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Biofilters are crucial and costly components in marine recirculating aquaculture systems. However,
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not much is known about the settlement of nitrifying organisms and developing nitrification rates during
the start-up phases of these reactors. The nitrifying microorganisms in moving bed biofilters of two marine
recirculation aquaculture systems identical in construction were monitored for 388 and 477 days by PCR
based methods, accompanied by laboratory nitrifying activity tests. Ammonia and nitrite were added to
the recirculating aquaculture system 1, while system 2 was spiked with fish feed. On day 88, system 1 was

stocked with turbot (at 17 °C) and on day 126 system 2 was stocked with sea bass cultivated at 22 °C.
The potential nitrification rates corresponded well to the conditions in the operating systems, and in both
systems slowly developing nitrite oxidation rates led to high nitrite peaks. However, after 218 (biofilter
1) and 286 (biofilter 2) days, potential rates of nitrite oxidizing bacteria outreached those of ammonia
oxidizing bacteria.
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The nitrite oxidizing bacteria were remarkably diverse on the genus level, and for the first time
Nitrotoga was detected in marine biofilter systems. Nitrospira was assumed to be the most dominant
nitrite oxidizing bacterium, also confirmed by electron microscopy. The ammonia oxidizing organisms
belong almost exclusively to Nitrosomonas, of which dominant species shifted in both systems over time.
The high similarities of some 16S rRNA gene sequences of Nitrospira and Nitrosomonas to sequences
found previously in other marine recirculating aquaculture systems suggested that the species are
characteristic for this artificial ecosystem.

towards more efficient waste management which enables more
economical and environmentally sustainable fish production in
In recirculation aquaculture systems (RAS) only up to RAS.
10 % of the water is exchanged daily, hence toxic ammonia,
the most relevant catabolic end product in intensive fish and
shrimps production, has to be eliminated within the system
to prevent fish toxic accumulation. The utilization of aerobic
nitrification in moving bed filters of RAS was described first in
the late 1980°s as summarized by Rusten et al. [1]. Despite its
importance as system component as well as its costs, in-depth
knowledge of such biofilters with respect to start-phases and
malfunctions is still lacking [2]. Eshchar et al. [3] estimated that

Introduction

Nitrification, the oxidation of ammonia to nitrate via
nitrite, is performed by three phylogenetically distinct groups
of chemolithoautotrophic microorganisms, the ammonia and
nitrite oxidizing bacteria (AOB and NOB) and the ammonia
oxidizing archaea of the novel phylum Thaumarchaeota (AOA)
[6]. However, just recently NOB capable of ammonia oxidation
have been identified [7,8], and sequences of these comammox
genes have been found in freshwater RAS [9].

a nitrifying biofilter amounts for 20 % of the investment costs
of a RAS, or $ 0.72 per kg fish produced per year. Therefore,
Martins et al. [4] and Gutierrez-Wing and Malone [5] stressed
the importance of further research to foster a development

In the traditional taxonomy of nitrifiers, ammonia
oxidizing microorganisms consist mainly of bacteria belonging
to a monophyletic group within the Betaproteobacteria
(Nitrosomonas, Nitrosospira), an exception are the exclusively
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marine representatives of Nitrosococcus belonging to the
Gammaproteobacteria [10] and ammonia oxidizing archaea
of the Thaumarchaeota. The guild of NOB is phylogenetically
heterogeneous and so far comprises bacteria of six different
genera: Nitrobacter (Alphaproteobacteria), Nitrospina (Nitrospinae),
Nitrococcus (Gammaproteobacteria), Nitrospira (Nitrospirae), and
the recently discovered Nitrotoga (Betaproteobacteria) as well as
Nitrolancea (Chloroflexi) [11-13]. Both, AOB and NOB, are known
to be fastidious and their cultivation is hampered by very slow
growth rates. Therefore, the establishment of the nitrifying
biofilm is tedious and hence involves economic losses in the
start phases of RAS and elevated discharge of nitrogen-rich
wastewater to the environment due to higher water exchange
rates [1,14,15]. In comparison to each other, NOB have generally
longer generation times, and are considered to be the weaker
part of the nitrification process [16], and more sensitive towards
deviating values of pH, oxygen concentrations, free ammonia
concentrations etc. [17]. Hence, it is of special interest to
study nitrifying performances of AOB and NOB separately, an
approach so far not common in biofilter studies [18]. Therefore
we applied activity tests with biocarriers (BC) in the laboratory
for AOB and NOB respectively. These data were compared
with in situ water quality parameters in the RAS. Species of
nitrifying organisms that had settled on the biocarriers were
characterized by 16S rRNA analyses throughout the time of
the start-up phases. Besides bacterial nitrifies, also anaerobic
ammonia-oxidizing planctomycetes (anammox) as well as
ammonia-oxidizing archaea were sought after, since both have
been recovered in moving bed biofilters of aquaculture systems
[19,20].

The goal of this study was to characterize the critical start-
up phases of nitrification biofilters of marine recirculating
aquaculture systems (RAS), to correlate nitrifying efficiency
of the biofilters with the presence of single nitrifying species
and to investigate which feeding strategy (ammonia and nitrite
versus fish feed) for the biofilter start-up is more reliable for
nitrifying performance.

