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ARTICLE INFO ABSTRACT

Edited by G. Liu In recirculating aquaculture systems (RAS), maintaining water quality in aquaculture tanks is a paramount factor

for effective fish production. A down-flow hanging sponge (DHS) reactor, a trickling filter system used for water

Keywords: treatment of RAS that employs sponges to retain biomass, has high nitrification activity. However, nitrification in
RAS o seawater RAS requires a long start-up time owing to the high salinity stress. Therefore, this study aimed to
S?oflge'bésed trickling filter evaluate the nitrification characteristics and changes in the microbial community during the conversion of
Nitrification . . . o L.

Salinity freshwater to seawater in a DHSreactor fed with ammonia-based artificial seawater. The total ammonia nitrogen

concentration reached 1.0 mg-N-L~! (initial concentration 10 mg-N-L~!) within 11 days of operation, and nitrate
production was observed. The 16 S rRNA gene sequence of the DHS-retained sludge indicated that the detection
rate of the ammonia-oxidizing archaeon Candidatus Nitrosocosmicus decreased from 23.9 % to 14.0 % and
25.8-17.6 % in the upper and lower parts of the DHS reactor, respectively, after the introduction of seawater. In
contrast, the nitrite-oxidizing bacteria Nitrospira spp. increased from 0.1 % to 9.5 % and from 0.5 % to 10.5 %,
respectively. The ammonia oxidation rates of 0.12 + 0.064 and 0.051 =+ 0.0043 mg-N-g-MLVSS 1-h™! on the
37th day in the upper and bottom layers, respectively. Thus, nitrification in the DHS reactor performed well,
even under high-salinity conditions with short operational days. This finding makes the transition from fresh-
water to saltwater fish in the RAS system simple and economical, and has the potential for early start-up of the
RAS.

1. Introduction marine aquaculture may lead to environmental issues. For example,

nutrient runoff from feed can result in eutrophication, and mangrove

Food shortages have recently become a grave concern due to popu-
lation growth, especially in developing countries. The world population
has been estimated to reach 9.7 billion by 2050, making the establish-
ment of sustainable food production methods an urgent necessity. In
addition, the demand for fish and shellfish is increasing as they comprise
essential proteins in the human diet. However, catches of fish and
shellfish may decline owing to global warming, and the supply of marine
products from capture fisheries in the ocean is limited. Therefore,
aquaculture is becoming increasingly important for seafood production.
Global aquaculture production accounts for approximately 50 % of the
total fish production and is growing steadily (FAO 2020). However,
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growth along rivers may need to be removed to secure land for aqua-
culture. The closed recirculating aquaculture system (RAS) is a sus-
tainable food production method, particularly in areas with challenging
geographical features such as mountainous and desert regions (Ahmed
and Turchini, 2021). This method can substantially reduce environ-
mental risks by recirculating 90-99 % of the aquaculture water used
(Badiola et al., 2012). However, one shortcoming of RAS is the risk of
fish mortality due to the accumulation of total ammonia nitrogen (TAN)
and nitrite (NO3-N) in enclosed spaces. Ammonia (NH3) and NO3-N are
highly toxic even at low concentrations (Losordo et al., 2000; Neori
et al., 2004). NHJ levels should be below 1.0 mg N-L7!, and NH; levels
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should range from 0.01 to 0.5 mg N-L™%, as per Losordo et al. (1998).
Therefore, biological nitrification processes in which
ammonia-oxidizing bacteria (AOBs), ammonia-oxidizing archaea
(AOAs), and nitrite-oxidizing bacteria (NOB) oxidize TAN and NO3-N to
low toxic nitrate (NO3-N) are commonly used as a system (He et al.,
2020; Lu et al., 2020; Ruiz et al., 2019).

Various water treatment devices are used in RAS, including physical
filtration devices such as solid-liquid separators and sand filters, steril-
ization devices that use ozone or ultraviolet light to sterilize water,
fluidized sand biofilters, moving bed biofilm reactors (MBBRs), sprinkler
filter bed biofilm reactors, fixed bed biofilm reactors, and biological
filtration devices such as rotating biological contactors (Xiao et al.,
2019). Biological filtration devices are frequently used to control water
quality because they are responsible for nitrification and denitrification
reactions in RAS (Xiao et al., 2019). In addition, biological filtration has
gained widespread adoption within RAS in recent years owing to its
advantages, such as low cost and lack of chemicals (Tadda et al., 2021).

