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a b s t r a c t

The role of ammonia-oxidizing bacteria and archaea was evaluated using amoA gene in a freshwater
recirculating system. Broken earthen pot pieces (BEP) were used as filter bed material. Five archaeal and
four bacterial operational taxonomic units were retrieved from amoA genes. Shannon-Weiner and
Simpson indices were higher in archaeal amoA sequence compared with the bacteria. Subtype diversity
ratio and subtype diversity variance were 0.522 and 0.008, respectively, for archaea and 0.403 and 0.015,
respectively, for bacteria. In archaea, 50% amoA sequences showed 99%e100% similarity with the known
sequences of ammonia monooxygenase subunit A of uncultured archaeon clones and thaumarchaeote. In
bacteria, 84% sequences showed 99% similarity with amoA sequences of different uncultured bacterial
clone and Nitrosomonadaceae. Absolute quantification showed that the abundance of archaea was 12-
fold higher compared with bacteria. In this recirculating system, ammonia-oxidizing archaea and bac-
teria played a major role; BEP supported the growth of these ammonia-oxidizing microorganisms.
Copyright © 2017 Institut Pertanian Bogor. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recirculating aquaculture system is based on the reutilization of
waste water involving microorganisms as a tool that reduces the
nitrogenous wastes in the culture system. In intensive aquaculture,
the main problem is the accumulation of toxic nitrogenous me-
tabolites derived from excess, uneaten feed and excreta. Removal of
these nitrogen metabolites is carried out by the process of bio-
filtration with the help of ammonia-oxidizing microbes. Further-
more, the treatment is completed by nitrite-oxidizing bacteria;
denitrifying bacteria releases the free nitrogen into the atmosphere,
else absorbed by the plants as nutrients. It is a great challenge for
the aquaculturists to remove these toxic metabolites from the
culture systems. Ammonia-oxidizing bacteria (AOB), two narrow
clades of beta- and gamma-proteobacteria are considered to be the
only members that play major role in the global nitrogen cycle
(Prosser 1989; Prosser and Nicol 2008). The molecular study shows
that members of the Crenarchaeota (within the archaeal domain)
also play an important role in nitrification (Hansel et al. 2008;
K€onneke et al. 2005; Tourna et al. 2008). Nitrosopumilus mar-
itimus, a strain of marine ammonia-oxidizing archaea (AOA), has
hakrabarti).
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been isolated from nitrifying filtration unit of the Shedd Aquarium
(K€onneke et al. 2005). AOA play an important role in nitrification
and their amoA genes serve as marker for diversity and abundance
(Pester et al. 2012). The amoA gene is a function-specific target for
the detection of AOB (Kowalchuk and Stephen 2001).

The success of recirculating system is determined by stable and
reliable performance of its biofilter. The maintenance of biofilter is
most important for a start-up recirculating system as well as for a
functional one (Badiola et al. 2012). The selection of proper sub-
strate for biofilter is the next critical step as it influences the effi-
ciency of water treatment and operational cost (Summerfelt 2006).
A perfect biofilter should be easily available, non-poisonous, non-
reactive and cost-effective. It should remove all the nitrogenous
metabolites from the effluent and support the growth of dense
populations of nitrifying microbes. Study shows that no biofilter
has all these characteristics; each has its own advantages and dis-
advantages (Michaud 2007; Rusten et al. 2006). Various biological
filters like trickling filters, rotating biological contactors, granular
substrate biofilters, submerged fixed substrate biofilters (static
bed), mobile substrate biofilters (moving bed) are used in recircu-
lating system. The static bed filter has been used in the present
study. This filter supports excellent volumes of water with good
purification rate. Awide variety of substrates viz. rocks, shells, sand,
corals, ceramic, expanded clay, plastic bio balls, etc. are commer-
cially available as biofilter substrates (Malone and Pfeiffer, 2006).
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Replacement of such commercial products with traditional mate-
rials will significantly reduce the operational cost of the recircu-
lating system. In the present study, broken earthen pot pieces (BEP)
are used as filter bed material. The capability of these pieces to
support the growth of ammonia-oxidizing microbes has been
evaluated using amoA gene as marker.