Materials and Methods
Description of the biofilters

The RAS in this study are part of the marine aquaculture
research facility of the GMA (Gesellschaft fiir marine
Aquakultur mbH) located in Biisum at the North Sea coast of
Schleswig-Holstein (Germany). Figure 1 shows a schematic
diagram of the components of the modules. The total volume
of the RAS modules is 35 m3 (25 m3 in fish tanks), the biofilters
(BF) have a volume of 5.65 m3 each and were filled at the
start with 1 m3 HDPE (high density polyethylene) biocarriers
of the type 2H-BCN 012 KLL (GEA 2H Water Technologies,
Wettringen, Germany) with a surface of 19.1 cm? per biocarrier
and 859 m?/ m3 and a protected (inner) surface of 704 m?/ms3.
The biocarriers were moved continuously by aerators arranged
circularly at the bottom of the biofilter tank with an air flow of
98 m3 per hour. Before use, the biocarriers had been washed in
freshwater (10 days), disinfected with a chloride-solution for a
week and washed 2 to 3 times with freshwater. Additional 0.5
m3 of new biocarriers were added to the biofilter of RAS 1 on day

226, and to the biofilter of RAS 2 on day 302 and 351 to provide
more area for the settlement of nitrifiers with the growing
biomass in the tanks. The hydraulic retention times in the bio
filters and the fish tanks were 8 and 24 min, respectively.

Further compartments of the RAS modules were drum filters
(60 nm mesh size) and protein skimmers using ozone (Erwin
Sander Elektroapparatebau GmbH, Uetze-Eltze, Germany).
The latter were started only shortly before fish were stocked.
The protein skimmers and the biofilters are individually
connected to the pump sumps. From here, partly oxygenized
water is pumped into the rearing tanks. Before returning to the
pump sumps, the water is filtered by the drum filters (Figure
1). About 3 m3 system water is replaced daily with water from
the adjacent port of Biisum, which is filtered and ozonated.

Addition of nitrogen and stocking with fish

RAS 1: This module was filled with water on 02. July 2009.
30 g NH,Cl and 20 g NaNO, (equaling 12 g N) were added on
the first and second day to the pump sump, equaling 15% of
the calculated 80 g TAN from the feeding rate of 100 kg turbot,
which were originally expected to be introduced. When no
ammonia was measured anymore, further portions of NH,CI

Figure 1: schematic diagram of the modules at the GMA: (1) fish tanks, (2) oxygen
enrichment (3) biofilter, (4) pump sump, receives filtered and ozonated seawater,
(5) drum sieve, (6) protein skimmer, (7) waste effluent; crossed circles depict
pumps.
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Figure 2: upper graph: DIN concentrations in mg/l N (left axis) and input of N in
form of ammonia + nitrite in grams (right axis, triangles) in BF1. The vertical line

indicates the introduction of the first batch of turbots. Lower graph: Development
of ammonia and nitrite oxidation rates (in mg N per m? and day) as obtained in
laboratory experiments.
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were given until day 75 (Figure 2) to maintain growth of biofilm.
21.3 kg (4,000) turbots (Psetta maximus) were stocked on day
88. With fish feed containing 54 % protein, approximately 15
mg TAN per m?> per day nitrification rate should have been
reached by this time. Further 22.5 kg (3,000) fish were added
on day 118 (43.86 kg in total). Although phosphate was not
monitored, it was added as KH,PO, (1.7 g) on days 0, 1, 41 and
47 to the pump sump. Since only nitrogen was added to RAS 1, a
limitation of growth of nitrifiers by phosphorus was prevented.
Another possible limiting factor for the growth of nitrifying
bacteria in marine aquaculture systems is the trace metal iron,
which is primarily bound to organic matter or precipitate as
insoluble Fe (III) oxide-hydroxide in oxygenated seawater [21].
Since nitrifying bacteria are adapted to the use of this element
despite its low concentrations in the open ocean, iron was not
supplemented.

RAS 2: The second module was filled with water on 29.
September 2010. 1.3 kg of fish feed pellets containing 45 %
protein (equaling 101 g N) were added to the pump sump on
day 1and 6. Between day 50 and 113, 900 g NH,Cl were added in
portions of up to 60 g (Figure 3). No phosphate was added here,
since it is contained in fish feed (P = 1.7%). 5,000 (15 kg) sea
bass (Dicentrarchus labrax) were stocked on day 126 and given
feed with 48 % protein. With the initial feeding rate of 0.5 kg
per day, the nitrification rate in biofilter of BF2 should have
reached 25 mg TAN per m>and day by stocking time.

Water samples

Water samples were taken directly from the biofilters,
first every 24h (from July 2009 until February 2010; except
weekends), then every 48h. Sampling periods were 477 days
(RAS 1) and 388 days (RAS 2) resulting in 282 and 208 samples
(as duplicates) for RAS 1 and RAS 2, respectively. Ammonia
was measured with the powder-pillow tests and the DR 2800
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Figure 3: upper graph: DIN concentrations in mg/I N (left axis) and input of N in
form of fishfeed and ammonia in grams (right axis, triangles) in BF2. The vertical

line indicates the time of introduction of sea bass. Lower graph: Development
of ammonia and nitrite oxidation rates (in mg N per m? and day) as obtained in
laboratory experiments.

spectrophotometer (both Hatch Lange, Diisseldorf, Germany).
For nitrite and nitrate concentration measurements by ion
pair chromatography (Elite LaChrom System, Hitachi, Krefeld,
Germany), the samples were diluted 1:5 with water to avoid
interfering chloride peaks [22]. Measurements of the following
water quality parameters were included in this study: oxygen
and temperature (Oxyguard Polaris, Birkergd, Denmark), redox
potential (Aquamedic mV Controller, Bissendorf, Germany),
PH (1200-S Sensor, Hach Lange, Diisseldorf, Germany).

