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Introduction

Stable and efficient ammonia oxidation is still one
of the most challenging tasks in modern wastewater
treatment technology. In wastewater treatment plants
ammonia oxidation often fails because of high sensi-
tivity of nitrifying bacteria to environmental condi-
tions. It was suggested that to improve process stability
and efficiency, a high diversity of AOB is necessary
(Daims et al., 2001). According to Briones and Raskin
(2003) ecosystem stability is the outcome of func-
tional redundancy, which is ensured by the presence
of many species able to perform the same ecological
function. Presence of many microorganisms which are
able to conduct a specific process increases probabil-
ity that a sudden change of environmental conditions
does not worsen the effectiveness of wastewater treat-
ment, because one of the species will manage to adapt
and ensure maintenance of the specific metabolic
pathway (LaPara et al., 2002).

Research proved that in case of AOB, factor that
influences microbial diversity is reactor design. Rowan
et al. (2003) studied the diversity of AOB in two full-

scale bioreactors: biological aerated filter (BAF) and
a trickling filter, receiving the same wastewater. The
research proved higher diversity of AOB in the trick-
ling filter than in the BAF and that the performance
of the trickling filter was better than the BAF. Widely
used single sludge wastewater treatment designs (e.g.
SBR) accomplish nitrification concurrent with removal
of chemical oxygen demand (COD) in one reactor;
activated sludge in these reactors contains both hete-
rotrophs and nitrifiers. Organic carbon compounds
in wastewater stimulate heterotrophic bacteria that
compete for oxygen with nitrifiers and may produce
intermediary metabolic byproducts, which inhibit AOB
(Gieseke et al., 2001).

The use of molecular techniques allows gaining an
insight into changes in bacterial communities in acti-
vated sludge in relation to environmental conditions.
In presented work, PCR-RFLP (Polymerase Chain
Reaction � Restriction Fragment Length Polymor-
phism) technique was employed in order to monitor
changes in AOB population. PCR-RFLP technique is
relatively simple and can be commonly used in waste-
water treatment plants. A functional gene-based PCR
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A b s t r a c t

The experiment was carried out in two SBR reactors differing in ammonia load (reactor R1 � ammonia load of 130 mg N-NH
4
×d�1, reactor

R2 � ammonia load of 250 mg N-NH
4
×d�1). Feeding conditions in the reactors were switched from favoring autotrophic nitrification

through favoring heterotrophic processes and back to autotrophic conditions. Observations of ammonia-oxidizing bacteria (AOB)
community changes were based on PCR-RFLP analysis of amplified amoA gene fragments and AOB genetic diversity was evaluated
on the base of the number of different amoA gene forms. When only carbonates were introduced with wastewater restriction patterns
established about day 23 and 28 at ammonia load of 250 and 130 mg N-NH

4
×d�1, respectively. In both reactors statistically higher number

of different amoA gene forms was observed when only carbonates were present in wastewater in comparison to conditions in which sodium
acetate was introduced to the reactors. The AOB participation in activated sludge was higher at ammonia load of 250 mg N-NH

4
×d�1 but

their genetic diversity was lower in comparison with this observed at ammonia load of 130 mg N-NH
4
×d�1.

K e y  w o r d s: ammonia-oxidizing bacteria, microbial diversity, PCR-RFLP, SBR

1 Corresponding author: Department of Environmental Biotechnology, S³oneczna 45G, 10-709 Olsztyn, Poland; phone: (+48)
895234185; fax: (+48) 98 5234131; e-mail: agnieszka.cydzik@uwm.edu.pl



242 Cydzik-Kwiatkowska A. and Wojnowska-Bary³a I. 3

assay was used targeting a 675-bp stretch of the amoA
gene which encodes the active-site polypeptide of the
ammonia monooxygenase enzyme (McTavish et al.,
1993). In presented research AOB genetic diversity
was evaluated on the base of the number of different
amoA gene forms in activated sludge.

The objective of the study was to determine the
impact of organic carbon and ammonia load in waste-
water on AOB community formation and diversity in
activated sludge during adaptation period and after
stabilisation to different substrate conditions.