2. Materials and Methods

2.1. Experimental set-up
The recirculating system consisted of three rectangular fish

culture tanks (500 L, each) and a filtration unit (600 L). This recir-
culating system was kept inside the Aquahouse and the tempera-
ture was uniformly maintained inside this house. In the filtration
unit, a 20-cm thick layer of BEP (7 � 3.5 cm) were used as sub-
stratum for the growth of microorganisms. These BEP are easily
available, indigenous, cheaper and non-toxic to fish. These are
porous in nature with large surface area which facilitates the
growth of microbes. Indian major carp catla Catla catla fingerlings
(55 ± 5 g) were cultured in this recirculating system. The stocking
density was 20 fish/tank. The duration of circulation was 6 h/d. The
water temperature in the filter bedwas 25�C ± 1�C during the study
period. Dissolved oxygen was monitored using portable oxygen
meter (Intellical LDO101, Hach, USA) and the level was maintained
at 5 mg/L with the help of aerator. The water quality of the fish
culture tanks after treatment in the filtration unit were as follows:
temperature 25.2�C ± 1�C, dissolved oxygen 6.17 ± 0.20 mg/L. pH
was measured with probe (Intellical PHC101) and ranged from 7.8
to 8.25. Ammonia, nitrite and nitrate levels were 0.15 ± 0.01,
0.55 ± 0.02 and 0.11 ± 0.04 mg/L, respectively, during the culture
period. Ammonia was measured with Orion Ion Analyzer (Thermo
Scientific, Massachusetts, USA). Nitrite and nitrate were analysed
following the standard methods (APHA 1998). The whole experi-
ment was conducted following the guidelines of the Institutional
Animal Ethics Committee (565/GO/ReBi/S/02/CPCSEA).

2.2. Batch activity test
Twelve pieces of BEP were collected from the filter bed of the

recirculating system and were equally distributed in three beakers
(1 L) containing 500 mL of synthetic wastewater (Table 1). The syn-
thetic wastewater was prepared following themethod ofMunz et al.
(2011). The beakerswere partially closedwith aluminium foil.Water
sample from each beaker was collected daily and ammonia, nitrite
and nitrate levels were measured. The rate of change in concentra-
tion of nitrogenous materials confirmed the nitrification process.

2.3. DNA extraction, quantification of DNA and PCR
amplification

For the recovery of microbial cells, the BEP were collected from
the filter bed. The outer layer of broken earthen pot was scrapped,
ground to powder and used for DNA extraction. DNA was isolated
Table 1. Composition of synthetic wastewater used for the
batch activity study

Composition Quantity (mg/L)

Beef extract 90
Yeast extract 90
MnSO4 1.22
FeSo4 10.1
KCl 3.125
K2HPO4 87.6
NaHCO3 163.5
CaCl2 1055
MgSO4 10.88
NH4Cl 1055
from 10 g of BEP powder using PowerMax DNA Isolation Kit (MOBIO
Inc., Carlsbad, CA, USA) with slight modifications as per the manu-
facturer’s recommendations. A 1.2 mL of the solution containing
sodium dodecyl sulfate (SDS) and other disrupting agents were
added to the tube and vortex for 30 s to lyses the cell membrane by
breakingdown the associated fattyacids and lipids. These tubeswere
placed to the half-filled plastic bottles and kept at the incubator
shaker, shaking at themaximum speed (300 rpm) for 45min at 60�C
and the rest of the protocol was followed as per the kit’s manual.