Nitrogen input

The daily average nitrogen input in form of fish feed for
each month was calculated using the equation of Timmons
et al. [23], P, = F * PC * 0.092 with P, = total ammonia
nitrogen production rate (kg per day), F = feed rate (kg/day)
and PC = protein content in feed (decimal value).

Activity tests

Sampling for activity tests and DNA extraction started
around day 20 of each biofilter. In the first half year, samples
were taken almost fortnightly, later every 4™ to 8% week,
in total 17 (until day 477) from BF 1 and 12 times from BF 2
(until day 388), respectively. The activity tests were conducted
following the method of Spieck and Lipski [22]: in parallels, 5
biocarriers were shaken (at 170 rpm) in 25 ml marine mineral
salts medium (AOB medium: 5.4 mg KH PO ,» 1 mgFeSO, x7H,0;
1 ml NOB trace elements solution; 5 g CaCO,; 700 ml seawater;
300 ml aqua dest; NOB medium was prepared according to
Watson and Waterbury [24]). The media were spiked with 0.5
or 1 mM ammonia (AOB) or nitrite (NOB) as substrates. Nitrite
and nitrate concentrations were measured with HPLC. Nitrate
production served as substrate conversion of NOB and the sum
of nitrite and nitrate as substrate conversion of AOB, since the
stoichiometrical conversion of ammonia over nitrite to nitrate
is 1:1:1. The maximum nitrification potentials per area were
calculated for AOB and NOB respectively, using the average of
two parallels and the total area of biocarriers, not the so called
protected area. These are biocarrier-specific rates. Biofilter-
specific nitrification rates were calculated by converting area-
specific rates of the biocarriers into the total biocarrier surface
area in the biofilter. The calculations were adjusted according
to the further additions of biocarriers.

DNA extraction

Of each sample, taken together with the samples for the
activity tests, 10 biocarriers were counted in 50 ml plastic tubes
with 10 ml 2 % NacCl, 0.1 % Triton X 100 and 2.5 g of each 1.7-2
mm and 0.45-0.5 mm glass beads. After sonication (1 h) the
tubes were shaken vigorously for 1 h before the liquid phase
was centrifuged. DNA was extracted from the pellets using the
MoBio soil DNA extraction kit (MoBio Laboratories, Carlsbad,
CA). For some samples the MoBio biofilm DNA extraction kit
and the QIAmp DNA stool mini kit (Quiagen, Hilden, Germany)
were used additionally to check whether these kits might
extract DNA of more or different nitrifying bacteria. Sample
names compose of the biofilter number (BF1 or BF2) and the
time of the sample taken, i.e. BF1-99 is a sample of biofilter 1

taken on day 99 after start.
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PCR, DGGE, cloning

Extracted DNA was screened using group specific primer
pairs targeting 16S rRNA gene sequences of nitrifying bacteria
and amoA gene sequences of archaea (Table 1). PCR were
conducted with purified 16S rRNA amplicons from previous
PCR (nested PCR) except for PCR targeting the gene sequences
of enzymes. Where possible, PCR products were directly
sequenced after purification. The Nitrospira-specific PCR-
product (27f/1158r) of sample BF2-344 was cloned and 40
clones were screened using RFLP with the restriction enzyme
Hpall.

For denaturing gradient gel electrophoresis (DGGE) [25],
16S rRNA gene fragments were amplified with the GC-clamped
primer pairs CTO189f/CTO654r (R-AOB, [26]). The products
were loaded into a gel of 40-70% denaturants, and run at 110 V
and 59 °C for 17 h. Bands of interest were excised, re-amplified
and sequenced. The sequences were analyzed using BLASTN
[27] and the MEGA software [28]. Sequences mentioned below
were deposited in GenBank under the accession numbers
JN903955-JN903972.

The primer pair Nspina190/934 (forward: 5°-CTCAAAGAT-
GAGTTCGCGGACC-3'; reverse: 5~ CCCAAGCAAGTCAAATCCAG
-3"; E. coli positions 78-470; annealing temperature 68°C)
was deduced using the program Clone Manager (Sci-Ed Soft-
ware, Cary, USA) and evaluated with the Basic Local Alignment
Search Tool (BLAST, NCBI) and Probe Match [29].

Electron microscopy

Pellets of cells (see DNA extraction) of BF1-477 and BF2-
388 were fixed in 2.5% (v/v) glutaraldehyde for 1.5 hours and 2
% (w/v) osmium tetroxide overnight, and embedded in Spurr
[30]. Ultrathin sections were stained with uranyl acetate [31]
and lead citrate [32] and inspected by transmission electron
microscopic (Zeiss model Leo 906E, Carl Zeiss, Jena, Germany).

