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ABSTRACT

The recirculating aquaculture system (RAS), one of the land—based
facilities, uses a method of purifying and recycling water through the biological
filtration tanks. The bacterial communities present in the rearing water and
sludge in the systems involved in the purification process. In this study, we
analyzed the bacterial diversity present in a seawater RAS and analyzed the
genomes of two strains isolated from an experimental seawater RAS. The
seawater RAS was composed of six tanks and operated at nine conditions
(combinations of three temperature and three salinity) during the
experimental period. The bacterial diversity was analyzed using 16S rRNA
amplicon sequencing. Most common bacterial groups were FProteobacteria and
Bacteroidetes (total 67.2 to 99.4%). Among these six RAS tanks, the bacterial
community present in three tanks including packed bed biofilters, mesh
biofilters and maturation biofilters showed higher bacterial diversity than
those from other RAS tanks such as aerated biofilers, floating bed biofilters
and fish tanks with 97% operational taxonomic units (OUT) level. Two major
taxonomic groups, family Rhodobacteraceae and Flavobacteriaceae, were
widely distributed in the samples. Nitrifying bacteria were also detected
frequently and abundantly in the three biofilters. Among them, denitrifying
bacteria that contribute to removal of ammonia in the rearing water are
especially worth to be investigated for increasing efficiency of purification
process in RAS. The genome sequence analysis and its annotation were
performed for the two denitrifying strains, RR3—28 and RR3—57, which were
isolated from mesh biofilter samples. The strain RR3—57 showed 16S rRNA
sequence similarity of 96.22% compared with the Haliogiobus pacificus S1—
72(T). The whole genome was consisted 5,003,575 base pair length, average
G+C content 57.5 mol%. It contains 4,627 coding genes and 49 RNAs. The
other strain RR3—28 showed 95.45% 16S rRNA sequence similarity compared



with the Nitratireductor basalitis J3(T). The 3,513,368 base pair genome of
strain RR3—28 contains 3,410 coding genes and 43 RNAs with an average
G+C content of 58.3 mol%. The isolates, RR3—28 and RR3—57 harbored 18
and 21 predicted genes associated with denitrification, respectively.
Comparative genomic analysis of strain RR3—28 was performed with five
previously reported MNitratireductor genome sequences (NCBI genome ID:
13983, 15054, 15055, 15056, 15083), but RR3—58 was not performed that
because there was no previously reported genome sequence of the genus
Halioglobus. The present study summarize the bacterial diversity in a
seawater RAS for understanding the roles of bacterial communities in the
system. Furthermore, genomic sequence analysis of two denitrifying strains
isolated from the system would contribute to the further understanding with of

the potential denitrifying strategies on genome level.



INTRODUCTION

A recirculating aquaculture system (RAS) is to re—use the rearing
water by circulation, filtration, and purification through filtration tanks in the
aquaculture facility without waste of rearing water. It can resolve coastal
pollution, the disadvantage of other land—based aquaculture, caused by
outflow of waste rearing water. In land—based aquaculture, fishes are reared
under the artificially controlled condition including temperature, salinity, etc.,
so it is possible to enhance the economic efficiency and productivity (Zohar et
al. 2005). Recently, due to the unpredictable changes of environment in the
coastal area with the increasing occurrence of disasters like red tides, the
advantage of land—based aquaculture system was unveiled and many have
much interest in RAS accordingly.

The biofilters used for purification of rearing water in RAS are closely
related to microorganisms and bacterial communities mainly affects
purification ability of the biofilters (Auffret et al. 2013). Of these,
heterotrophic bacteria remove organic carbons from unused fish feed and fish
feces. Nitrifying and denitrifying bacteria remove inorganic nitrogen after
organic carbon degradation (Brown et al. 2013). Nitrifying bacteria (i.e.
ammonium and nitrite oxidizing bacteria) were known to exist on aerobic
condition and denitrifying bacteria on anaerobic condition while forming a
biofilm in the biological filtration tank of the RAS (Gao et al. 2012). Therefore,
the effects of increasing efficiency of marine fish production mediated by
aerobic and anaerobic microorganisms in the filtration process of biological
filtration tank of the RAS can be expected. Bacteria communities formed in
biological filtration tanks of RAS affect their community structure and
diversity by various factors of the system itself (Im gi et al. 1997), and water
quality and microbial community of the RAS also affects the quality of farmed

fish (Interdonato 2012). So, in—depth understanding of the relationship



between the RAS biofilter systems and the microbial communities is essential
in order to improve the efficiency, stability and economic of the RAS process.
For this purpose, many researches were proceeded to Investigate
identification for the dominant heterotrophic bacteria in the RAS (Leonard et
al. 2000; Michaud et al. 2009), microbial community diversity and physiology
of the RAS biofilter (Schreier et al. 2010; Gao et al. 2012), and a variety of
nitrifying bacteria involved in the nitrification of ammonia removal (Tal et al.
2003; van Kessel et al. 2010; van Kessel et al. 2011), but there is still lack of
studies sufficient enough to understand the microbial diversity in the RAS. For
RAS microbial community diversity studies, 16S rRNA gene clone library
methods (Sugita et al. 2005; Itoi et al. 2006; Gao et al. 2012; Zhu et al. 2012),
DGGE (Matos et al. 2011; Martins et al. 2013; Wold et al. 2014), and
pyrosequencing (Martins et al. 2013; Ruan et al. 2015) are mainly applied.

Sequencing technology has developed rapidly recently and new
platforms had been announced (Quail et al. 2012). Whole genome sequencing
is a method for analyzing the information of bacteria genome efficiently (Gupta
2008). For more facile assembly of the long reads, an automated approach, the
Pacific Biosciences RS (PacBio) platform was used (English et al. 2012).

In this study, to analyze the diversity of bacterial communities and
genome sequencing data of some nitrifying bacteria exists in RAS filtration
tank, we used molecular biological methods mentioned above, and the results
of this study will be provided as basic sources for RAS microbial research in

future.
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CHAPTER 1. Uncultured bacterial diversity in a seawater
recirculating aquaculture system revealed by 16S rRNA gene

amplicon sequencing
1
ABSTRACT

Bacterial diversity in a seawater recirculating aquaculture system
(RAS) was investigated using 16S rRNA amplicon sequencing to understand
the roles of bacterial communities in the system. The RAS was operated at
nine different combinations of temperature (15° C, 20° C, and 25° C) and
salinity (20%, 25%, and 32.5%). Samples were collected from five or six RAS
tanks (biofilters) for each condition. Fifty samples were analyzed.
Proteobacteria and Bacteroidetes were most common (sum of both phyla: 67.2%
to 99.4%) and were inversely proportional to each other. Bacteria that were
present at an average of = 1% included Actinobacteria (2.9%)
Planctomycetes (2.0%), Nitrospirae (1.5%), and Acidobacteria (1.0%); they
were preferentially present in packed bed biofilters, mesh biofilters, and
maturation biofilters. The three biofilters showed higher diversity than other
RAS tanks (aerated biofilters, floating bed biofilters, and fish tanks) from
phylum to operational taxonomic unit (OTU) level. Samples were clustered
into several groups based on the bacterial communities. Major taxonomic
groups related to family Rhodobacteraceae and Flavobacteriaceae were
distributed widely in the samples. Several taxonomic groups like
[Saprospiraceael, Cytophagaceae, Octadecabacter, and Marivita showed a
cluster—oriented distribution. FPhaeobacter and Sediminicola—related reads
were detected frequently and abundantly at low temperature. Nitrifying

bacteria were detected frequently and abundantly in the three biofilters.

This paper was published in Journal of Microbiology (2016) Vol. 54, No. 4, pp. 296—304.