Experimental

Materials and Methods

SBR operation. In the experiment two 3.0 l se-
quencing batch reactors operating simultaneously were
employed. Seed sludge was collected from a conven-
tional municipal wastewater treatment plant in Olszty-
nek (Poland). Each SBR operated in 24-hour cycle,
with the following operating strategy: filling (0.25 h),
aeration (23 h), settling (0.50 h) and decantation
(0.25 h). The mean solids retention time (sludge age)
was about 20 days and the total suspended solids
(TSS) averaged 2500 mg TSS×l�1. Reactors were
operated at 2 mg×l�1 of dissolved oxygen, the tem-
perature was maintained at 20°C and pH was kept
between 7 and 8. During the filling period, 1.0 l of
synthetic wastewater was added to the reactor to make
the final working volume of 2.5 l. The artificial waste-
water composition was as follows: Na2HPO4×12H2O
(46.0 mg×l�1), NaCl (10.0 mg×l�1), KCl (4.7 mg×l�1),
CaCl2×2H2O (4.7 mg×l�1), MgSO4×7H2O (16.7 mg
×l�1), FeCl3 × 6H2O, MnSO4 × H2O, ZnSO4, CuSO4
(<0.2 mg×l�1), (Coehlo et al., 2000, modified). There
was a difference in ammonia load between the reac-
tors: 130 and 250 mg N-NH4×d�1 in R1 and R2, re-
spectively. In order to investigate the effect of organic
carbon on AOB diversity in each reactor, the experi-
ment was carried on in three phases. In phases I and
III (40 and 38 days, respectively) only inorganic car-
bon was added to the reactors while in phase II
(160 days) both inorganic and organic carbon was
supplied with wastewater. A given phase lasted until
restriction pattern and effluent parameters did not sta-
bilize in particular substrate conditions. In phase II,
the organic carbon load was 660 mg COD×d�1 that
resulted in COD concentration at the beginning of
aeration phase of about 260 mg COD×l�1. Carbo-
nates in amount of 7.15 mg of alkalinity per 1 mg
of N-NH4 oxidized were introduced with wastewater
(Villaverde et al., 1997)

Analytical measurements. Every day sampling
was made at the influent and effluent of one cycle.

All samples were filtered using a 0.2 mm micro-pore
filter before being assayed. The following parameters
were determined in wastewater: total suspended solids
by drying at 103�105°C, organic compounds expressed
as total and dissolved COD (chemical oxygen de-
mand), ammonia by Nesslerization method or distil-
lation, nitrite and nitrate by colorimetric methods
(APHA 1992). Nitrification efficiency was measured
as the amount of ammonia oxidized in SBR cycle.

Total DNA extraction. Activated sludge samples
were collected in 2�4-day intervals and kept in freezer
in �20°C before analysis. Genomic DNA was isola-
ted from 400 mg of centrifuged sludge sample using
FastDNA® SPIN®Kit (Q-BIOgene, USA) according
to manufacturer protocol. Quality and quantity of isola-
ted DNA was measured spectrophotometrically using
Biotech Photometer (WPA, UK). The extracted DNA
was suspended in 80 µl of distilled water and frozen
in �20°C for further analyses.

PCR-RFLP. PCR was carried out with oligonucle-
otide primers 301F (5�-GACTGGGACTTCTGGCTG
GACTGGAA-3�) and 302R (5�-TTTGATCCCCTCT
GGAAAGCCTTCTTC-3�) (Norton et al., 2002). PCR
was performed in Eppendorf® Mastercycler Gradient
(Eppendorf, Germany). Each 30 µl of PCR amplifica-
tion mixture contained 0.2 µg of extracted total DNA,
1 µl of each primer (20 pmol×µl�1), 1 µl of dNTPs mix-
ture (10 mM of each dNTP) (Promega, Winsconsin,
USA), 1 U of Taq DNA polymerase (Invitrogen, Life
Technologies), 3 ml of reaction buffer supplied with
the DNA polymerase, 1 µl of MgCl2 (50 mM) and
sterile water to a final volume of 30 ml. The standard
PCR amplification was carried out using the follow-
ing program: 94°C for 5 min, 35 cycles of denatur-
ation at 94°C for 30 s, annealing at 55°C for 30 s,
extension at 72°C for 45 s and a single final elonga-
tion at 72°C for 5 min. The presence of PCR products
was confirmed by analyzing 5 ml of the product on
a 0.8 % agarose gel stained with ethidium bromide.
Size and intensity of PCR products were estimated by
comparison with molecular weight marker øX174
DNA/HinfI (Promega, USA) according to KODAK
1D Image Analysis Software instruction. The gel was
viewed with an ultraviolet transilluminator and re-
corded with CCD camera (Eastman Kodak Company,
USA). Bands were detected automatically from digi-
tal images of the gel using KODAK 1D 3.6 Image
Analysis Software (Eastman Kodak Company, USA).
Obtained PCR products were subsequently digested
using CfoI, HaeIII, HinfI, RsaI and SinI restriction
enzymes. Enzymatic digestion was carried out in
0.2 ml Eppendorf tubes. To each tube 8 µl of PCR
product, 1 µl of digestion buffer, restriction enzyme
proportionally to PCR product amount and sterile wa-
ter to a final volume of 10 µl were added. The diges-
tion was carried out at 37°C for 3 h. Digested PCR
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fragments were electrophoresed for 1 h in 2.5 % high
resolution agarose gel (PRONA Micropor Delta)
stained with ethidium bromide. The gel was docu-
mented and digitalized as described above.