Results and Discussion
Nitrifying microbial community analysis

The microbial nitrifying communities attached on the filter
media were analysed using PCR based approaches supported by
electron micrographs of ultrathin sections of cells from the bio
carriers. Most PCR amplicons could be sequenced directly after
group-specific PCR, indicating rather dominant representative
of the respective genera or species (Table 1).

The 16S rRNA gene analyses revealed that representatives
of most of the known genera of autotrophic nitrifying
bacteria were present in the biofilters examined. Only for the
Gammaproteobacteria Nitrococcus and Nitrosococcus PCR results
were negative or unclear (amplification of correct sequence size
but poor sequences). Nitrospina-specific PCR runs were positive
for several samples, however, it was only possible to retrieve
good sequences from sample BF1-477 (= sample of day 477;
444, bp) and BF2-388 (= sample of day 388; 263 bp), which were
95 % similar to a clone from a Nitrospina enrichment culture

(KC706458; North Sea water). It is not clear, why only few
good sequences could be obtained from Nitropina-specific PCR,
it is possible that the relatively high annealing temperatures
produced secondary priming artefacts and noisy sequences.
The information about Nitrospina species in aquaculture and in
general is very valuable, therefore more appropriate primers
should be designed for future studies. Primers targeting 16S
rRNA gene sequences of planctomycetes led to amplicons of
the right lengths in several samples from both filters. Two
(BF1-477 and BF2-99) were sequenced, but only BF1-477 was
85.6 % (265 bp) similar to Cand. Brocadia fulgida, a bacterium
known to perform anammox.

Ammonia-oxidizing bacteria

From sampling days 54 (BF1) and 23 (BF2) on sequences
of AOB belonging to the subclass Betaproteobacteria (3-AOB)
were obtained by DGGE. The AOB populations in both bio-
filters changed, though at different times and differently quick

Table 1: Overview of primer pairs and annealing temperatures used in this study.

L Annealin
forward/ Sequence 9
; . Temp. Reference
Primer (57-3") o
[c]
reverse
27f bacterial 16S AGAGTTTGATCMTGGCTC
55 [74]
1492r rRNA GGTTACCTTGTTACGACTT
341+ bacterial 165 CCTACGGGAGGCAGCAG [75]
rRNA 55
907r GTCAATTCMTTTGAGTTT
Arch21f archaeal 16S TTCCGGTTGATCCYGCCGGA 58 76l
Arch958r rRNA YCCGGCGTTGAMTCCAAT
27f
Nsv443r Nitrosospira CCGTGACCGTTTCGTTCCG 59 [77]
Nb1000g f i CCATGACCGGTCGCAG [77] **
Nitrobacter 58
Deg2r GGTTTTTTGAGATTTGCTAGGGG [78]**
341f 57 [75]
Nspn347 2r  Nitrospina 347 GACCCTATTTCTAGGGCT [57]
27f
i 57
NscmaR ~ MIOSOCOCCUS (110 GCCTCTCAGCAAAG 157]
oceani
Ns60fshort** i i CGGGTGAGGAATACATGG [57]
Nitrospira 64.2
662r GGAATTCCGCGCTCCTCT [79]
ArchAmoAf STAATGGTCTGGCTTAGACG
archaeal amoA 53 [80]
ArchAmoAr GCGGCCATCCATCTATATGT
CTO 189f A* GGAGRAAAGCAGGGGATCG
CTO 189f C* R-AOB GGAGGAAAGTAGGGGATCG 58 [26]
CTO 654r CTAGCYTTGTAGTTTCAAACGC
M1 mar GGCAACCTGGTAGTAAAGTG
Nsp f M1 mar
M1 Nitrospira 66 (53]
mar P AGGCAGTAACCTGCCTTATC
Nspr
M13f PGEM-T multiple ~ TGTAAAACGACGGCCAGT 53 81]
M13r cloning Site CAGGAAACAGCTATGACC
27f 55
1158r Nitrospira CCCGTTMTCCTGGGCAGT [82]
NTG200 i CTCGCGTTTTCGGAGCGG
Nitrotoga 58 [57]
NTG840 CTAAGGAAGTCTCCTCCC
Nspina190f ) 3 CTCAAAGATGAGTTCGCGGACC .
X Nitrospina 68 this study
Nspina934r CCCAAGCAAGTCAAATCCAG
Pla46 anammox- GGATTAGGCATCCAAGTC 50 [83]
Amx820 planctomycetes AAAACCCCTCTACTTAGTGCCC [84]
Nso190f X GGAGAAAAGCAGGGGATCG [77]
Nitrosomonas
NITBr TTACGTGTGAAGCCCTACCCA [85]

*with CG clamp: 5" CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG-3

** modified by [57]
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(Figure 4). In total, three dominant bands (A-C) could be
detected during the sampling period: band A and B in BF1 and B
and C in BF2. Interestingly, the dominant band of BF1 changed
from A to B between February (day 239) and April (day 279).
Until February, only band B was detected in BF2 (day 129), then
band C appeared and both populations coexisted until May,
when the first population (band B) disappeared. Further faint
bands that could be observed occasionally were heterodupleces
and of the same sequences as the adjacent dominant bands.