Phylogenetic analysis of the nitrifying bacteria showed several similar OTUs
were observed widely through the biofilters. The diverse bacterial
communities and the minor taxonomic groups, except for Proteobacteria and
Bacteroidetes, seemed to play important roles and seemed necessary for
nitrifying activity in the RAS, especially in packed bed biofilters, mesh

biofilters, and maturation biofilters.

Keywords: bacterial diversity, recirculating aquaculture system, biofilter,

amplicon sequencing, 16S rRNA gene



INTRODUCTION

Recirculating aquaculture systems (RASs) have been recognized for
their potential in aquaculture as a way of overcoming limited water supplies,
increasing production capacity, reducing heat loss, and minimizing waste
effluent (Losordo and Hobbs, 2000). Carbon and nitrogen compounds from
fish manure and undigested feed are metabolized in a RAS by diverse
microbial communities. Carbon compounds are degraded by heterotrophic
bacteria and nitrogen—containing organic compounds are degraded with
nitrogen released as ammonia. Even low levels of ammonia are a detriment in
aquaculture; lethal concentrations, expressed as median 96 h LD50, of 1.7
mg/L for seabass and 2.5-2.6 mg/L for seabream and turbot (Ruyet et al.,
1995). Ammonia is converted to nitrite, which is converted to nitrate, by
ammonia— and nitrite—oxidizing bacteria, respectively. Most studies have
focused on the role of biofilters in mediating nitrogen cycles (Schreier et al.,
2010) with the aim of reducing ammonia concentration in the fish tank. Little
1s known of the overall bacterial diversity in RAS. A recent study that used
bar code pyrosequencing to investigate the overall diversity of RAS bacterial
communities used to rear turbot (Scophthalmus maximus) and sole (Solea
senegalensis) demonstrated differences in the bacterial communities in the
two systems (Martins et al., 2013). Using a combination of bar code primers
and high throughput sequencing, it is possible to obtain thousands of 16S
rRNA gene sequences per sample from dozens of samples, which allows the
determination of wuncultured bacterial diversity in given environments
(Binladen et al., 2007). We applied 16S rRNA gene amplicon sequencing to
investigate the bacterial diversity in an experimental RAS system rearing
convict groupers (Epinephelus septemftasciatus). Knowledge of bacterial
diversity depending on operating conditions 1s important to enhance the design

and operational efficiency of biofilters, but the data are limited. We



investigated the bacterial diversity in different biofilter types during different
operating conditions of salinity and water temperature in an experimental RAS

using 16S rRNA gene amplicon sequencing.
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MATERIALS AND METHODS

RAS operational conditions

The RAS used in this study is depicted schematically in Fig. 1. In the
packed bed biofilter (A; 1.5 m length, 0.8 m width, and 0.6 m height), solid
materials in the effluent from a fish tank (F; 1.5 m diameter, 1 m height, and
0.65 m water depth) were precipitated using low pressure hydro—cyclone
process and water was treated while passing through columns containing
plastic media that served as the colonization surface. In the aerated biofilter
(B; 1.2 m diameter and 2.4 m height), an air blower supplied air bubbles (1
m3/min) to remove carbon dioxide (COZ2) and dispersed solids into fine
particles. In the fluidized bed biofilter (C; 1.2 m diameter, 2 m height), the
plastic medium was fluidized by aeration at 0.8 m3/min. At the sixth sampling,
the aerated biofilter was removed from the system. The mesh biofilter (D; 2 m
length, 1 m width, 1.6 m height) was composed of 50 pieces of mesh media (1
m X 1 m) to which microbes attached. The maturation biofilter (E; 1.5 m
diameter, 1 m height, and 0.65 m water depth) had the same dimensions as the
fish tank, which aided in the acclimation of microbes prior to entering the fish
tank used to rear up to 50-70 kg of £E. septemfasciatus. During the
experimental periods, concentration of ammonia, nitrite, nitrate, and COZ in
the experimental sea water RAS was maintained at less than 0.5 mg/L, 0.08
mg/L, 30 mg/L, and 6 mg/L, respectively, within the pH range of 6.5-7.9. The
60%—-85% nitrification rates determined here were similar and comparable to
the rates in RAS systems reported from previous studies (Rusten et al., 2006;

Pfeiffer and Wills, 2011; Terjesen et al., 2013).

11



C— — .. .
W tank (E) biofilter (D)
I |

Maturation Mesh-type <«

Floating
bed
biofilter

Aerated
biofilter

(B)

-9

Package-type
biofilter (A)

N

>

Fig. 1. Schematic representation of the experimental recirculating aquaculture

system. The letter in parentheses indicates each biofilter.
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Sample collection and DNA extraction

The experimental RAS was developed and operated in the National
Institute of Fisheries Science to rear convict groupers (£. septemfasciatus).
Samples were collected during the different operating conditions involving
nine combinations of temperature (15° C, 20° C, and 25° C) and salinity
(20%0, 25%, and 32.5%) (Table 1). Water or slurry samples were collected
from the packed bed biofilter (A), aerated biofilter (B), floating bed biofilter
(C), mesh biofilter (D), maturation tank (E), and fish tank biofilter (F) in the
experimental recirculating aquaculture system using sterilized bottles.
Samples were transferred on ice to the laboratory and processed immediately.
After the fifth sampling, the aerated biofilter was removed so that no sample
was available. In total, 50 samples were collected. Bacteria in the water
samples were collected with a 0.2 g¢m membrane filter (Sartorius). Bacteria
in slurry samples were collected by centrifugation at 4,500 rpm for 10 min. A

soil DNA extraction kit (Intron) was used for DNA extraction.

Chemical analysis of water quality

Ammonia, nitrite, nitrate, and COZ concentrations were measured
colorimetrically with HachTM reagents by the salycilate method (Hach
#8155), diazotization method (Hach #8507), cadmium reduction method
(Hach #8039), and digital titration using sodium hydroxide (Hach #8205),
respectively, which are specific for seawater samples (Verbeeten et al., 1999).
Dissolved oxygen and pH levels were determined using YSI 85-10FT and a
model HQ 30d pH meter (Hach), respectively. The respective levels were

maintained at 5.8- 7.2 mg/L and 7.1-8.1.

13



Bar code PCR and amplicon sequencing

The V1 to V2 regions of the 16S rRNA genes was amplified using
primer sets containing oligonucleotide tags (27F: 5H5—-X—- TC-
AGAGTTTGATCCTGGCTCAG—3Gand 338R: 5—X—-CA—-
TGCTGCCTCCCGTAGGAGT -3’ ; X indicates tag sequences composed of
various combinations of eight nucleotides). Each primer (10 pmol) was added
to PCR premix (Accupower PCR premix, Bioneer). After an initial denaturation
at 94° C for 7 min, 32 cycles of PCR (denaturation at 94° C for 30 sec,
annealing at 60° C for 30 sec, and extension at 72° C for 45 sec) and final
extension at 72° C for 10 min were performed. PCR products were pooled and

sequenced with the Ion Torrent platform (Life Technologies).

Bioinformatic analysis of reads

After high throughput sequencing, sequences from 300 bp to 400 bp
with average quality score more than 25 were screened with the Mothur
program (Schloss et al., 2009). Reads were sorted based on tags and the
primer and tag sequences were excised using the QIIME program. (Kuczynski
et al, 2012). Reverse complement reads were changed to the same
orientation. The chimer.uchime (Edgar et al., 2011) of the Mothur program
(Schloss et al., 2009) was used to check chimera sequences. QIIME v1.8.0
was used for analysis of reads (Kuczynski et al., 2012). The uclust approach
and an open—reference operational taxonomic unit (OTU) picking strategy of
the QIIME package was used for OTU clustering and representative sequence
determination based on 97% sequence similarity. Taxonomic assignment was
carried out by comparing with the 97_otus and the 97_otu_taxonomy files of
the gg_13_08 version of the Greengenes database (McDonald et al., 2012).