Our research group has been attempting to develop a water quality
treatment system for RAS using a down-flow hanging sponge (DHS)
reactor with a nitrification function in aquaculture tanks (Kotcharoen
etal., 2021; Watari et al., 2021b). The DHS reactor was designed to serve
as an affordable solution for sewage treatment in developing countries
(Tyagi et al., 2021) and is used for treating domestic and industrial
wastewater. In a DHS reactor, as water flows down the surface of the
sponge carrier, it absorbs oxygen, facilitating nitrifying bacteria to
conduct nitrification reactions inside the sponge (Onodera et al., 2016).
In addition, the DHS reactor can be operated at low cost because it does
not require aeration in the tank owing to its ability to supply dissolved
oxygen (DO) through the sponge carrier (Uemura et al., 2016; Watari
et al., 2021c). Recently, our research group successfully utilized deni-
trification and DHS reactors to operate both freshwater and marine
aquaria and aquaculture systems (Adlin et al., 2022; Furukawa et al.,
2016; Kotcharoen et al.,, 2021; Watari et al., 2021b). Watari et al.
(2021b) reported that the DHS reactor could maintain a low TAN of 0.33
+ 0.12 mg-N-L7! in closed recirculating aquaculture tanks housing
Epinephelus bruneus. Kotcharoen et al. (2021) used a combined system of
DHS and up-flow sludge blanket (USB) reactor to rear Epinephelus bru-
neus and found that the DHS reactor could maintain a TAN value below
1.0 mg-N-L! in the aquaculture tank at various salinity levels. How-
ever, initial water quality control of the seawater RAS is difficult because
seawater has a longer start-up period for nitrification than freshwater
(Navada et al., 2021; Zhang et al., 2023). Additionally, Zhang et al.
(2023) found that moving bed systems treating freshwater RAS are more
stable than seawater RAS, and partial nitritation was observed in
seawater RAS. Navada et al. (2021) investigated nitrification perfor-
mance in freshwater MBBRs with increasing salinity and reported that at
any rate of salinity increase, nitrification performance decreased when
the salinity of seawater (31 %o-32 %o) was reached, but recovered as
acclimation time to seawater increased. Liu et al. (2019) reported that
seawater-infused tricking filters have been reported to have a faster
nitrification rate than MBBRs, and that inoculating MBBRs with their
biocarriers causes a faster nitrification ramp-up of MBBRs (Liu et al.,
2019). DHS reactors have been used for sewage treatment in various
countries because of their start-up characteristics, and a study by Watari
et al. (2022) reported that nitrification reactions started in approxi-
mately two weeks in a sewage-treating DHS reactor (Watari et al., 2022).
High nitrification activity in the DHS reactor was observed after 13 days
with the use of sponge biomass-retained carrier start-up (Kirishima
et al., 2024). Rapid preparation of nitrifying bacteria is important in
RAS, where ammonia accumulation is a problem. The rapid start-up of
nitrification equipment is essential for an RAS, which is expected to
expand its business in the future. The application of nitrifying bacteria
from freshwater nitrification systems to seawater is a useful method
(Zhang et al., 2023); however, to the best of our knowledge, the nitri-
fication performance and microbial community change in the DHS
reactor for marine RAS using freshwater-inoculated sponge carrier and
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artificial seawater have not been reported. Artificial seawater is used for
RAS to prevent pathogens bring from outside

To bridge these gaps in the literature, this study aimed to present the
findings of a restart study that investigated the transection of DHS
biomass to seawater conditions. The primary objective of this study was
to develop start-up methods for marine RAS systems that employ
freshwater DHS sponges coupled with NH4Cl addition to artificial
seawater tanks to enhance nitrification. The start-up characteristics
were determined by evaluating the nitrification performance of the DHS
reactor for 37 days. Furthermore, this study aimed to characterize the
nitrification rate of the microbial community present in the DHS reactor
to better understand the nitrifying microorganisms.