Known key factors influencing AOB population structures
are temperature [33], ammonia concentrations [34], salinity
[35, 36] or oxygen [37]. At the time of stocking in RAS 2, the
temperature has been lowered enormously, salinity dropped
and more ammonia became available with the fish feed, factors
which could have triggered the population shift. A further
possibility is that the fish might have transferred a highly
competitive AOB from the hatchery system.

In BF1 the AOB population shift concurred with a strong
decrease of AOB activities (Figure 4), which occurred due to
a feeding stoppage (for the tagging and sorting of the fish).
The shift in AOB population was linked previously to changes
in ammonia removal rates in WWTP [38] as well as in marine
gravel biofilters [39].

The sequences recovered from bands of several DGGE-gels
(approx. 400 bp) were identical, respectively, corresponding
to their position in the gel. PCR products amplified with the
primer pair Nso190/NitB were sequenced directly, and since
these sequences were identical with the corresponding bands
from the DGGE approach, longer sequences of approx. 1000
bp could be phylogenetically analysed (Figure 5). All three
sequences can be allocated to the Nitrosomonas cluster 6
with similarities of 97.1 % (A), 95.7 % (B) and 97.8 % (C) to
N. marina (accession number: AF272418). More detailed, the
sequence of band A is identical to a sequence derived from
a marine RAS in Israel (AM295532), and 99.8 % similar to
the strain Is343 (AJ621032); the sequence of band B is most
similar (96.6 %) to a clone derived from prawn farm sediments
(EU155069), the closest described relative is the Nitrosomonas

1 T T T T T T T
100 150 200 250 300 350 400 450
time [days]

strain Is79A3 (96.1 %; AJ621026); the sequence of band C is
similar to the isolate BF16c57 from a freshwater aquarium
(AF386746) and to N. aestuarii (AF272420) with 99.4 % each
(Figure 5). In comparison with the 805 bp long sequence of
a clone of a bacterium enriched in a fluidized bed reactor
inoculated with water from the port of Biisum (FN394309,
[40]) the corresponding sequence fragment of band C was
almost identical (99.9 %). 8-AOB specific DGGE with DNA
extracted with biofilm or stool kit did not result in further or
different bands. Direct PCR with Nitrosospira-specific primers
led to positive signals with several samples between day 22 and
188 from both biofilters; however, only from sample BF1-188
on an acceptable sequence of 405 bp could be retrieved, that
was similar to a Nitrosospira-like sequence (99.7 %,; Nitrosospira
sp. Nsp17; AY123804).

The diversity of ammonia oxidizers” populations in WWTP
varies among studies between single populations to the
coexistence of several different AOB and AOA [41 and therein].
The occurrence of Nitrosospira sp Nsp17 sequences in BF1 could
indicate that the size of the Nitrosospira population is below
the detection limit of DGGE (less than 1 % of total cells) [23].
Nitrosospira-like bacteria have been found as dominant AOB in
biofilters [42-44] or as only AOB in a marine RAS [45], although
they are rather characterized as dominant AOB in habitats with
low substrate concentrations [46] and other adverse conditions
like low DO, short HRT, allythiourea [47]. AOB as well as AOA
were found together in marine aquaria and RAS [(33,45,48,49].
However, no Archaea at all were found in the biofilters with
primers targeting archaeal 16S rRNA as well as archaeal amoA
(encoding subunit A of the ammonia monooxygenase).

Nitrite oxidizing bacteria

The NOB species in the two biofilters were highly diverse
on the genus level, and more than in any other aquaculture
study so far, including next generation sequencing approaches
[49,50].

Nitrospira was identified as the dominant NOB in marine
RAS [48,51-53] and this is also indicated by the results of this
study. Samples were not quantified in detail in this respect.

T T T T T T v T T T y T T 1
120 160 200 240 280 320 360 400
time [days]

Figure 4: biofilter-specific ammonia (squares) and nitrite (circles) oxidation rates for BF1 (left) and BF2 (right) after the introduction of the fish calculated with the data

from the laboratory experiments. The broken lines show the nitrogen input as the average daily load in g N, which was calculated for each month from feeding data and
translated to the time in days. The filled symbols depict the sampling days, between which the AOB population shifts occurred.
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a4 | AF272420 Nitrosomonas aestuarii
94| ' AF386746 Freshwater aquarium BF 16c57
DGGE band C
EU155069 prawn farm sediment clona A-48

DGGE band B

AJB21026 Nitrosomonas sp. IsT9A3
AF272423 Nitrosomaonas cryotolerans
AF 272418 Nitrosomonas marina
AM295532 marine RAS clone
DGGE band A

AJB21032 Nitrosomonas Isp 15343

T DQ085097 Cand Nitrosopumilus maritimus

Figure 5: maximum likelihood tree depicting the phylogenetic relationships
between the 16S rRNA gene sequences of the B-AOB sequences obtained by
DGGE with the CTO primer pair and the primer pair Nso190/NitB. The tree was
constructed using sequences of approx. 1025 bp. Nodes supported by bootstrap
values are indicated. Scale bar = 5 % sequence divergence.

Figure 6: electron micrographs of ultrathin sections through biofilm shaken off
biocarriers from BF2 in October 2010. Left side: close up of colony of Nitrosomonas-

like bacteria with intracytoplasmic membranes in the cell periphery, right side:
small colony of Nitrospira-like cells. Scale bar = 0.5 pm.