Sequences assigned to chloroplasts and mitochondria were discarded. Values

14



of the Chaol, Shannon, and Simpson diversity index were determined with

subsamples adjusted to contain the same number of sequences.

Phylogenetic analysis of representative sequences
Some representative sequences were compared against the database
of the Ribosomal Database Project (Cole et al., 2014) and the EzTaxon server
(http://www.ezbiocloud.net/) (Chun et al., 2007), and reference sequences
were collected for the construction of phylogenetic trees. A neighbor joining
tree was constructed with the MEGA6 program (Tamura et al., 2013); the
Kimura 2 parameter method (Kimura, 1980) was used to calculate a distance

matrix.
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Table 1. Pyrosequencing results and diversity indexes

Sample  Sampling Tvoe of Temperature . No. reads - .
D fime ype of tank ) Salinity (%) Total reads subsaémple 0OTUs Chaol Shannon  Simpson
Al st packed bed biofilter 15 325 T099 1200 541 1,272 B.36 0.99
Bl Ist aerated biofilter 15 325 G541 1200 134 339 3.32 0.66
C1 st floating bed hiofilter 15 325 3206 1200 378 1,055 5.72 0.84
m Ist mesh biofilter 15 325 5149 1200 365 980 5.67 0.85
E1 st maturation tank 15 325 3879 1200 224 720 383 0.65
F1 Ist fish tank 15 325 2024 1200 107 344 2.12 0.41
A2 2nd pacl:ed bed bicfilter 20 325 4307 1200 387 1000 6.98 0.98
B2 Znd aerated biofilter 20 325 2021 1200 349 a17 6.99 0.98
C2 2nd :Iloa.tingbed biofilter 20 325 T490 1200 346 263 6.75 097
D2 Znd mesh biofilter 20 325 12786 1200 545 1,660 B.20 0n.99
E2 Znd maturation tank 20 325 11598 1200 380 1,017 6.86 0.97
E2 Znd fish tank 20 325 3550 1200 162 424 4.31 0.83
A3 Ird packed bed biofilter 20 25 2784 1200 470 1,195 7.92 0.99
B3 3rd aerated biofilter 20 25 5068 1200 167 543 385 077
C3 Ird floating bed biofilter 20 25 3233 1200 412 1,120 7.29 0.98
D3 3rd mesh biofilter 20 25 15923 1200 451 1,284 7.24 0.97
E3 3rd maturation tank 20 25 12604 1200 150 573 4.05 0.85
E3 3rd fish tank 20 25 5118 1200 140 388 4.04 0.87
A4 4th pacl:ed bed bicfilter 20 il 38674 1200 440 1,245 7.72 099
B4 4th aerated biofilter 20 20 42370 1200 205 712 4.91 0.90
C4 4th floating bed biofilter 20 20 41870 1200 164 597 4.64 0.89
D4 4th mesh biofilter 20 20 28614 1200 470 1,124 T84 0.99
E4 4th maturation tank 20 20 13150 1200 429 990 7.79 099
F4 4th fish tank 20 20 9731 1200 141 487 4,26 0.87
As 5th packed bed biofilter 25 20 2969 1200 406 1000 7.51 099
Bs Sth aerated biofilter 25 0 15900 1200 225 647 4,72 0.84
5 5th floating bed hiofilter 25 20 T378 1200 142 448 338 0.73
Ds Sth mesh biofilter 25 20 40262 1200 337 213 6.77 0.98
E5 5th maturation tank 25 20 84309 1200 287 a53 5.80 0.92
E5 Sth fish tank 25 20 167676 1200 141 492 3.34 0.71
A6 6th packed bed biofilter 25 25 3091 1200 359 842 7.15 0.98
Lo ] 6th floating bed biofilter 25 25 9266 1200 186 472 4.49 0.83
D& 6th mesh biofilter 25 25 12202 1200 302 753 .64 097
Es 6th maturation tank 25 25 5959 1200 303 702 6.84 0.98
Es 6th fish tank 25 25 9125 1200 107 255 3.38 0.74
A7 7th packed bed biofilter 25 325 1695 1200 410 872 7.36 0.98
Cc7 7th :Iloa.tingbed biofilter 25 325 3006 1200 311 653 6.50 097
D7 7th mesh biofilter 25 325 2598 1200 328 802 6.81 0.98
E7 Tth maturation tank 25 325 1207 1200 389 1,024 7.19 0.98
E7 7th fish tank 25 325 33132 1200 147 408 4.78 0.93
AR ath packed bed biofilter 15 25 15322 1200 256 BRG 5.84 0.95
C8 ath ﬂoatingbed biofilter 15 25 37744 1200 182 430 5.01 0.93
D3 ath mesh biofilter 15 25 G250 1200 440 G984 7.80 0.99
Es ath maturation tank 15 25 3046 1200 494 1,203 B.D4 099
Fs 5th fish tank 15 25 T468 1200 114 295 4.08 0.89
Ag ath padced bed bicfilter 15 20 46064 1200 194 511 4.67 0.90
L] ath ﬂoatingbed biofilter 15 20 D620 1200 195 538 5.19 0.93
Do ath mesh biofilter 15 20 30113 1200 529 1,209 B34 0.99
Ea ath maturation tank 15 20 29088 1200 152 427 4.47 0.90
Fg ath fish tank 15 20 10651 1200 162 418 5.00 0.93
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RESULTS AND DISCUSSION

Rarefaction curves and diversity indexes

Fifty samples obtained from the combinations involving three different
temperatures and three different salinities were analyzed. Rarefaction curves
revealed different bacterial diversity profiles. All samples of F, most of B, and
half of C showed saturated rarefaction curves, but many of D, A, and E were
less saturated (Fig. 2A). This biofilter—dependent pattern was also observed
from diversity indexes (Fig. 2B). Diversity indexes including observed OTUs
and Shannon indexes showed the bacterial diversity of fish tanks (F) was the
lowest, followed by aeration biofilters (B). Bacterial diversity was greatest in
the packed bed (A) and mesh biofilters (D) followed by the maturation tank
biofilter (E). The influences of temperature and salinity on bacterial diversity
were not clear, but the average values were somewhat lower than other
conditions concerning the lowest temperature and salinity (15° C and 20%).
Low diversity in ammonia oxidizing archaea in low temperature was reported

in the previous study (Urakawa et al., 2008).
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Fig .2. Observed OTUs and Shannon index values. (A) Rarefaction curves for
observed OTUs. Curves were presented according to biofilter types. (B) Box
plots based on diversity indexes on different tank types, temperature, and

salinity. Observed OTUs (upper) and Shannon index (lower) were shown.
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Overall diversity at phylum level