The isolated DNA was checked through 0.8% agarose gel. The
concentration was measured using NanoDrop 1000 (Thermo Scien-
tific). Amplification of DNAwas performedwith peqSTAR 2X Double
block thermocycler, peqlab, using the following conditions. A total of
50 mL reaction mixture was used with 25 mL 2XMaster Mix (Thermo
Scientific Lithuania, California, USA), 25 ng DNA templates, 2.5 mL
forward (FW) and 2.5 mL reverse (RV) primers of bacterial amoAd1F:
5�GGGGTTTCTACTGGTGGT 3�and 2R: 3�CCCCTCKGSAAAGCCTTCTTC 5�
(Rotthauwe et al. 1997) and archaeal amoA Ad5�STAATGGTCTGGC-
TTAGACG 3� and R: 3� GCGGCCATCCATCTGTATGT 5� (Francis et al.
2005). The rest volume was made up with nuclease free water. The
amplification programmes of archaeal amoAwas 95�C for 4 min; 30
cycles consisting of 94�C for 45 s, 53�C for 45 s and 72�C for 60 s; and
72�C for 15min. The amplification programme of bacterial amoAwas
little modified from the method of Rotthauwe et al. (1997). Initial
denaturation was at 94�C for 2 min, followed by 35 cycles of dena-
turation at 94�C for 30 s, annealing at 51�C for 30 s and extension at
72�C for 30 s; final extensionwas at 72�C for 10 min. All polymerase
chain reaction (PCR) results were confirmedwith 1.2% (w/v) agarose
gel electrophoresis.

2.3.1. Cloning, sequencing and phylogenetic analysis
The triplicate PCR products were pooled and purified using

NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL GmbH & Co.
KG, Düren, Germany). The purified product was cloned to construct
library using PBase-TA Cloning Kit (The Gemini, Singapore). The
recombinant plasmidswere transformed and positive colonieswere
randomly selected and sequenced (ABI PRISM 3730xl Genetic
Analyzer, Applied Biosystems, Foster City, USA) with the help of 1st

BASE (TheGemini, Singapore). The rawsequences obtained from the
sequencer were screened for vector contamination using NCBI’s
VecScreen (http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen/
VecScreen.htmL). Whereas, operational taxonomic units (OTUs)
were extracted by clustering sequences, using CD-HIT Suite (http://
weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd¼cd-hit-
est). Phylogenetic analysiswas performed byaligning the sequences
with Clustal X (version 2.1) (Conway Institute, University College
Dublin, Ireland,UK), and theneighbour-joining treewas constructed
(Jukes and Cantor 1969 ) with the reference sequences of known/
previously reported sequences of archaeal and bacterial amoA and
clone sequences derived from BEP biofilter using MEGA 7 (The
Pennsylvania State University, Philadelphia, USA) (Pester et al. 2012;
Purkhold et al. 2000; Zhou et al. 2016). The ecological indices
like Shannon-Weiner index (H0; Shannon 1948) and Simpson
index (D; Simpson 1949)were calculated using the number of OTUs.

The amoA gene sequences were submitted to the NCBI. These are
the accession numbers: KP272121eKP272128 and KP259843e
KP259869.

2.4. Absolute quantification of amoA genes
Copy numbers of archaeal amoA and bacterial amoA genes were

determined in triplicate for both samples by quantitative real-time
PCR (ViiA 7 Real-Time PCR System, Applied Biosystems). The assay
was performed in MicroAmp Fast Optical 96-Well Reaction Plates
(Applied Biosystem, USA) with optical adhesive cover. New sets of
primers of archaeal amoA (F: 5�CATCCTAGAGCGGCAAAGGT3�and R:
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Figure 1. Rate of change of (A) ammonia-N, (B) nitrite-N and (C) nitrate-N during 5
days batch activity test. Values are given as mean ± SE (n ¼ 3). SE ¼ standard error.
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3�ACCCCAAGTGGGCAAATTCT5�) andbacterial amoA (F: 5�TGGCTCGTG-
ACAGCGTTAAT3�and R: 3�TACGATTGGCAAGTGGGTCG5�(with smaller
product sizes of 106 and 95 bp)were designed from the sequences of
KP272121 and KP259843 using Primer3 software (BLST e NCBI,
Maryland, USA) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
The product size of the previous primer was not suitable for use in
real-time PCR. In real-time PCR, amplifications were carried out
together with standards, constructed on the dilutions of plasmids of
archaeal amoA (1.01 � 108 to 1.01 � 104) and bacterial amoA
(9.5�1010 to9.5�103). The total reactionvolume (10mL) consistedof
1 mL of genomicDNA, 0.5 mL of FWandRV primers (2.5 mMeach), 5 mL
of 2X Power SYBR Green PCR Master Mix (Applied Biosystem, USA)
and 3 mL of PCR-grade H2O (Merck, Darmstadt, Germany). The PCR
amplification was performed under the following conditions: 50�C
for 2 min, initial denaturation at 95�C for 10 min, followed by 40
cycles of 15 s at 95�C, at 60�C for 1 min. The reaction carried out
without DNA, served as a negative control. The amplification effi-
ciencies of archaeal and bacterial amoA were 93.8% and 104.9%,
respectively. To confirm the single target fragment of the PCR-
amplified products, dissociation curveswere analysed and plotted at
the end of every quantitative real-time PCR reaction.