However, by electron microscopic inspection of the samples
BF1-477 and BF2-365 only Nitrosomonas- and Nitrospira-like
cells were found in colonies throughout the ultrathin sections,
although Nitrobacter and Nitrotoga would have been easy to
identify (Figure 6). Furthermore, all Nitrospira-specific PCR
runs were positive from the first to the last sampling days,
which was not the case for Nitrobacter and Nitrotoga.

Nitrospira positive PCR products of early samples could not
be sequenced directly (mixed sequences) except for BF1-40 (533
bp; 97.0 % similar to N. moscoviensis). Sequences (between 900
and 1160 bp) from later samples of the biocarriers from both
biofilters (BF1-478, BF2-344) were 99.3 to 100 % identical to
the strain Ecomares 2.1 (HQ686082; [52]), a close relative of
Nitrospira marina isolated from another marine RAS in Biisum.
High similarities (98.9-99.7 %) were also found when the
sequences were compared to the 713 bp long sequences of
clones of bacteria from the before mentioned saline fluidized
bed reactor (FN394312-14; [40]).

The very specific primer pair “M1 mar” targets the sequence
of a clone retrieved from the mentioned RAS in Biisum [53].
It matched only with the DNA of samples of BF2 on day 344
and 399, and the sequence 344 (313 bp) is 98 % similar to the
sequence of the clone “M1 mar” and sequences from a RAS

at the Baltic Sea [54]. With DNA of the same sample, clones
were produced using the semi-specific Nitrospira-primer pair
27f/1158r. 40 of these clones were screened by RFLP and all
were of the same sequence, similar to the Ecomares 2.1 strain
(99.3 %; 1150 bp).

Generally, Nitrospira sequences found in the biofilters’
biofilm samples were similar to sequences found in before
mentioned marine or brackish RAS including the non-marine
Nitrospira-like sequence (N. moscoviensis) [48,52-54], although
in a 454 pyrosequencing approach N. moscoviensis sequences
were by far more abundant than those of the other Nitrospira
strains [50]. The results of the RFLP confirmed a dominant
role of the strain Ecomares 2.1 over other Nitrospira in the
later biofilm samples of BF2. These findings corroborate the
suggestion that the strain is characteristic for its habitat [53].

PCR runs with Nitrobacter-specific primer pairs were
positive with samples from both biofilters from day 20 on for
the whole sampling period (with 2 and 3 exceptions in summer).
Amplicons from several samples were sequenced resulting in
three slightly different, 245 bp long rRNA gene sequences (98-
99.5% similarity to each other). The sequence retrieved from
the samples BF1-26, BF1-279, and BF2-23 was 99.1% similar
to the marine Nitrobacter strain 311 (AM292300) and 99.6% to
the Nitrobacter sp strain PBAB17 (AY508476); the sequence of
BF1-188 and BF2-99 was identical with a Nitrobacter enriched
from a wastewater treatment plant (FJj263062, [55]) and the
sequence of the samples BF1-478, and BF2-388 was identical
with N. vulgaris (AM292301) and N. hamburgensis (CP000319).
Concerning the putative diversity within the genus Nitrobacter,
it is problematic to determine the species by comparing 16S
rRNA gene sequences, since these do not differ much between
the phylogenetically young Nitrobacter [56]. The differences
described before comprise of about 4 nucleotides within the
relatively short sequences.

The specific primers targeting Nitrotoga-like bacteria
amplified sequences of the expected size with DNA from
sample BF1-26 and BF2-58 on almost constantly. A total of
7 sequences (~575 bp) was recovered from samples between
days 58 and 388 and all were identical to each other and almost
identical to Cand. Nitrotoga arctica (99.7 %; DQ839562).

The existence of the nitrite oxidizing betaproteobacterium
Nitrotoga was discovered only in 2007 [57]. Following reports
of Nitrotoga in biofilters or reactors linked its appearance
with cold temperatures [57-59], but reports with findings of
Nitrotoga related sequences in marine habitats are very scarce.
Only recently was a non-marine Nitrotoga enriched from
eelgrass sediment growing best at 16°C, with a 16S rRNA gene
similarity of 99.6 % to Cand. Nitrotoga arctica and 99.3 % to
the sequences in this study [60]. Thus, the frequent detection
of this nitrite oxidizer especially in the relatively warm biofilter
of RAS 2 was quite surprising and should encourage future
research to consider the use of Nitrotoga-specific primers
and probes when analyzing nitrifying communities in marine
environments. To investigate the origin of Nitrotoga, 150 ml of
marine NOB medium were inoculated with 50 ml of the filtered
and ozonated sea water used for the RAS modules. Obtained
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Table 2: Average values of parameters measured in duplicates before (n=68 and 86, respectively, for RAS 1 and RAS 2) and after (n=213 and 122) the introduction of fish in
the two RAS (with standard deviations) and correlation coefficients between the nitrogen input into the system and the development of AOB and NOB potential activities.