Bacteroidetes and Proteobacteria were the most abundant phyla. The
composition of each phylum ranged from 11.9% to 91.4% (average 42.2%) for
Bacteroidetes, and 7.9% to 84.0% (45.9%) for Proteobacteria, but the sums of
the two phyla were constant in the samples (67.2%-99.4%). Bacteroidetes and
Proteobacteria levels were inversely proportional to each other with
significantly high Spearman’ s rank correlation coefficient of —0.80. The high
absolute value of the coefficient with inverse correlation between two phyla
might imply a relationship between the roles of these phyla in this RAS. In a
previous study (Martins et al., 2013), Proteobacteria was the most abundant
phylum (70%-90%) and Bacteroidetes second (7%—-26%). Dissimilar to the
present study, the proportion of Proteobacteria was much higher than that of
Bacteroidetes. Minor groups with a prevalence of = 1% included
Actinobacteria (2.9%), Planctomycetes (2.0%), Nitrospirae (1.5%), and
Acidobacteria (1.0%). The compositions of these minor groups varied
markedly between samples, but the total amount of the other groups differed
according to the type of biofilter (Fig. 3B). Higher proportions of minor groups
were observed in packed bed biofilters (A; 18.4% on average), mesh biofilters
(D; 19.3%), and maturation biofilters (E. 14.0%), but were very low in fish
tank biofilters (F; 2.2%). Average abundance of the minor groups was lowest
in the lowest temperature and salt condition, but was statistically not

significant.
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Fig. 3. Taxonomic assignment results at the phylum level and for nitrifying
bacteria. (A) Two major phyla, Bacteroidetes and Proteobacteria. (B) The
other phyla. (C) Proportions of nitrifying bacteria. The taxa known to contain

ammonia— and nitrite—oxidizing bacteria are shown.
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Overall diversity in lower levels
Alphaproteobacteria (average 33.4%) and Flavobacteriia (37.3%) were the
major classes in most of the biofilters. A heat map showing bacterial diversity
at genus or higher level is presented in Fig. 4. A few taxonomic groups related
to  family  Rhodobacteraceae in  Alphaproteobacteria, and family
Flavobacterraceae 1in Flavobacteriia were very abundant in most of the
biofilters. Samples were clustered into several groups based on the patterns
of taxonomic groups. The small boxes in Fig. 4 show examples in which
similar bacterial communities were observed in the same operation period.
Large boxes in the figure depict major clusters that contain specific taxonomic
groups. Group A, B, and C contained the genus Marivita, genus Octadecabacter,
and unknown Alphaproteobacteria and family Saprospiraceae, respectively.
The C group contained more diverse taxonomic groups than other samples,
with bacteria obtained mainly from the A, D, and E biofilters. Genus
FPhaeobacter and Sediminicola were detected in high proportions in several
samples and correlated with each other. Many of these samples were from the
low temperature conditions. Sediminicola grow at low temperature; the two
species of the genus, S. arcticus and S. /uteus, have an optimum growth
temperature of 15° C and 20° C, respectively (Khan et al., 2006; Hwang et al.,
2015). Phaeobacter also contain psychotrophic members, such as P. arcticus
and P. leonis, of which optimum growth temperature was 200C and 17— 22° C,

respectively (Zhang et al., 2008; Gaboyer et al., 2013).
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Diversity and phylogenetic analysis of nitrifying bacteria
Proportions of ammonia—oxidizing and nitrite—oxidizing bacteria also showed
biofilter type—dependent patterns (Fig. 3C). Packed bed biofilter (A) and
mesh biofilter (D) harbored appreciable amounts of nitrifying bacteria.
Phylotypes related to Nitrosomonadaceae which contains most of the ammonia
oxidizing bacteria occupied 0.06%-3.56% (average 1.22%) in A biofilters and
1.19%-6.41% (average 2.80%) in D biofilters. Nitrospirae group was also
detected from 0.02%-10.56% (average 2.55%) and from 0.32%-9.45% (3.57%)
in A and D biofilters, respectively. Nitrospina, nitrite oxidizing group belonging
to Deltaproteobacteria, was detected up to 9.0% in several samples mainly
collected at the temperature and salinity condition of 15° C and 32.5%,
respectively. Nitrifying bacteria represented a significant portion of bacterial
communities (up to 16%). Packed bed and mesh biofilters were influential in
removing ammonia in RAS. All OTUs related to nitrifying bacteria were
assoclated with Nitrosomonas, Nitrospira, and Nitrospina. Major OTUs related
to nitrifying bacteria (summed amount in A, D, and E biofilters > 1%) were
used to reconstruct a phylogenetic tree (Fig. 5). The major OTUs occupied 82%
on average (50%— 100%) among the total nitrifying bacteria—related OTUs,
which implies that several OTUs are dominant in in A, D, and E biofilters. In
the case of Nitrosomonas—related group, few OTUs were detected.
New.ReferenceOTUZ207 was detected most abundantly and frequently, most
commonly at 25° C showing a temperature—dependent occurrence. The OTU
had 96.7% similarity with Nitrosomonas marina strain Nm22 (NR_104815)
isolated from the South Pacific Sea water (Koops et al., 1991), and might play
an important role in overall conditions in RAS. Nitrospina—related OTUs were
detected only in the temperature—salinity condition of 15° C and 32.5%. In
the Nitrospirae—related group, New.ReferenceOTU157, 0OTU199127,
New.ReferenceOTU135, and OTU2958053 were frequently detected in
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significant amounts. Many OTUs were distantly related with cultivated
strains. Nitrospina—related OTUs showed a 91%—-92% similarity to Nitrospina
gracilis Nb—211 (NR_104821) isolated from the Atlantic Ocean (Teske et al.,
1994). In OTUs belonging to order Nitrospirales, only one OTU
(OTU1991270) showed high similarity (99.4%) to Nitrospira marina Nb—295
(X82559) isolated from a corroded iron pipe (Ehrich et al., 1995) and the
others displaying very low similarity (87.9%-93.7%). In the Nitrosomonas—
related group, OTU112204 showed a close relationship (99.3%) with
Nitrosomonas aestuarii Nm36 (NR_ 104818) isolated from seawater of the
North Sea (Koops et al., 1991). Other OTUs showed distant relationships
(95.4%— 96.7%) with cultivated strains Nitrosomonas marina Nm22
(NR_104815), Nitrosomonas cryotolerans Nmb5 (AF272423) isolated from
the Kasitsna Bay seawater (Koops et al.,, 1991), and MNitrosospira lacus
APG3T (CAUAO01000011) isolated from sandy lake sediment (Urakawa et al.,
2015).

24



Temp 15°C 20°C 25C
Salt 20 %o | 25 %s [32.5 %d] 20 %o | 25 %o [325 %o| 20 %o | 25 %o [325 %
Type adodes|adodee]aro]e {adodedado]es|ado]eo|af s s deeladoder
5000647664 uncultured Nitrospirales bacterium Belgica2005/10-ZG-15 DQ351808
New.ReferenceOTU163 0.06%
New.ReferenceQTU157 0.27%

5003540048 uncultured Nitrospirae bacterium FlI-TR049 JQ579844

New.CleanUp ReferenceOTU37261 LI T I I TIITT oo
5001565607 uncultured bacterium sediment surface50 GQ259315
53— New.CleanUp ReferenceOTU4663 (I I LI T LTI LTI L] oo

5000011242 Nitrospira marina Nb-295 X82559
9gk OTU199127 CITTTTTTIT I TTTITTITTITTT I ossw
S002180095 Nitrospira sp. enrichment culture clone Aa01 EU055608

0OTU4349595 0.27%
97- New.ReferenceOTU170 0.25%
S002766762 uncultured bacterium LX 13 JF514224
New.ReferenceOTU135 EENEEN-ENNENNEREENNEEEREEEE
5002202627 uncultured bacterium SF NOB Ch01 HM345623
0TU2958053 (ITTITITITIT I T T TT T TTTTTT oo
8002926367 Nitrospira sp. enrichment culture clone M1-9 HQ686083
100 OTU1145070 HENERENEENENRENEENNNENRENNRRE

3000005124 Nitrospira moscoviensis (T) X82558
I_ 5000396471 Nitrosomonas eutropha (T) Nm57 AY 123795
5002291018 Nitrosospira multiformis (T) ATCC 25186 CP000103