Analysis of RFLP patterns. The structural diver-
sity of microbial communities was assessed on the
basis of the bands on the gel tracks. For a given enzy-
me the sum of all band masses in one lane was divi-
ded by 675 (length of amoA amplicon). The result was
rounded up to the nearest whole number. Computa-
tions were performed for the five restriction enzymes
and the highest value was chosen as the minimal num-
ber of different amoA gene forms in a given day.

Statistical analyses. In order to find statistically
significant differences between the number of different
amoA gene forms in different experimental phases and
series, t-tests and Kruskal-Wallis test were applied at
the probability level of 95%. Statistical computations
were performed using the program STATISTICA 6.0
(StatSoft, USA).

Results

Nitrification efficiency depended on the phase of
the experiment and ammonia load (Fig. 1.). In phase I
in both reactors, a gradual increase in nitrification
efficiency was observed and from 25 day ammonia
oxidation stabilized at the level of 95% and 70% in
reactors R1 and R2, respectively. At the beginning of
phase II, organic carbon introduction with wastewa-
ter did not noticeably decrease the nitrification effi-
ciency in reactor R1, however, from day 65 of the ex-

periment, the efficiency of ammonia oxidation begun
to drop to about 25%. Organic carbon introduction to
reactor R2 caused deterioration of ammonia oxidation
to about 20%, and then nitrification efficiency gradu-
ally increased. At the end of phase II in both reactors
ammonia was oxidized in above 90% and this nitrifica-
tion efficiency maintained until the end of the phase III.

Restriction patterns obtained by enzymatic diges-
tion of amplified amoA gene fragments together with
the number of different amoA gene forms in succes-
sive days of the experiment are presented in Fig. 2
and 3. In phases when only inorganic carbon was in-
troduced with wastewater, restriction patterns reflect-
ing AOB species composition established about day
23 at ammonia load of 250 mg N-NH4×d�1 (reactor
R2, Fig. 3), and about day 28 at ammonia load of
130 mg N-NH4×d�1 (reactor R1, Fig. 2). In these
phases in both reactors at least 3 different forms of
amoA gene were present in biomass. RFLP patterns
obtained in phase II showed that in both reactors AOB
community changed greatly in time. After organic
carbon introduction the restriction patterns and the ef-
fluent parameters in both reactors changed in time and
did not stabilize until about day 130 of phase II. In
both reactors the lowest nitrification efficiency was
observed in periods when only 2 different forms of
amoA gene were present in activated sludge (total
amount of AOB in activated sludge, estimated by den-
sitometry scanning of PCR products, did not change
noticeably in this time, data not shown).