Temperature [°C] pH

Oxygen [mg/I]

before after before after before after

before after before after

Coefficient Coefficient

Salinity [ppt] AOB NOB

Redox [mV]

before after before after

RAS 1 7.54+0.43 8.33+0.66 22.3%2.63 17.21%1.10 8.23+0.10 7.57 £0.32 29.23 +1.39 28.77 +1.92 163.79 +44.14 141.45+44.04 092 095 0.89 0.86
RAS 2 7.54+0.39 7.57+0.74 22.68 +2.49 22.26 +2.86 8.31+0.18 7.53 +0.33 33.86#2.17 29.25+2.0 189.45+42.12 1452242954 096 0.78 099 0.84

sequences of the growing NOB enrichment verified that the
Nitrotoga stems from the North Sea water in the port of Biisum
and did not enter the bio filters via water/fish additions (data
not shown). It seems conceivable that the boundary between
marine and non-marine lifestyle of Nitrotoga is less strict than
thought, which is possibly combined with certain circumstances
and requires further studies with cultures obtained from the
RAS.

Mainly due to the different fish species, the modules
exhibited a range of differences after stocking (Table 2).
However, the compositions of the nitrite oxidizing bacterial
populations, in contrast to the AOB, were very similar and did
not change considerable over time. Wittebolle and colleagues
[41] assumed that the inoculum (in this case seawater from the
port of Biisum) is more important for the further composition
of nitrifying bacteria than the operational parameters of
biofilters. This is in accordance with the very high similarities
with sequences of nitrifying bacteria found by Sudarno and his
colleagues [40] in the saline FBR filled with North Sea water.

Potential nitrification activity tests

The ammonia and the nitrite oxidation potentials of
biocarriers were obtained in laboratory tests and are shown
in the lower graphs in figures 2 and 3 as the oxidized TAN
(total ammonia nitrogen) and TNN (total nitrite nitrogen)
per m> and day (biocarrier-specific rates). The two parallels
in these tests were always almost identical, thus standard
deviations are omitted. In all tests the concentration of the
end products equaled the concentration of the substrates
given, thus no fractions of other DIN species were produced by
different reactions than nitrification. The potential rates could
be correlated with the monthly average feed input per day,
which indicates that the activity tests corresponded to the in
situ nitrification rates in the operating system. The correlation
coefficients between the nitrogen input into the system and
the development of AOB and NOB potential activities were in
the range of 0.89 and 0.99 before stocking and 0.78 and 0.95
after stocking (Table 2). The potential nitrification tests also
reflected temporary feeding interruptions, as observed e.g. for
RAS 1 on day 276, were the activities of AOB as well as NOB
were substantially lower compared to the previous sampling
day (Figure 4). Before day 276 the fish were not fed for almost
two weeks.

Development of nitrification in the biofilters

In BF1 1 mg TAN/1 was measured until day 20, then the
ammonia peak decreased and nitrite concentration increased.
From day 59 until day 88, a nitrite peak of between 3 and 4
mg/l TNN persisted (Figure 2). On day 87, one day before the

first stocking, the foam fractioner and thereby ozone addition
was started, the nitrite concentration decreased and the nitrate
concentration started to increase. After day 118, when further
turbots were stocked, another nitrite peak developed which was
less pronounced and decreased after fewer days. No ammonia
peak evolved after stocking. The average temperature was 22.3
°C until the fish arrived and 17.2° C after stocking (Table 2), and
was temporarily reduced to a minimum of 14.4 °C (day 102) for
the acclimatization of the animals. Nitrifying potentials of AOB
on the biocarriers from module RAS 1 were measured on day
40 with 1.14 mg TAN per m? *d!, and when the first batch of
turbot (21.3 kg) was brought in, potential ammonia oxidizing
activities of the biocarriers were 17.6 mg TAN per m? *d— (day
82), matching the calculated aim of 15 mg TAN per m>*d-'. NOB
activities on the BC in BF1 developed only several weeks after
the stocking but then increased from 21 to 99 mg TNN per m?
*d-1 between day 158 and 188 and overtook the AOB on day 218
with 184 mg TNN m? *d- (Figure 4).

In RAS 2, concentrations of >0.3 mg/l TAN were measured
between day 6 and 23 (Figure 3). With the subsequent decrease
of ammonia concentration, caused by early AOB activity, a
nitrite peak (2-3 mg/1 TNN) developed and persisted for almost
40 days. The peak then decreased quite rapidly, simultaneously
with the onset of some NOB activity (4.4 mg TNN per m, *d-!
on day 58) and the increase of nitrate concentrations (Figure
3). For the acclimation of the fish the temperature was reduced
from 24.2 to 12.7 °C between day 111 and 127, the salinity
dropped from 37 to 29 ppt in the same time (not shown). On
day 154, the temperature reached again 20°C and salinity was
30 ppt. The foam fractioner and ozone addition were started
on day 105.

The nitrification potentials of the AOB increased earlier and
faster, most probably due to the faster growth rates. Satoh et
al. [18] reported a delayed growth of nitrite oxidizers compared
to AOB despite of the initial presence of nitrite and their rate
measurements showed further, that the addition of nitrite had
no advantage for NOB growth compared to the control without
nitrite. This is in accordance with the results from RAS 1, which
was also spiked initially with nitrite.