2.5. Statistical analysis
Student’s t test (p < 0.001) was used to compare the quantity of

amoA gene of archaea and bacteria.

3. Results

3.1. Batch activity test
A change in concentrations of ammonia, nitrite and nitrate

confirmed the nitrification in the selected filter bed materials. The
initial concentration of ammonia was 131.5 mg/L. The concentra-
tion of ammonia (Figure 1A) gradually decreased, whereas the
concentrations of nitrite (Figure 1B) and nitrate (Figure 1C) grad-
ually increased during the study period. After 5 days of incubation,
the final concentrations of ammonia, nitrite and nitrate were
31.08 ± 2.94, 0.082 ± 0.014 and 7.23 ± 0.62 mg/L, respectively.

3.2. Phylogenetic analysis of sequences
A total of 55 (23 and 32 sequences of archaeal and bacterial

amoA) clones were screened and sequenced to study the commu-
nity structures of AOA and AOB in this BEP biofilter of recirculating
aquaculture system. After the confirmation of their belonging to the
ammonia-oxidizing microbes, the sequences were clustered into
five OTUs for AOA and four OTUs for AOB, based on 97% similarity.
Based on the phylogenetic tree constructed on clones derived from
biofilter along with reference sequences, it was concluded that in
the present study, four clones (1, 3, 6 and 7) were resembled to the
cluster Nitrososphaera sp. The remaining clones represented
different clades (Figure 2A).

Similarly, AOB sequences showed 99% similarity with alpha
subunit of uncultured clones of Nitrosomonasdacea as well as the
clones derived from other wastewater treatment plants and soil.
Construction of phylogenetic tree revealed that 27th clone was
similar withNitrosomonas oligotropha, whereas 16 clones (1, 2, 7,10,
11,15, 21, 23, 24, 25, 27, 28, 29, 30, 31 and 32) of bacterial amoAwere
closely related to each other and Nitrosomonas sp. The rest of the
clones belonged to different clades (Figure 2B). Shannon-Weiner
index value was higher in archaeal amoA compared with the bac-
terial amoA (Table 2).

3.3. Absolute quantification of amoA genes
Copy numbers were calculated based on the standard con-

structed for both the genes. The values were 25.299 � 105 and
20.761 � 104 for archaea and bacteria, respectively. It was 12-fold
higher in archaea compared with bacteria (Figure 3).

4. Discussion

The first step of nitrification, the conversion of ammonia to ni-
trite was confirmed in the batch activity test of the present study.
This nitrite subsequently transformed into nitrate. Ammonia level
decreased, whereas the nitrate and nitrite levels increased because
of the activity of microorganisms. Furthermore, the sequence
analysis of amoA showed the presence of AOA and AOB in the BEP
that were used in the filter bed of the recirculating system.

Shannon-Wiener and Simpson indices were higher in archaeal
amoA genes compared with the bacteria. These indices indicated
that the clone library of archaea had higher diversity of AOA

https://www.ncbi.nlm.nih.gov/tools/primer-blast/


Figure 2. A phylogenetic tree (rectangular cladogram) constructed based on the sequences of (A) archaeal and (B) bacterial amoA gene, as determined by the neighbour-joining
method. The number in the branches indicated the bootstrap value (1000 replicates).
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Table 2. Shannon-Weiner and Simpson indices values in archaeal and bacterial
amoA