5000998637 uncultured Nitrosomonas sp. B276 F5 EF082247
OTU265873 HENERNRENNENRERERENRREREEEE
5000737983 uncultured bacterium Nm 2.6 AM295514
New.ReferenceOTU207 EENN EENENN NENENNE NN EEERES
Nitrosomonas aestuariif Nm36 NR_104818
OTU112204 HENEEEEENNEENNNNERERERENED
5001176163 uncultured bacterium Tun3b.G11 FJ169217
OTU3950303 EEEENNEEEEEENNNEEEENNNENEE
100 New.CleanUp.ReferenceOTU35852
—— 5000414629 Nitrospina gracilis Nb-211 L35504
5003233885 uncultured bacterium B5-005 JN977323

o

%

s

o
®

o o
Ed

New.CleanUp.ReferenceOTU9912 \ | | | | | | | | ‘ | | | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ |
New.CleanUp.ReferenceOTU12896 HEEEER ENEEEEEREREENEREEE
S0037087186 Nitrospina sp. enrichment culture clone Ch12 KC706458

New.CleanUp.ReferenceOTU26278 HEEEEEEEENNENNNNNERERERENED

135 %

o o
&

o
®

(3]

IS
w

()
zol
£r
[XY)
avl

™~
)

£0

o
@

(1]

o
@

8s

=\ P U L il
@ monm Do MWk

L
£l
43
9l

Sum
~

=z -
Ratio LT8R B

Fig. 5. Neighbor joining tree and heat map of major OTUs related to nitrifying

00l
€6
08

@@
88 a

0oL

®

3

a8

3 RRRBHALEG %

0L

@
3

bacteria. Bootstrap values more than 70% are shown in the tree. Temperature,
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on the right side is an average value of each OTU per sample. The % value in
upper line at the bottom (Sum) is a sum of the ratios of major nitrifying
bacteria—related OTUs among total OTUs. The % value in lower line at the
bottom (Ratio) is a ratio of the major OTUs to the total OTUs in the nitrifying
bacteria—related OTUs
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CONCLUSION

16S rRNA amplicon sequencing revealed the bacterial diversity of a seawater
RAS in detail. Packed bed biofilters, mesh biofilters, and maturation biofilters
showed high diversities from the phylum to OTU level, and were enriched for
nitrifying bacteria through different operation conditions, implying their
significant roles in the RAS. Proteobacteria and Bacteroidetes were the major
taxonomic groups in RAS, but as shown in the three biofilters, diverse
bacterial communities and other minor taxonomic groups seemed to play

important roles and were necessary for nitrifying activity in RAS.
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CHAPTER 2. Genomic analysis of the denitrifying strain RR3—57

1solated from a seawater recirculating aquaculture system.

ABSTRACT

The strain RR3—57 was isolated from a seawater recirculating
aquaculture system and showed a 16S rRNA sequence similarity of 96.22%
compared to the Halioglobus pacificus type strain S1—=72(T), a member of the
class Gammaproteobacteria, which was identified as a denitrifying bacterium.
Here, we describe information of the draft genome sequence of RR3—57. The
RR3—57 strain has a genome of total 5,003,575 base pair (sum of contig 1:
4,847,776 bp and contig 2: 155,799 bp). For gene prediction analyses and
functional annotation, we used a Rapid Annotation using the Subsystem
Technology (RAST) pipeline. The genome contains 4,627 coding sequences,
43 tRNAs and 6 rRNAs with an average G+C content of 57.5 mol%. The strain
carried 18 predicted genes associated with denitrification. As there was no
previously reported genome sequence of the genus Halioglobus, the genomes

will show novel information in this group.
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INTRODUCTION

The genus Halioglobus in the class Gammaproteobacteria was first
proposed by (Park et al. 2012), and the genus comprises only two species,
Halioglobus japonicus and Halioglobus pacificus. Strain RR3—57 was isolated
from a biofilter of a seawater recirculating aquaculture system (RAS) in Busan,
Korea. The RASs are closed—loop facilities that treat the water within the
system, and nitrogenous wastes in these systems such as fish manure,
undigested feed can be eliminated through nitrifying and denitrifying bacteria
(Leonard et al. 2000). In nitrification process, ammonia (NHj3) is first oxidized
to nitrite (NO,), and nitrite is oxidized to nitrate (NOj) sequentially. These
nitrite and nitrate are reduced to nitrogen (Ns) or nitrogen dioxide (N,O), this
process is called denitrification. Two bacteria, H. japonicus and H. pacificus
were known to reduce nitrate to nitrogen (Park et al. 2012). The strain RR3—
57 showed 96.22% sequence similarity with A pacificus, and also it was
confirmed that the NOx removal capability. The purpose of this study was to
analyze the genome sequence of the new strain of the genus Halioglobus,

strain RR3—57.
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MATERIALS AND METHODS

Genome sequencing and assembly

The strain RR3—57 was isolated from a sludge sample collected from a
seawater recirculating aquaculture system in Busan, Korea. It was grown in
modified marine agar with 2.5% (w/v) NaCl at 25C for two weeks. Grown
colonies were gathered in a 1.5 ml tube. For washing, we add PBS buffer 1 ml
and vortex 30 seconds and spin—down, discard the buffer, leaving only pellets.
The washed cells was used by a NGS service company (Macrogen, Korea) for
sequencing and sequence assembly. PacBio system was used for sequencing

(Au et al. 2012), and HGAP3 software was used for assembly (Chin et al. 2013).

Gene prediction analyses and functional annotation
Rapid Annotation using the Subsystem Technology (RAST) pipeline (Aziz
et al. 2008) was used for gene prediction and annotation. To identify prophages,

we used a web server PHAge Search Tool (PHAST) (Zhou et al. 2011).

Phylogenetic analysis based on 16S rRNA gene sequences

For confirming taxonomic position of strain RR3—57, its 16S rRNA
gene sequence was based on. The 16S rRNA gene sequence of strain RR3—57
was compared with some sequences of the closest strains in the EzTaxon—e
database (Chun et al. 2007). To determine the phylogenetic relationships
between strain RR3—57 and other strains, a phylogenetic tree was
constructed with sequences from NCBI databases (Pruitt et al. 2007). Their
16S rRNA gene sequences were aligned using CLUSTAL W program
(Thompson et al. 1994), and the phylogenetic tree was constructed using the
neighbor—joining (Saitou and Nei 1987) method with 1000 randomly selected
bootstrap replicates using MEGA 6 program (Tamura et al. 2013).
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RESULTS AND DISCUSSION

The 16S rRNA sequences of strain RR3—57 and other closest strains
were used to generate a phylogenetic tree (figure 1). The phylogenetic tree
indicated that the strain RR3—57 belongs to the genus Halioglobus. It showed
sequence similarity less than 97% (96.22%) with Halioglobus pacificus (table
1), the strain RR3—57 should be classified as new species in the genus

Halioglobus.

Table 1. 16S rRNA sequence similarity of strain RR3—57 and other strains.

Pairwise similarity

Rank Name Strain
(%)
1 Halioglobus pacificus S1-72(T) 96.22
2 Haliea mediterranea 7SM29 (T) 95.77
3 Haliea salexigens DSM 19537 (T) 95.71
4 Halioglobus japonicus S1-36(T) 95.46
5 Chromatocurvus halotolerans ~— EG19(T) 94.75
6 Congregibacter litoralis KT71(T) 94.30
7 Luminiphilus syltensis NOR5—-1B(T) 94.03
8 Pseudohaliea rubra DSM 19751(T) 94.03
9 Oceanicoccus sagamiensis PZ—-5(T) 92.34

Showed nine closest strains on the ez—biocloud server.
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Figure 1. Phylogenetic tree of strain RR3—57 and nearest strains in NCBI

databases. It conducted based on the aligned sequences using the neighbor—

joining methods.
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Two circular contigs was formed by assembling the whole genome
sequence (figure 2). The length of each contig was 4,847,776 (contig 1) and
155,799 (contig 2) base pairs, respectively (figure 3, 4). The smaller of the
two 1s expected that a plasmid, including genome of cobalt—zinc—cadmium
resistance, programmed cell death and toxin—antitoxin systems, stress
response, etc. The whole genome has total 4,572 coding sequences. Of these,
2,015 were in subsystems (44%) and 2,557 were not in subsystems (56%) of
the RAST system (Aziz, Bartels et al. 2008). The predicted genes were
classified under 26 subsystem categories. The number of RNA genes were 49
including 43 tRNA genes and 6 rRNA genes.