Comparisons of nitrifying activities in the pre-fish phase
of the biofilters indicated an advantage of using fish feed
as inoculum to facilitate the growth of nitrifying bacteria.
In general, a strong increase of organic matter can shift the
C/N ratio, which favors the proliferation of heterotrophic
bacteria in comparison to nitrifiers [61]. Ammonia and nitrite
oxidizing bacteria are chemolithoautotrophic microorganisms,
which have the genetic inventory to assimilate simple organic
substances like pyruvate [62, 11], but are inhibited by a
wide range of organic molecules [63]. Therefore, dissolved
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degradation products of the fish feed can have a negative
impact on the nitrifying performance. Further on, especially in
marine systems, high levels of sulfate provide the basis for the
production of sulfide [64] which is a well-known inhibitor of
nitrification revealing a greater effect on nitrite oxidation than
on ammonia oxidation [65]. As a consequence, over-feeding
should be avoided to stabilize nitrification.

However, the idea of using fish feed was that the nitrifying
biofilm could be already adapted to a certain extent to the
condition in the system after fish introduction, e.g. in terms of
organic substances. This consideration was taken into account,
since it was observed that nitrification potentials of biofilters
break down for unknown reasons after the introduction of fish
([5], G. Quantz, personal communication). A further effect
could be that EPS (extracellular polymeric substances) formed
by heterotrophic bacteria are used by slowly growing nitrifying
bacteria. Tsuneda et al. [66] investigated an enhancing effect on
nitrifying biofilm formation with the help of EPS produced by
heterotrophs. They assumed that the heterotrophs transform
interfacial properties in favor of nitrifying bacteria.

After the systems were stocked with fish, ammonia
oxidizing activities increased quickly in both biofilters and
ammonia concentrations remained acceptable. In contrast,
high nitrite peaks occurred in both modules, so that fish feed
input could not be increased as planned and in RAS 2 water
had to be exchanged massively between day 135 and 148 (data
not shown). The variety of known and unknown parameters
differing between the modules, mainly due to different fish
species and therefore different treatments, leaves little room
for speculations with regards to the inoculation method for the
post-stocking phase.

Similar in both modules was the rapid decrease of water
temperature for the acclimatization of the fish. This might have
caused some stress to the young nitrifying biofilm and reduced
growth in BF1 in the further run at temperatures around 17 °C.
NOB activities as measured in the laboratory were very low at
the time of stocking and the NOB could probably not keep up
with the increasing nitrite production, due to their genuinely
slow growth rates, which led to nitrite peaks after stocking.

Scrutinizing the course of nitrite concentrations, NOB
activities and the onset of ozone addition in RAS 1, it becomes
clear, that ozone has an inhibitive influence on the already
slow growth of the NOB. Nitrite reacts with ozone to nitrate
especially when further competitive substrates for the reaction
with ozone (e.g. yellow substances) are absent [67], leading
to a deprivation of substrate for bacterial nitrification [68]. In
RAS 1, high nitrite peaks were replaced by steeply increasing
nitrate concentrations just after ozone addition had started on
day 87 (Figure 2), while NOB activities remained low. These
circumstances indicate nitrite elimination by ozone, which
competes for nitrite with the slow growing NOB. Nevertheless,
with increasing concentrations of other substrates for ozone,
the nitrite oxidation potentials increased remarkably after day
158.

Around day 218 (BF1) and 286 (BF2), the potential nitrite
oxidation activities in the biofilters reached those of the
ammonia oxidation activities and even exceeded them in the
further course (Figure 4). Higher activities of NOB have been
observed regularly in our lab, but also in other studies where
the nitrification rate measurements have been decoupled [69].
Correspondingly, abundances of NOB cells have been reported
to be higher than that of AOB in nitrifying communities.
[52,70]. This might be explained by the high versatility of NOB,
or specifically Nitrospira, regarding their substrates. Some
Nitrospira species are capable of growing alternatively with
hydrogen, formate or urea or oxidize ammonia [7,8,71]. Using
other substrates than nitrite, and especially highly available
ammonia, NOB would have an advantage over AOB to grow in
higher abundances, which lead to higher rates in the activity
tests. In a freshwater RAS, Nitrospira genes of comammox, the
complete ammonium-to-nitrate oxidation, have been detected
[9], but not in marine systems. This theory has yet to be
scrutinized.

In general, the investigation of nitrification in biofilters
is complex and has its limitations, both on bench-scale, with
results that cannot be linked directly to systems, and on full-
scale, with uncontrollable parameters and hardly interpretable
results [73]. Our study attempts to link laboratory activity
tests, processes in full scale biofilters and microbial diversity,
and was likewise limited by dissimilar and uncontrollable
parameters in the operating system stocked with animals and
the restricted amount of set-ups.

Conclusion

The data obtained from the rare opportunity to longterm
sample two identical production-scale marine RAS from the
start gave new insights into the development and composition
of the nitrifying microorganism community and the unsteady
development of ammonia and nitrite oxidizing rates. We could
show that the laboratory activity tests can be used to estimate
thebiofilter performance capacity and with the results underline
the importance of AOB-NOB discriminating research, especially
since the discovery of Nitrospira species capable of comammox.
The nitrifying community was very diverse on NOB genus level
including the detection of marine representatives of Nitrotoga.
In general, knowledge of the microbial community in a man-
made system that relies on the physiology of its members will
be useful for operational and constructional improvements of
marine RAS biofilters.
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