On the base of molecular and chemical data statis-
tical analyses were carried out. The result of the test

Fig. 1. Nitrification efficiency during experimental phases; R1, R2 � reactors 1 and 2, respectively; phase I and phase III
� only inorganic carbon introduced with wastewater, phase II � inorganic and organic carbon introduced with wastewater.
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(t162, 81 = �3.15; p<0.002) demonstrated that there was
a statistically significant higher participation of AOB
in activated sludge at ammonia load of 250 mg N-
NH4×d�1 in comparison with ammonia load of 130 mg
N-NH4×d�1 (Fig. 4). This analysis was confirmed by
respirometric data (results not shown). The diversity
of AOB was, however, higher in the reactor with
lower ammonia load (t2, 81=3.97; p.0) (Fig. 5). At am-
monia load of 250 mg N-NH4×d�1 the number of dif-
ferent amoA gene forms averaged 2.68±0.54, while at
ammonia load of 130 mg N-NH4×d�1 it averaged
3.04±0.6. After the stabilization of ammonia-oxidiz-
ing bacteria community in autotrophic phases, in R1
there were 4 different forms of amoA gene in acti-
vated sludge, while in reactor R2 only 3 different
forms of the gene.

The hypothesis that organic carbon load influ-
enced the genetic diversity of ammonia-oxidizing
bacteria in activated sludge was also tested. The
statistical analysis revealed that in both reactors the
diversity of AOB was higher in phases when only
inorganic carbon was introduced with wastewater
in comparison with phase II (Fig. 6). The Kruskal-
Wallis test results were H 2, 82 = 18.41 (p.0) and
H 2, 82 = 25.86 (p.0) for R1 and R2, respectively.
In reactor R1 the number of different amoA gene
forms in phases with only inorganic carbon introduc-
tion averaged 3.4 and dropped to about 2.8 after or-
ganic carbon addition to wastewater, while in reactor
R2 the presence of organic carbon in the influent
caused that the number of different amoA gene forms
decreased from about 3.1 to 2.5.

Fig. 2. RFLP patterns of AOB community from the reactor operating at ammonia load of 130 mg N-NH4×d�1 obtained
from the digestion of amplified amoA gene fragments by five restriction enzymes. Periods of time between days

in experimental phases in which restriction pattern remained unchanged are spaced with dashes.
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Discussion

The objective of the study was to determine the
impact of organic carbon and ammonia load in waste-
water on ammonia-oxidizing bacteria community for-
mation and diversity in activated sludge.

In molecular analyses amoA primers 301F and
302R (Norton et al., 2002) were employed instead
of Rotthauwe primers (Rotthauwe et al., 1997), which
are more widely used in AOB diversity surveys.
A 301F/302R primer set allows getting about 200 bp
longer PCR product, which is important in case of us-
ing PCR-RFLP technique. Horz et al. (2000) proved
that restriction analysis based on amoA gene allows
reliable description of differences in species compo-
sition of ammonia-oxidizing bacteria communities.
According to Hughes et al. (2001), it is possible to
compare relative diversity between communities from
successive days or among sites or treatments as long

as the measurement unit is defined and held constant
and in presented research this condition was fulfilled.
Mills et al. (2003) points out that bacterial diversity
evaluation using restriction enzymes can be hampered
by not full DNA fragments digestion and a difficulty
with separation of low molecular weight DNA frag-
ments. In presented research, in order to minimize
above-mentioned biases, 5 different restriction en-
zymes and high resolution agarose gels were used.

Our research showed that after technological pa-
rameters change a period of time is necessary in order
to allow activated sludge adaptation. At the beginning
of phase I, ammonia nitrogen cumulated in the efflu-
ent from both reactors and nitrification efficiency was
low. Molecular analyses revealed that lack of ammo-
nia oxidizing activity resulted from insufficiently de-
veloped AOB consortia (seeding sludge was taken
from a wastewater treatment plant with high C/N ratio
in the influent). An increase of ammonia-oxidizing

Fig. 3. RFLP patterns of AOB community from the reactor operating at ammonia load of 250 mg N-NH4×d�1 obtained
from the digestion of amplified amoA gene fragments by five restriction enzymes. Periods of time between days

in experimental phases in which restriction pattern remained unchanged are spaced with dashes.



246 Cydzik-Kwiatkowska A. and Wojnowska-Bary³a I. 3

bacteria participation in activated sludge improved
ammonia oxidation and from day 25 of phase I nitrifi-
cation efficiency was about 95 and 70% in reactors
R1 and R2, respectively. High nitrification efficiency
in both reactors in phase III resulted from the pres-
ence in activated sludge a well shaped ammonia-oxi-
dizing bacteria community formed in previous phases.