The genome of strain RR3—57 encodes 18 predicted genes associated
with denitrification, such as nitric oxide reductase activation protein and
respiratory nitrate reductase (table 2). 61 genes associated with flagellar
motility were predicted, such as flagellar basal—body rod proteins, flagellar
biosynthesis proteins, flagellar motor switch proteins, flagellin proteins, etc.
Strain RR3—57 encodes 90 genes associated with stress response, such as
osmotic stress (6), cold shock (3), heat shock (16), detoxification (4),
periplasmic stress (4), oxidative stress (36), and the others (21). Also the
strain RR3—57 encodes one gene of sporulation—associated proteins with
broader functions. To identify prophages, we used PHAST. One questionable
prophage has detected in a 13.2 kb (with 47.79 % GC percentage) region
containing 13 CDS.

Strain RR3—57 contains 76 predicted genes associated with membrane
transporter systems, such as ABC transporters, cation transporters, protein
and nucleoprotein secretion systems, protein translocation across cytoplasmic
membrane, and TRAP transporters. These genes, including osmoregulation

genes would have the roles required to the strain survive in seawater.
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Figure 3. Subsystems statistics of contig 1
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Contig 2
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Figure 4. Subsystems statistics of contig 2
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Table 2. Genes associated with denitrification within the genome of RR3—57

Category Subsystem Role
Denitrification Denitrifying Nitric oxide reductase activation protein NorE
reductase Respiratory nitrate reductase alpha chain (EC 1.7.99.4)

gene clusters Nitric—oxide reductase subunit C (EC 1.7.99.7)
Nitric oxide reductase activation protein NorQ

Nitric oxide reductase activation protein NorD
Respiratory nitrate reductase gamma chain (EC
1.7.99.4)

Respiratory nitrate reductase beta chain (EC 1.7.99.4)
Respiratory nitrate reductase delta chain (EC 1.7.99.4)

Nitrous oxide reductase maturation protein NosR

Nitric—oxide reductase subunit B (EC 1.7.99.7)

Denitrification  Nitric oxide reductase activation protein NorE
Nitric oxide reductase activation protein NorD
NnrS protein involved in response to NO
Nitric—oxide reductase subunit C (EC 1.7.99.7)
Cytochrome cdl nitrite reductase (EC:1.7.2.1)
Nitrous oxide reductase maturation protein NosR
Nitric oxide reductase activation protein NorQ@

Nitric—oxide reductase subunit B (EC 1.7.99.7)
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CONCLUSION

The results of 16S rRNA gene sequence—based phylogenetic analysis,
it was confirmed that the strain RR3—57 can be a new (third) species in genus
Halioglobus. Additional tests will be needed to identify this strain. Also the
genome of the strain RR3—57 was first reported genome sequence of the
genus Halioglobus. These results will provide more information about genus

Halioglobus.
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CHAPTER 3
Genomic analysis of the denitrifying strain RR3—28 isolated

from a seawater recirculating aquaculture system.

ABSTRACT

Strain RR3—28 was isolated from a biofilter of seawater recirculating
aquaculture system. The strain showed 95.45% 16S ribosomal RNA sequence
similarity compared to the Nitratireductor basaltis type strain J3(T). The
genus Nitratireductor belongs to the class Alphaproteobacteria. N. basaltis
strain J3 was known as denitrifying bacteria, and also the strain RR3—28 was
able to reduce nitrate to nitrite, and nitrite to nitrogen. In this study, the
genome sequence of the strain RR3—28 was analyzed and compared with
genomes of other five strains which are phylogenetically closed and have
sequenced genomes. In NCBI server, there were five previously reported
genome sequences of the genus Nitratireductor including Nitratireductor
aquibiodomus, Nitratireductor indicus, Nitratireductor pacificus,
Nitratireductor basaltis and unnamed Nitratireductor sp. Z7Z—1. For gene
prediction analyses and functional annotation, Rapid Annotation using the
Subsystem Technology (RAST) pipeline was used. A contig was formed
(3,357,577 bp). The genome contains total 3,410 coding sequences and 443
RNAs. G+C content was 58.6 mol%. The strain RR3—28 carried 21 predicted
genes associated with denitrification. Phylogenetic analysis based on 16S
rRNA gene sequences indicated that the strain RR3—28 was a member of the
genus Nitratireductor, but shows low sequence similarities to Nitratireductor
basaltis J3(T) (95.45%), Nitratireductor indicus C115(T) (95.22%) and
Nitratireductor paciticus pht—3B(T) (95.15%).
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INTRODUCTION

The genus Nitratireductor is one kind of denitrifying bacteria, which
has nitrate removal capacity from nitrate —contaminated water (Nguyen et al.
2015). In this study, strain RR3—-28, a Nitratireductor—like strain isolated
from a biofilter of a seawater recirculating aquaculture system (RAS) in Busan,
Korea, was analyzed through genetic analysis. The RAS was composed of six
tanks and biofilters including fish tank, maturation tank, mesh biofilter, floating
bed biofilter, aerated biofilter, packed bed biofilter, and these facilities should
allow the reuse of the contaminated water through biological treatment (Van
Rijn 1996). We summarized the genetic features and differences between this

strain RR3—28 and the other strains in genus Nitratireductor.
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MATERIALS AND METHODS

Genome sequencing and assembly

The strain RR3—57 was isolated from a sludge sample collected from a
seawater recirculating aquaculture system in Busan, Korea. It was grown in
modified marine agar with 2.5% (w/v) NaCl at 25C for two weeks. Grown
colonies were gathered in a 1.5 ml tube. For washing, we add PBS buffer 1 ml
and vortex 30 seconds and spin—down, discard the buffer, leaving only pellets.
The washed cells was used by a NGS service company (Macrogen, Korea) for
sequencing and sequence assembly. PacBio system was used for sequencing

(Au et al. 2012), and HGAP3 software was used for assembly (Chin et al. 2013).

Gene prediction analyses and functional annotation
Rapid Annotation using the Subsystem Technology (RAST) pipeline (Aziz
et al. 2008) was used for gene prediction and annotation. To identify prophages,

we used a web server PHAge Search Tool (PHAST) (Zhou et al. 2011).

Phylogenetic analysis based on 16S rRNA gene sequences

For confirming taxonomic position of strain RR3—57, its 16S rRNA
gene sequence was based on. The 16S rRNA gene sequence of strain RR3—57
was compared with some sequences of the closest strains in the EzTaxon—e
database (Chu et al. 2007). To determine the phylogenetic relationships
between strain RR3—57 and other strains, a phylogenetic tree was
constructed with sequences from NCBI databases (Pruitt et al. 2007). Their
16S rRNA gene sequences were aligned using CLUSTAL W program
(Thompson et al. 1994), and the phylogenetic tree was constructed using the
neighbor—joining (Saitou and Nei 1987) method with 1000 randomly selected
bootstrap replicates using MEGA 6 program (Tamura et al. 2013).
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RESULTS AND DISCUSSION

By 16S rRNA sequence analysis, strain RR3—28 showed 95.45%
similarity with N. basaltis (table 1). But the phylogenetic tree indicated that
strain RR3—28 does not belong in the genus Nitratireductor and closest
related to Pseudahrensia aquimaris (figure 1). The P. aquimaris HDW—-32(T)
exhibited 95.1% 16S rRNA gene sequence similarity with N. basaltis J3(T),
and the strain HDW—32 was distinguished from representatives of the genera
Nitratireductor by differences in fatty acids and polar lipids (Jung, Park et al.
2012). Therefore, the strain RR3—28 will be able to determine the exact
taxonomic position after a series of phylogenetic, chemotaxonomic and

phenotypic analytical procedures.