2. Material and methods
2.1. DHS reactor and operating conditions

Fig. 1 shows a schematic of the DHS reactor used in this study, which
consists of two layers, each with a volume of 20 L (total 40 L) and filled
with 700 sponge carriers (sponge volume: 20 L; 10 L each in the upper
and bottom layers). The aquarium tank and DHS reactor were placed in a
large experimental building at Nagaoka University of Technology and
operated at ambient temperature. The sponge carriers used were
sourced from a freshwater RAS that reared Nile tilapia (Oreochromis
niloticus) with stable nitrification performance at ambient temperature.
A 33mm x 33 mm x 33 mm cubic sponge, encased in a plastic net ring
33 mm in diameter and 33 mm in length, served as the biomass-retaining
carrier. The sponge carrier had a pore size of 0.46 mm, a void ratio of
0.98, and a specific surface area of 1.87 cm?cm™>. The aquarium tank
had a total capacity of 5000 L. Artificial seawater was prepared using
2000 L of water and syntenic seawater salt (Marine Art, Tomita Phar-
maceutical Co., Ltd.) with the salinity adjusted to 23 %0—27 %o to prevent
the introduction of pathogens into the RAS system. The syntenic
seawater contained 1.01 w/v% natrium, 0.058 w/v% potassium,
0.119 w/v% magnesium, 0.033 w/v% calcium, 1.97 w/v% chlorine and
0.28 w/v% sulfuric acid. Simulated aquaculture water was fed to the top
of the DHS reactor using a submerged pump (1260, Ehieim) at a flow
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Fig. 1. Schematic of water tank and downflow hanging sponge (DHS) reactor.
(1) Submerged pumps.
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rate of 600 L-day ! and 300 L-day !, respectively, at phase 1 and phase
2The hydraulic retention time (HRT) was calculated based on the sponge
volume. The HRT of the DHS reactor was set at 1.8 min for the first 20
days of operation (Phase 1) and changed to 3.75 min after the 21st day
(Phase 2). When the TAN concentration was decreased to 1.0 mg—N-L_l,
NH,4Cl was added to achieve a concentration of 10 mg N -L™!. The pH
was maintained above 7.0 by adding 100 mg-L ™! of NaHCOs.

2.2. Chemical analysis

The samples were collected daily from the seawater tank, inflow
(inf), and outflow (eff) of the DHS reactor. DO and water temperature
were measured using a DO meter (HQ30d; HACH). The salinity was
determined using a handheld salinity meter (MASTER-S28a; Atago).
Water samples for TAN, NO3-N, and NO3-N measurements were filtered
through a 0.22 ym membrane filter immediately after collection and
stored at 4°C until measurements. TAN was measured using the Nessler
method (DR3900; HACH), and NO3-N and NO3-N were measured using
an autoanalyzer (QuAAtro39; BLTEC).

2.3. Nitrification rate test

On days 30 and 37 of operation, sponge carriers were collected from
the center of the upper and bottom layers of the DHS reactor, suspended
in 20 mL of milli-q (MQ) water, centrifuged, washed with phosphate-
buffered saline (PBS), and used as the seeding solution for nitrification
rate tests. The tests were conducted using 190 mL of artificial seawater
and 10 mL of seedling solution in a 300-mL triangular flask. NH4Cl was
added as the ammonia source at an initial concentration of 10 mg-L ™1,
The nitrification rate was calculated using the following equation:

Nitrification rate = (NO>-N effluent (mg—N-L_l) + NO3-N effluent(mg-
N-L™1)) / Time course (hours) / MLSS of the retained sludge (g-
MLVSS™h) m

