental variables and ecosys-
rdous Materials 181 (2010) 281–288

tem functioning. Nitrification in the studied industrial activated
sludge depended on the activity of a low diverse group of ammonia-
oxidizing bacteria and nitrite-oxidizing bacteria belonging to
the Nitrosomonas and Nitrobacter. The phylogenetic alignment
of the amoA gene indicated that dominant AOB populations
in the wastewater treatment plant were related to the N.
europaea/Nitrosococcus mobilis cluster [25]. The closest relative to
the amoA sequences in the clone library was an uncultured bacterial
clone (AY369166) found in a lab-scale activated sludge deammoni-
fication reactor. A minor population of AOB was related to the amoA
gene of N. nitrosa.

It has been previously shown that the majority of amoA
sequences derived from habitats containing high substrate concen-
trations, like activated sludge, belonged to the genus Nitrosomonas
[25]. Members of the N. europaea/N. mobilis [26,27], N. oligotropha
[10,26], N. marina [25] and N. cryotolerans [27] clusters have been
the AOB most frequently detected in wastewater treatment plants.
Yet AOB diversity and composition vary considerably among dif-
ferent wastewater treatment plants [25,28]. Some plants contain a
single class of AOB, whereas other display coexistence of different
betaproteobacterial AOB. Solid residence time mainly influenced
the total numbers of ammonia-oxidizing bacteria and has been
associated with lower diversity [26,27]. The high ammonium con-
centration in the influent, the high volumetric ammonia removals
and the rather long SRT are all factors that may support the domi-
nance of the N. europaea cluster in our study [29].

For the purpose of calculations of the in situ activity of ammonia-
oxidizing bacteria, we have quantified AOB cells using three
different primer sets. Approaches targeting the 16S rDNA gene
[10,27], as well as the ammonia oxygenase subunit A (amoA)
gene [30] have been previously used to measure the presence and
composition of AOB in wastewater treatment plants. The primers
targeting the amoA gene are more inclusive, but not completely
specific for betaproteobacterial ammonia oxidizers [31]. In order to
improve target specificity, we have designed novel primers, which
targeted specifically amoA sequences retrieved from the clone
library. The fact that the three estimates obtained with different
set of primers delivered similar values for AOB abundance suggests
strongly real-time PCR analysis have correctly estimated the AOB
population size. Therefore, despite high ammonia content in the
influent wastewater, only around 1% of cells in the activated sludge
consist of ammonia-oxidizing bacteria. This value agrees with the
proportion of total AOB within the total bacterial population found
in a survey of communities of ammonia-oxidizing bacteria in acti-
vated sludge of sewage treatment plants in Tokyo [27], but is low
compared with the value of 8% that should be present according to a
theoretical model, which estimates the expected net AOB biomass
production from the ammonia consumed [32,33]:

(Xa)ao

(Xa)het
= Yoa(1 + bhet�x)�ammonia

Yhet(1 + bnit�x)�BOD
(6)

According to this model the theoretical ratio of active
autotrophic (Xa)ao to total heterotrophic bacteria and (Xa)het
depends on the ratio of the ammonia removal (�ammonia) to BOD
removal (�BOD). qx is the solid retention time, Yhet and Yoa are
yield and bhet and bnit are the endogenous respiration rate of het-
erotrophic bacteria and AOB respectively.

Yet the in situ rate of ammonia oxidation per ammonia oxidizer
cell estimated from the process parameters and AOB quantification
was approximately 0.9 fmol of ammonia per hour, which is within
the typical nitrification rates of Nitrosomonas sp. [34].
4.3. NOB diversity

The process of nitrite oxidization, and how nitrite-oxidizing bac-
teria (NOB) are affected by organic carbon, has been much less
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nvestigated than ammonia oxidation. Nitrospira sp. are the most
ommon nitrite oxidizers in nitrifying wastewater treatment plants
28,35]. Nitrobacter species, previously thought to be the key NOB in
astewater treatment plants, on the basis of cultivation-depended

tudies [13], are more rarely found in full-scale nitrification systems
32].

A large body of literature indicates that nitrite concentration
ppears to be the major factor controlling the selection between
itrospira and Nitrobacter, the latter considered r-strategist, which
utcompetes the former at high nitrogen loading [36,37]. But
lthough Nitrobacter has been shown to coexist with Nitrospira
n plants with high nitrite concentrations [12], very seldom has
een found as the only nitrite oxidizers. To our knowledge, the
resent work is the first report of a Nitrobacter population dominat-

ng almost entirely the NOB community in a full-scale wastewater
reatment plant. We speculate that the absence of Nitrospira may
educe the ability of the system to cope with conditions of low
xygen [37] and low nitrite concentrations [38].

.4. AOB/NOB ratio

It is not well established whether there is a ratio of AOB to NOB
hat is consistent with good nitrification. Because the energy gen-
rated from ammonia oxidization by AOB is higher than the energy
roduced from nitrite oxidization by NOB, a ratio of AOB/NOB
f 2.0–3.5 was suggested appropriately related to the inherent
igh growth rates of AOB [37,39]. Yet other studies revealed that
he populations of AOB were lower than NOB [10,40]. Under the
onditions of the activated sludge from the petroleum refinery,
itrification was achieved when NOB was two times greater than
OB and was deficient for AOB/NOB ratios greater than 1.

The apparent inconsistency represented by the high number
f AOB during periods in which nitrification was inhibited is
ot without precedents. Considerable numbers of AOB cells have
een reported previously under conditions of nitrification failure
37,41,42]. This has been attributed to the adaptation ability of AOB
o survive periods of energy-source deprivation, when they cannot
erform their normal task [41].

. Conclusions

Surveys of diversity in full-scale wastewater treatment plants
re important to further understand nitrifying processes develop-
ng under stress. The results of this study provide insight into the
ypes of AOB and NOB responsible for nitrification in an industrial
ctivated sludge system exposed to toxic levels of phenol. It is gen-
rally believed that a greater level of redundancy is favorable for
he maintenance of a stable process. Under the conditions of oper-
tion of this wastewater treatment plant, dominance of NOB over
OB appeared to correlate with good nitrification. Additionally, the

ow diversity of nitrifying bacteria and particularly the high domi-
ance of Nitrobacter over Nitrospira is consistent with the increase
isk of failure in the presence of disturbances.
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