53 Mitratireductor pacificus pht-38
Mitratireductor aguibiodomus JCM 21793
Mitratireductor basaltis J3

Mitratireductor indicus C115

Mitratireductor shengliensis 110399
Chelativarans intermedius CC-MHSW-5
Alithoeflea aestuarii Ma

RR3-28

37

44

a3

Pseudahrensia aguimaris HOW-32
Phyllobacterium loti S658
100 [ Phyllobacterium trifolii PETP02

Halioglobus pacificus S1-72

0.0z

Figure 1. Phylogenetic tree of strain RR3—28 and closest strains. It was
constructed based on the aligned sequences using the neighbor—joining

methods. Halioglobus pacificus S1—72 is an outgroup.
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Table 1. 16S rRNA sequence similarity of strain RR3—28 and other strains.

Nine closest strains on the ez—biocloud server were shown

Rank Name Strain Pairwise similarity (%)
1 Nitratireductor basaltis J3(T) 95.45
2 Nitratireductor indicus C115(T) 95.22
3 Phyllobacterium loti S658(T) 95.22
4 Nitratireductor pacificus pht—3B(T) 95.15
5 Pseudahrensia aquimaris HDW-32(T) 95.15
6 Nitratireductor shengliensis 110399(T) 95.08
7 Nitratireductor aquibiodomus  JCM 21793 (T) 95.01
8 Alithoeflea aestuarii N8(T) 94.94
9 Phyllobacterium trifolii PETPO2(T) 94.87

45



One circular contig was obtained by assembling the whole genome
sequence (figure 2). The length of the contig was 3,357,577 bp. The G+C
contents were 58.6 and 53.2 mol%, respectively.

The genomes have the capacity to code for a total of 3,410 predicted
genes (figure 3). In annotation results of contig 1, the genome contains 3,410
coding sequences and 43 RNAs. A total of 2,331 genes were assigned to
putative functions, and the remaining 1,079 genes were annotated as
hypothetical proteins. The predicted genes were classified under 26

categories.

y d‘"'l"‘ Vs g

]

1650000

Figure 2. Circular map of contig 1: Marked characteristics are shown from
outside to the center: CDS on forward strand, CDS on reverse strand, GC

content and GC skew.
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The genome of strain RR3—28 contains 21 predicted genes associated

with denitrification, such as nitrous oxide reductase—related proteins (table 2).

Table 2. Genes associated with denitrification within the genome of RR3—28

Category Sybsystem

Role

Denitrification Denitrifying
reductase

gene clusters

Respiratory nitrate reductase alpha chain (EC 1.7.99.4)
Nitrous oxide reductase maturation periplasmic protein NosX
Nitrous oxide reductase maturation protein, outer —membrane
lipoprotein NosL

Nitrous oxide reductase maturation protein NosD

Nitrous oxide reductase maturation protein NosF (ATPase)
Respiratory nitrate reductase gamma chain (EC 1.7.99.4)
Respiratory nitrate reductase delta chain (EC 1.7.99.4)
Respiratory nitrate reductase beta chain (EC 1.7.99.4)

Nitrous oxide reductase maturation protein NosR

Nitrous oxide reductase maturation transmembrane protein
NosY

Nitrous—oxide reductase (EC 1.7.99.6)

Denitrification

NnrS protein involved in response to NO

Nitrous oxide reductase maturation periplasmic protein NosX
Nitrous oxide reductase maturation protein, outer —membrane
lipoprotein NosL

Nitrous oxide reductase maturation protein NosD

Nitrous oxide reductase maturation protein NosF (ATPase)
NnrU family protein, required for expression of nitric oxide
and nitrite reductases (Nir and Nor)

Nitric oxide -—responding transcriptional regulator NnrR
(Crp/Fnr family)

Nitrous oxide reductase maturation protein NosR

Nitrous oxide reductase maturation transmembrane protein
NosY

Nitrous—oxide reductase (EC 1.7.99.6)
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Strain RR3—28 encodes five predicted genes associated with motility
and 15 genes for Gene Transfer Agent (GTA). Twenty—one genes associated
with resistance to antibiotics and toxic compounds were predicted, such as
beta—lactamase, mercuric reductase, cobalt—zinc—cadmium resistance protein,
multicopper oxidase, etc. Strain RR3—28 encodes 86 predicted genes
assoclated with stress response, including osmotic stress, detoxification, cold
shock, heat shock, oxidative stress, periplasmic stress, etc. Strain RR3—28
encodes 79 predicted genes associated with membrane transport system such
as ABC transporters, cation transporters, TRAP transporters, protein
secretion system Type II, protein and nucleoprotein secretion system Type IV,
protein translocaion across cytoplasmic membrane. Due to these genes, this
strain would have been able to survive in frequently condition—changed
seawater RAS facility. To identify prophages, PHAST was used. One intact
prophage was identified in a 15.8 Kb (with G+C content 61.2 mol%) region
containing 22 CDS (table 3).
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Region 1
Region length 15.8 Kb
Completeness(score) intact (120)

Specific keyword

terminase, portal, head, capsid, tail

Region position

824712-840539

Total protein number 22
Phage hit protein number 14
Hypothetical protein percentage 8
Phage+hypo protein percentage 100%
Bacterial protein number 0
Phage species number 9

Most common phage name

(hit genes count)

PHAGE_Paraco_vB_PmaS_IMEP1_NC_026608 (4)
PHAGE_Rhodob_RcRhea_NC_028954 (4)
PHAGE_Roseob_1_NC_015466(4)
PHAGE_Entero_phiP27_NC_003356 (3)
PHAGE_Geobac_GBK2_NC_023612(3)
PHAGE_Paenib_Fern NC_028851(2)
PHAGE_Shigel SfIV_NC_022749(2)
PHAGE_Rhodob_RcapNL_NC_020489(2)
PHAGE_Pseudo_Pq0_NC_029100(2)
PHAGE_Entero_SfI NC_027339(2)
PHAGE_Tetras_SI1_NC_020861(2)
PHAGE_Paenib_Xenia_NC_028837(2)
PHAGE_Bacter_Rani_NC_029084(2)
PHAGE_Idioma_1N2_2_NC_025439(1)
PHAGE_Nitrin_1M3_16_NC_024217 (1)
PHAGE_Salmon_ST64B_NC_004313(1)
PHAGE_Vibrio_vB_VpaS_MAR10_NC_019713(1)
PHAGE_Strept_mul_6_NC_007967 (1)
PHAGE_Azospi_Cd_NC_010355 (1)
PHAGE_Xantho_Xp10_NC_004902(1)
PHAGE_Sodali_SO_1_NC_013600(1)
PHAGE_Siphov_YD_2008.s_NC_027383(1)
PHAGE_Colwel_9A_NC_018088(1)
PHAGE_Feldma_species_virus_NC_011183(1)
PHAGE_phiJL.O01_NC_006938(1)
PHAGE_Bacter_Sitara_NC_028854 (1)
PHAGE_Burkho_KS9_NC_013055 (1)
PHAGE_Pseudo_YMC11/02/R656_NC_028657 (1)
PHAGE_Bacter_Diva NC_028788(1)
PHAGE_Caulob_CcrRogue_NC_019408 (1)
PHAGE_Xantho_OP1_NC_007709 (1)
PHAGE_Vibrio_pYD38_B_NC_021561(1)
PHAGE_Rhizob_16_3_NC_011103(1)
PHAGE_Paenib_HB10c2_NC_028758(1)
PHAGE_Entero_mEp460_NC_019716(1)
PHAGE_Shigel_SfII. NC_021857 (1)
PHAGE_Tetras_S20_NC_020840(1)
PHAGE_Burkho_phi1026b_NC_005284 (1)
PHAGE_Gordon_GTE6_NC_028665 (1)

First most common phage number 4
First most common phage percentage 18.18%
CG percentage 61.20%

Table 3. Detail information of a prophage detected in the genome of RR3—28
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Heretofore, five Nitratireductor strains, N. basaltis, N. indicus, N.
pacificus, N. aquibiodomus and Nitratireductor sp. ZZ—1, have been sequenced
and validated (Lai et al. 2012; Lai et al. 2012; Singh et al. 2012; Danish—
Daniel et al. 2014; Chen et al. 2015). Compared with other strains, strain
RR3—-28 showed lowest values in all categories such as genome size, G+C

content, number of CDS and subsystems (table 4).