2.4. Microbial community structure analysis based on 16 S rRNA genes

For the microbial community structure analysis, sponges in the DHS
reactor were collected from the center of the upper and bottom layers,
and the microorganisms attached to the sponge carriers were suspended
and squeezed in 20 mL of ultrapure water and used as samples. The
samples were centrifuged, and the supernatant was discarded. Subse-
quently, the samples were washed with PBS and stored at —20°C until
DNA extraction. DNA extraction was performed according to DNeasy
PowerSoil Pro-Soil - IRT using QIAcube Connect. The extracted DNA was
adjusted to the appropriate Tris-EDTA buffer (Nippon Gene). The con-
centration of extracted DNA was measured using a NanoDrop spectro-
photometer (Thermo Fisher Scientific). The obtained DNA was analyzed
by 16 S rRNA PCR amplification using the 515 F-806R primer pair for
the 16 S rRNA gene using the QIAcube Connect (Watari et al., 2021b).
The PCR conditions were 95°C for 3 min and 25 cycles of 95°C for 45 s,
50°C for 1 min, 72°C for 1.5 min; and 72°C for 10 min. PCR products
were purified according to the Cleanup - QIAquick PCR - Amplification
reactions - Standard using QIAcube Connect and DNA extraction. The
purified products were analyzed using a next-generation sequencer (iSeq
100, [llumina), and the obtained gene sequences were analyzed using
QIIME2 to produce high-resolution Amplicon Sequence Variants (ASVs).
Taxonomic classification of the inferred ASVs was conducted using the
SILVA reference database version 132. The Basic Local Alignment
Search Tool and National Center for Biotechnology Information (NCBI)
database were used to identify closely related species.
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3. Results and discussion
3.1. Nitrogen removal performance

The pH, DO, and water temperature in the seawater tank were
maintained at 7.4 + 0.5, 8.4 4+ 0.4 mg-L’l, and 21.1 + 1.7°C, respec-
tively, during the experiment. TAN exhibited a decreasing trend
approximately 1 week after starting the operation, and the TAN of the
tank was 0.25 mg-N-L™! on day 11 (Fig. 2). Similarly, NOz-N increased
from the 10th day of operation, and NO3-N in the tank was 23.44 mg-
N-L! on the 20th day. Therefore, NOz-N was partially nitrified to NO3-
N by AOBs and AOAs in the DHS reactor. The increase in NO3-N up to
the 20th day of operation may be attributed to the lack of nitrification of
NO3-N to NO3-N, due to the non-proliferation of NOBs. Previous studies
have reported that the growth of NOBs is inhibited by salinity (de Kreuk
et al.,, 2005; Liu et al., 2019; Zhang et al., 2023). Additionally, the
growth rate of NOBs is slower than that of AOBs (Fang et al., 2009;
Moussa et al., 2005). No such partial nitrification has been observed in
previous start-up experiments on sewage treatment (Watari et al., 2022).
Therefore, in the present study, the growth of AOBs was higher leading
to the accumulation of NO3-N, highlighting the difference in the growth
rates of AOBs and NOBs (details shown 3.3.3). Another factor may be
that the use of artificial seawater simulating the actual RAS slows the
start-up process, as no external marine NOB is introduced.

On the 11th day of operation, NH4Cl was added, as in the initial
conditions, to continue the nitrification reaction (Fig. 2). After the
addition of NH4Cl, the TAN in the tank decreased to less than 1.0 mg-
N-L7! for 2 days. Thus, ammonia-oxidizing microorganisms grew
rapidly in the sponge carrier, and NH4Cl was added when its concen-
tration was less than 1.0 mg-N-L™!. However, NO3-N gradually accu-
mulated in the seawater tank. Therefore, on the 21st day of operation,
the HRT was extended to 3.75 min to enhance NO5-N oxidation. Sub-
sequently, the NO7-N concentration decreased and was 9.19 mg-N-L™?
in the tank on the last day of operation. After the 21st day of operation,
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NOBs grew in the reactor and carried out a nitrification reaction where
NO3-N was converted NO3-N. NO3 -N accumulation was observed in this
study; however, it has been reported that the toxicity of NO3-N to fish is
greatly reduced by chloride (Gutiérrez et al., 2019; Navada et al., 2021).
NOj3-N showed an increasing trend from the beginning of operation, and
at the end of operation, the NO3-N concentration in the tank was
64.9 mg-N-L 1. In this experiment, 10 mg-N-L ™! NH4Cl was added to the
seawater tank 10 times (total 100 mg-N‘L’l) to sustain the nitrification
reaction. Nevertheless, the total amount of NO3-N and NO3-N in the
seawater tank on the last day of the experiment was 74.1 mg-N-L 1.
Previous studies have reported that NO3-N decreases due to denitrifi-
cation reaction, facilitated by the anaerobic conditions inside the sponge
(Shitu et al., 2023; Watari et al., 2021a). In our experiment, the decrease
in NO3-N may be attributed to denitrification, driven by similar
anaerobic conditions. Therefore, our results confirmed both nitrification
and denitrification reactions occurred in the DHS reactor after 37 days of
operation. Liu et al. (2019) used influx of high loads of NHi-N
(50 rng-L’l) to shorten start-up in seawater and found that NHZ-N was
less than 5mgL™! and NO3-N accumulated within 16 days in the
trickling filter and 43 days in the MBBR. Moreover, a batch study on the
transition of freshwater biocarriers to seawater (32 %o) reported that
nitrification activity did not recover for 90 days after the transition to
seawater (Gonzalez-Silva et al., 2021). In the present experiment, TAN
decreased to 0.25 mg-N-L ! on the 11th day of operation and thereafter
decreased to less than 1.0 mg-N-L ™! every 2 days in phase 1 after adding
NH4Cl. After the HRT change (phase 2), NH4Cl was added approxi-
mately every 3 days to sustain the nitrification reaction. Based on this
observation, we inferred that the partial nitrification reaction performed
by halophilic microorganisms after 11 days of operation signifies an
early start-up. In addition, NO3-N showed a decreasing trend from day
21 onward, which is considered a rapid result for a water treatment
system with seawater (Liu et al., 2019; Zhang et al., 2023). Based on
these results, the DHS reactor could be operated with a long HRT to
enhance the activity of NOB and shorten the start-up time for the tran-
sition of the microbial community from freshwater to seawater using
synthetic seawater. Furthermore, the long-term process performance of
freshwater-inoculated DHS reactors under seawater conditions should
be evaluated.