Indices Samples

Archaeal amoA Bacterial amoA

Shannon-Weiner index (H0) 0.60 0.41
Simpson index (D) 0.99 0.57

Figure 3. Abundance of amoA genes in archaea and bacteria.
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compared with the bacteria. The condition of archaeal dominancy
was reported from various habitats, like soil, marine sediments,
aquarium filters, etc. Molecular surveys in the oligotrophic open
and coastal ocean (based on the amoA) indicated that marine group
I Crenarchaeota (AOA) was numerically dominant ammonia oxi-
dizers compared with the AOB (Agogue et al. 2008; Beman et al.
2010; Church et al. 2010; Kalanetra et al. 2009; Mincer et al.
2007; Newell et al. 2011; Sintes et al. 2013). The dominance of
archaeal ammonia oxidizers over bacteria was recorded in oceans
(Lam et al. 2007; Wuchter et al. 2006), freshwater lakes (Herrmann
et al. 2009) and soils (Martenes-Habbena et al. 2009). This shifting
of diversity and abundance of AOA population were related to the
concentration of ammonium and nitrite and pH of the culture
system (Auguet et al. 2011; Verhamme et al. 2011).

The results of phylogenetic analysis revealed the presence of
uncultured AOA clones of thaumarchaeote. Archaeal amoA gene
sequences showed 99%e100% similarity with the known sequences
of ammonia monooxygenase subunit A of uncultured archaeon and
thaumarchaeote clones from biofilter of freshwater aquaria (Sauder
et al. 2012). They also found that freshwater aquarium biofiltration
was dominated by thaumarchaeote. In the present study, uncul-
tured Nitrosomonas sp. might be the dominant community among
the AOB. The pyrosequencing of amoA amplicons from 16 soils
sampled in Austria, Costa Rica, Greenland and Namibia revealed
that most of the soils were dominated by Nitrososphaera cluster
(Pester et al. 2012). In the present study, the amoA sequences
showed 99% similarity with the available amoA sequences of
different uncultured bacterial clone and uncultured Nitro-
somonadaceae. Similar result was found in other wastewater
treatment plants (Bai et al. 2012). Amann et al. (1995) suggested
that almost all microbial populations in filter materials seemed to
be unculturable. These findings supported the results of the present
investigation of uncultured clones of archaea and bacteria. The
present study showed that AOA was not only more diverse
compared with the AOB, but the abundance ratio was also many
folds higher compared with the latter. The abundance of the gene
encoding subunit of the key enzyme ammonia monooxygenase
(amoA) in archaea (Crenarchaeota) were up to 3000-fold higher
compared with the bacterial amoA genes (Leininger et al. 2006). In
Hood Canal, the copy number of amoA gene of AOA was 2.3 to 60-
fold higher compared with the AOB at all depths where ammonia
oxidation occurred (Horak et al. 2013). High ratio of AOA/AOB amoA
gene copy was also found inmarinewater, viz. the Gulf of California
(Beman et al. 2008), the California Current (Santoro et al. 2010) and
North Pacific Subtropical Gyre (Mincer et al. 2007). These results
suggested that AOA were the dominant organisms involved in
active ammonia oxidation. The abundance of archaeal amoA genes
showed that archaea also played significant role in nitrification in
the present study. Whereas Zhou et al. (2016) reported that in ri-
parian sediment of Zhenjiang ancient canal, nitrification was more
related to AOB compared with the AOA. Pester et al. (2012) sug-
gested that dominance of the AOA and AOB were related with the
geographical location and environmental conditions. Aquatic
plants influenced the abundances and community structures of
ammonia-oxidizing archaea and bacteria (Zhang et al. 2015). Both
pure culture-based and environmental studies showed that at least
some AOA had high substrate affinity for ammonia andwere able to
grow under extremely oligotrophic conditions (Schleper and Nicol
2010). AOA showed better adaptation with reference to substrate
concentration and temperature variation (Horak et al. 2013). In the
present study, the filter bed substrate, BEP provided optimum
conditions for the diversity of the AOA.

In conclusion, the phylogenetic analysis and quantification of
amoA genes of both archaea and bacteria confirmed that BEP sup-
ported the growth of microorganisms involved in nitrification. This
is an efficient filter bed material for recirculating aquaculture sys-
tem and can replace other costly substrates. In this system, AOA
dominates AOB numerically, but both contributed in the func-
tioning of the system, i.e. helped in the process of nitrification. This
informationmay be useful to understand themolecular mechanism
of ammonia oxidation in freshwater recirculating system.
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