Table 4. Assembly and annotation results of strain RR3—28 and other strains

in genus Nitratireductor.

Strain Genome G+C DS Subsyste RNAs
size content ms
RR3-28 3,513,368 58.3 3,410 416 43
N. aquibiodomus RA22 4592790 61.3 4,495 448 53
N. pacificus pht—3B 4466205 65.5 4,292 450 50
N. basaltis UMTGB225 3551806 59.8 3,482 433 50
N. indicus C115 4992479 60.9 4,948 458 48
Nitratireductor sp. ZZ=1 5195657 64.1 5,004 456 48

The functional profile of the six Nitratireductor species annotated with
the SEED databases is presented in figure 5. These strains in genus
Nitratoreductor showed a similar trend in the overall. Strain RR3—-28 indicated
low values for most categories, but it is most similar to the N. basaltis than the
other strains. In addition, RR3—28 and N. basaltis had similar genome size
which was shorter than that of the other strains. Also on the ezbiocloud
database (www.ezbiocloud.net/), 16S rRNA sequence of strain RR3—28
showed the closest homology with N. basaltis. There results indicated that the
strain RR3—28 shares more genomic features with N. basaltis than with other

strains in genus Nitratireductor.

51



600

500
400
300
200
0 || ||| || ||| | "l || | || |I|| "I Il I“ Il ..| Il Ill I| mll In TR |
5 H & O P 2 e e RG] e RS )
%\\&&%& $ &5\ 0\\%@ & &Q«i S O&\bz <8 Q%Q\ 6\\%@‘&@@\@@0\\@ & o.\\§ S & O\\Q& \\(,@6@5 6\\4(‘\ &S
FFFS FLEF LSRR ES L LT F PP D FF PO
F P et Q€ \‘)OQ & @ & R <& N (9@. L ELE c & & '&\Q &S
S P& Ko @A Wl R WV e F S &SR
o° O S SRR PSR F IS &S P
& &0 C & P SSRGS & TEF L F S O
& W & N B & SR S g o &
° 0:§ R oL SO & > & &
N N £ \&&Q’ ngq © > %Qo Q
& & N '500 k) &(bo
.\’b@ <@ @?‘}’ &
S ‘@%
& K
& g
& .
¢ <5
Q\\
B RR3-28 B N. basaltis UMTGB225 ® N. aquibiodomus RA22
N. pacificus pht-3B B N. indicus C115 B Nitratireductor sp. ZZ-1
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CONCLUSION

Strain RR3—28 1s a denitrifying bacterium derived from seawater
recirculating aquaculture system. The genome sequence analysis of strain
RR3—-28 will provide more knowledge about differences between this strain
and the other strains in genus Nitratireductor. To be a novel species belonging
to a genus Nitratireductor or Pseudahrensia or novel genus, further studies

identifying this bacterium are required.
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Bacterial diversity in a seawater recirculating agquaculture
system (RAS) was investigated using 165 rRNA amplicon
sequencing to understand the roles of bacterial communities
in the system. The RAS was operated at nine different com-
binations of temperature {15°C, 20°C, and 25°C) and salinity
{20%0, 25%e, and 32.5%.). Samples were collected from five
or six RAS tanks (biofilters) for each condition. Fifty samples
were analyzed. Profeobacterin and Bacteroidefes were most
commeon (sum of both phyla: 67.2% to 99.4%) and were in-
versely proportional to each other. Bacteria that were present
at an average of = 1% included Actinobacteria (2.9%) Plancto-
mycetes (2.0%), Nitrospirae (1.5%), and Acidobacteria (1.0%);
they were preferentially present in packed bed biofilters, mesh
biofilters, and maturation biofilters. The three biofilters showed
higher diversity than other RAS tanks (aerated biofilters, flo-
ating bed biofilters, and fish tanks) from phylum to opera-
tional taxonomic unit (OTU) level. Samples were clustered
into several groups based on the bacterial communities. Major
taxonomic groups related to family Rhodobacteraceae and
Havobacteriaceae were distributed widely in the samples. Se-
veral taxonomic groups like [Saprospiracene], Cylophagaceae,
Octadecabacter, and Marivifa showed a cluster-oriented dis-
tribution. Phacobacter and Sediminicola-related reads were
detected frequently and at low temperature, Nitri-
fying bacteria were detected frequently and abundantly in
the three biofilters. Phylogenetic analysis of the nitrifying bac-
teria showed several similar OTUs were observed widely
through the biofilters. The diverse bacterial communities and
the minor taxonomic groups, except for Proteobacteria and
Bacteroidetes, seemed to play important roles and seemed
necessary for nitrifying activity in the RAS, especially in packed
bed biofilters, mesh biofilters, and maturation biofilters.
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Introduction

Recirculating aquaculture systems (RASs) have been recog-
nized for their potential in aquaculture as a way of overco-
ming limited water supplies, increasing production capacity,
reducing heat loss, and minimizing waste effluent {Losordo
and Hobbs, 2000).

Carbon and nitrogen compounds from fish manure and un-
digested feed are metabolized in a RAS by diverse microbial
communities. Carbon compounds are degraded by hetero-
trophic bacteria and nitrogen-containing organic compounds
are degraded with nitrogen released as ammonia. Even low
levels of ammonia are a detriment in aquaculture; lethal con-
centrations, expressed as median 96 h LC50, of 1.7 mg/L for
seabass and 2.5-2.6 mg/L for seabream and turbot (Ruyet ef
al., 1995). Ammonia is converted to nitrite, which is converted
to nitrate, by ammonia- and nitrite-oxidizing bacteria, respec-
tively. Most studies have focused on the role of biofilters in
mediating nitrogen cycles (Schreier ef al, 2010) with the aim
of reducing ammonia concentration in the fish tank. Little
is known of the overall bacterial diversity in RAS. A recent
study that used bar code pyrosequencing to investigate the
overall diversity of RAS bacterial communities used to rear
turbot [ Scophthalmus maximus) and sole (Solea senegalensis)
demonstrated differences in the bacterial communities in
the two systems (Martins ef al., 2013).

Using a combination of bar code primers and high through-
put sequencing, it is possible to obtain thousands of 165 rRNA
gene sequences per sample from dozens of samples, which
allows the determination of uncultured bacterial diversity in
given environments {Binladen &f al., 2007). We applied 165
rRNA gene amplicon sequencing to investigate the bacte-
rial diversity in an experimental RAS system rearing convict
groupers (Epinephelus septemfasciafus). Knowledge of bac-
terial diversity depending on operating conditions is impor-
tant to enhance the design and operational efficiency of bio-
filters, but the data are limited. We investigated the bacterial
diversity in different biofilter types during different operating
conditions of salinity and water temperature in an experimen-
tal RAS using 165 rRNA gene amplicon sequencing.

Materials and Methods

RAS operational conditions

The RAS used in this study is depicted schematically in Fig. 1.
In the packed bed biofilter (A; 1.5 m length, 0.8 m width, and
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