3.2. Nitrification rate of retained sludge

Fig. 3 shows the nitrification rates of the DHS-retained sludge on
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various days. The nitrification rates in the upper and bottom layers of
the DHS on the 30th day of operation were 0.090 + 0.010 and 0.11 +
0.016 mg-N-g-MLVSS™1-h~?, respectively. The high nitrification activity
in the bottom part of the reactor was also evident from previous mi-
crobial analyses of sewage-treated DHS reactors (Kubota et al., 2014;
Nomoto et al., 2018). The nitrification rates were 0.12 £ 0.064 and
0.051 + 0.0043 mg-N-g-MLVSS™1-h ! on the 37th day in the upper and
bottom layers, respectively, indicating that the nitrification rate
increased in the upper layer of the DHS reactor. This increase was
attributed to the growth of nitrifying bacteria over time. A previous
study investigating the nitrification rate tests of DHS with various pore
sizes using seawater found that the nitrification rate increased with each
elapsed time, with 0.031 mg-N-g-MLVSS™1-h~! at 23 days of operation
and 0.061 mg—N~g—MLVSS_1~h_1 at 324 days (Furukawa et al., 2019). In
general, reactors used for seawater RAS are known to have lower
nitrification activity than those used for freshwater RAS (Wang et al.,
2016). Watari et al. (2021b) found that nitrifying bacteria accounted for
approximately 10 % of the total bacteria, whereas the sponge carriers
used in this study had an average of 25 % nitrifying bacteria during the
experimental period. Therefore, the nitrification rates obtained in this
experiment were higher in all cases than those reported by Furukawa
et al. (2019) for the 23rd operation day, suggesting that the nitrification
rates were almost equivalent to those observed on the 324th day by
Furukawa et al. (2019).

3.3. Microbial community structure analysis

3.3.1. Microbial community structure at the phylum level

Fig. 4 shows the top ten phyla observed in each sample. On day 1,
Crenarchaeota (upper layer: 23.9 %, bottom layer: 26.1 %), Firmicutes
(upper: 23.8 %, bottom: 22.2 %), Proteobacteria (upper: 16.0 %, bot-
tom: 15.8 %), Bacteroidetes (upper: 9.4 %, bottom: 7.6 %), Actino-
bacteria (upper: 9.3 %, bottom: 9.3 %), and Planctomycetota (upper:
6.3 %, bottom: 6.8 %) were the predominant phyla in sponge carriers.
The phylum Proteobacteria, which is important for the nitrification
process, was dominant in the DHS reactor (Kubota et al., 2014). It is
commonly found in the water treatment equipment used in RAS systems
(Schreier et al., 2010). Crenarchaeota has been found in freshwater RAS
biofilters, and some of its species are involved in ammonia oxidation
(Pedersen et al., 2009). Several species belonging to Planctomycetota isn
anammox bacterium thatxidizes ammonia under anaerobic conditions
(Strous et al., 1999). The presence of Planctomycetota may be attributed
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Fig. 3. Nitrification rate of the retained biofilm on days 30 and 37.
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to the anaerobic conditions inside the sponge carrier, which were
involved in some proportion of the nitrogen removal. The Nitrospirota
converts NO3-N to NO3-N. It comprised 1.2 % and 3.1 % of the micro-
organisms in the upper and lower layers, respectively, on the 21st day of
operation. On the 37th day of the operation, the proportions were 9.5 %
and 10.5 %, respectively. In this experiment, NO3-N accumulated until
the 21st day of operation, suggesting that Nitrospirota grew during the
same period.