The time necessary to stabilize species composi-
tion of AOB in phases when only inorganic carbon
was introduced with wastewater depended on ammo-

nia load. Restriction pattern established about day 23
and 28 of phases in reactors R1 and R2, respectively.
Stabilisation of species composition was accompanied
by settling of parameters in the effluents from both
reactors (data not shown). Similar results were ob-
tained by Egli et al. (2003). Authors using FISH and
T-RFLP technique analyzed changes in number and
composition of ammonia-oxidizing bacteria during
startup of two nitrifying reactors fed with synthetic
wastewater containing only inorganic carbon. The

Fig. 6. Dependence between the phase of the experiment and the number of different amoA gene forms (Kruskal-Wallis test);
a) reactor R1, ammonia load of 130 mg N-NH4×d�1, b) reactor R2, ammonia load of 250 mg N-NH4×d�1; phase I and phase III

� only inorganic carbon introduced with wastewater, phase II � inorganic and organic carbon introduced with wastewater.

Fig. 4. Dependence between ammonia load in wastewater
and AOB participation in activated sludge, estimated

on the base of amoA gene amplification product (t tests);
R1, R2 � reactors 1 and 2, respectively.

Fig. 5. Dependence between ammonia load in wastewater
and the number of different amoA gene forms in activated
sludge during the experiment (t tests); R1, R2 � reactors 1

and 2, respectively.
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changes in AOB community correlated with nitrogen
forms concentrations changes in the effluent and
stable ammonia oxidation was obtained about 20 days
after inoculation of the reactor with activated sludge.
It is possible that in our experiment a faster establish-
ment of species composition in R2 was caused by the
fact that higher ammonia load that promoted growth
of nitrifiers with a high specific growth rate.

The participation of ammonia-oxidizing bacteria
in activated sludge was higher in the reactor with
higher ammonia load. It was observed, however, that
despite higher AOB participation in biomass in reac-
tor R2 their genetic diversity was lower in compari-
son with that at ammonia load of 130 mg N-NH4×d�1.
It can be concluded that a lower ammonia load
enables adaptation to feeding conditions for more
diverse group of nitrifiers and promotes growth of
species with low specific growth rate (Atlas, 1997).
Also according to Wijeyekoon et al. (2004) such
a selection of species based on the substrate concen-
tration is thought to be related to the growth rates
of the different strains.

After the introduction of organic carbon in phase II,
no stable nitrification in activated sludge was obtained
for a long time. Lack of system stability was con-
firmed by the effluent parameters fluctuations and
changes in AOB community composition displayed
by PCR-RFLP technique. It is worth stressing that in
both reactors the lowest nitrification efficiency was
observed in periods when only 2 different forms of
amoA gene were present in activated sludge. This fact
may indicate that the genetic diversity of AOB con-
sortia positively influences the efficiency of ammonia
oxidation in activated sludge.

A decrease of AOB population with increasing
organic carbon to nitrogen ratio is discussed in lite-
rature. Nogueira et al. (2002) investigated two bio-
film reactors performance during a shift in process
operation from pure nitrification to combined nitrifi-
cation and organic carbon removal. Using FISH
technique authors proved that sodium acetate intro-
duction to the biofilm reactor (0.68 kg COD×m�3

×d�1) resulted in reduction of AOB population and
subsequent breakdown of nitrification process. In
presented research, however, it was proved that the
presence of organic carbon in wastewater not only
influences ammonia-oxidizing bacteria number but
also their diversity in activated sludge. Irrespective of
the ammonia load in wastewater, introduction of so-
dium acetate in amount of 660 mg COD×d�1 to the
reactors caused the decrease in the average number of
different amoA gene forms in biomass. In practice
the decrease in AOB diversity after increasing or-
ganic carbon load in wastewater can be reduced by
e.g. periodic inoculation with biomass from nitrify-
ing reactors.

Presented research proved that:
(i) when only carbonates are introduced with waste-

water the time necessary to stabilize species composi-
tion of AOB depends on ammonia load in waste-
water; AOB community established about day 23 and
28 at ammonia load of 250 and 130 mg N-NH4×d�1,
respectively,

(ii) AOB participation in activated sludge is higher
at higher ammonia load but their genetic diversity is
lower in comparison to this observed at lower ammo-
nia load,

(iii) the introduction of organic carbon with waste-
water results in lower ammonia-oxidizing bacteria di-
versity in activated sludge.
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