3.3.2. Nitrifying bacteria community in the sponge-retained sludge

Fig. 5 shows the abundance of nitrifying bacteria (> 1.0 %) at the
genus level. Candidatus Nitrosocosmicus, an AOA, was predominantly
detected, with an abundance of 23.9 % and 25.8 % in the upper and
lower layers, respectively, on day 1. Previously, AOAs were considered
to have a higher affinity for ammonia than AOBs, which confers an
advantage in ammonia-limited environments (Martens-Habbena et al.,
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2009). Therefore, AOA Candidatus Nitrosocosmicus could dominate the
freshwater RAS DHS sponge and contribute to nitrification under low
ammonia concentration conditions. However, on day 37, its abundance
decreased to 14.0 % and 17.6 % in the upper and lower layers, respec-
tively. This decrease in the abundance of Candidatus Nitrosocosmicus
may have led to an increase in influent ammonia concentration. In
addition, a previous study reported that Candidatus Nitrosocosmicus
oleophilus grew in the temperature range of 25-30°C (Jung et al., 2016)
and the DHS reactor obtained seed sponges operated at ambient tem-
perature. Since the water temperature during our experiment was
16-24°C, we inferred that the detected Candidatus Nitrosocosmicus could
not proliferate, and its abundance decreased over time. Nevertheless,
the bottom layer exhibited a higher abundance of Candidatus Nitro-
socosmicus than did the upper layer, suggesting that a portion of the
nitrification process was performed by this AOA. On the 21st day of
operation, more than 1.0 % of Nitrosomonas AOBs were detected (upper
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Fig. 5. The relative abundances of nitrifying microorganisms on days 1, 11, 21, 28, and 37.
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layer: 7.1 %, bottom layer: 6.3 %), indicating that Nitrosomonas is a
common AOB genus with marine species (Oshiki et al., 2020). Therefore,
we inferred that Nitrosomonas shifted to a seawater-adapted microbial
community on the 21st day of the operation. During the entire experi-
ment, the abundance of AOB was higher in the bottom part of the DHS,
which was previously reported in a DHS reactor treating domestic
sewage (Watari et al., 2022). NOB Nitrospira was detected during the
same period (upper layer: 1.2 %, bottom layer: 3.1 %), and its abun-
dance was 9.5 % and 10.5 % in the upper and bottom layers, respec-
tively, on the 37th day of operation. The observed Nitrospira spp. were
similar to Candidatus Nitrospira defluvi and Nitrospira marina, which are
known as NOB (Watson et al., 1986). The growth trend of Nitrospira was
considered to follow the same rationale described in Section 3.3.1.

4. Conclusions

This experiment used artificial seawater as a sponge carrier in a DHS
reactor deployed in a freshwater RAS to establish a simple and start-up
method. Our main findings were as follows: TAN showed a decreasing
trend in approximately 1 week, and the conversion of NO3-N to NO3-N
started on the 21st day of operation, indicating a complete nitrification
reaction. The microbial community structure transitioned from a
freshwater-nitrifying community to a seawater-nitrifying community on
the 21st day of operation, followed by the growth of halophilic micro-
organisms. This promising method for preparing an RAS involves inoc-
ulating a sponge with freshwater microorganisms and adding NH4CI to
develop a nitrification DHS reactor under seawater conditions. Although
this approach shows promise, additional research is necessary to opti-
mize the HRT process for the formation of effective biofilms, which
could reduce the start-up period.
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