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Abstract: The effects of hydraulic retention time (HRT) and influent nitrate-N concentration on
nitrogen removal and the microbial community composition of an aerobic denitrification reactor
treating recirculating marine aquaculture system effluent were evaluated. Results showed that over
98% of nitrogen was removed and ammonia-N and nitrite-N levels were below 1 mg/L when
influent nitrate-N was below 150 mg/L and HRT over 5 h. The maximum nitrogen removal
efficiency and nitrogen removal rate were observed at HRT of 6 or 7 h when influent nitrate-N was
150 mg/L. High-throughput DNA sequencing analysis revealed that the microbial phyla
Proteobacteria and Bacteroidetes were predominant in the reactor, with an average relative total
abundance above 70%. The relative abundance of denitrifying bacteria of genera Halomonas and
Denitratisoma within the reactor decreased with increasing influent nitrate-N concentrations. Our
results show the presence of an aerobically denitrifying microbial consortium with both expected
and unexpected members, many of them relatively new to science. Our findings provide insights
into the biological workings and inform the design and operation of denitrifying reactors for marine
aquaculture systems.

Keywords: HRT; nitrogen removal, microbial community; recycling aquaculture; aerobic
denitrification

1. Introduction

Nitrogenous contamination of surface waters is a serious environmental problem, causing
eutrophication of rivers, lakes, and near-shore marine environments [1,2] and raising the likelihood
of toxic algal blooms in receiving waters [3,4]. Accumulation of nitrogenous wastes is also a problem
in aquaculture systems [5], posing toxicity to cultured organisms [6-9]. Microbially mediated
nitrification in biofilters is commonly used to convert ammonia-N to nitrite-N and further to nitrate-
N [10]. In recirculating aquaculture systems (RASs), however, the low rate of water replacement may
lead to the accumulation of nitrate-N in rearing water, to concentrations as high as 400-500 mg/L [11],
bringing about the need for conversion of nitrate-N to N2 via denitrification.

The denitrification process in biological treatment of wastewater is affected by environmental
conditions [12-14]. In particular, dissolved oxygen (DO) concentration, temperature, C/N ratio,
carbon source, pH, nitrate loading rate, and hydraulic retention time (HRT) affect the performance
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of the aerobic denitrification process [15-18]. Although it was long thought that denitrification would
not occur in the presence of oxygen, subsequent experiments have since demonstrated that aerobic
denitrification is indeed mediated by a broad range of microbes, especially in environments with
fluctuating oxygen concentrations and available reduced carbon [19]. These factors have also been
linked to nitrite-N and ammonia-N generation and their accumulation in the denitrification reactor
[20,21]. Because most denitrifying bacteria are heterotrophic, an external carbon source is often
applied as a substrate and an electron donor to facilitate cell growth and nitrate-N reduction
[11,22,23]. Methanol, ethanol, and sodium acetate are commonly used in laboratory- and industrial-
scale biological wastewater treatment processes [24], and can be directly applied into the treatment
process [25]. Despite considerable advances in promoting effective denitrification in freshwater
systems [26-29], there is less information on the performance of denitrification systems in water with
high salinity, including wastewater from marine aquaculture systems. Both nitrification and
denitrification were achieved by the sequential use of a batch reactor treating low-salinity shrimp-
production wastewater under aerobic and anaerobic conditions [30,31]. Borges et al. [32] showed both
the aerobic and anaerobic denitrification ability of a Pseudomonas bacterium isolated from a marine
RAS. Gutierrez-Wing et al. [33] showed effective denitrification using four polyhydroxybutyrate
media at different levels of salinity, dissolved oxygen and nitrate-N. Zhu et al. [34] suggested that the
presence of salinity (25% vs. 0%) could improve the nitrate-N removal efficiency and stability of a
poly-butanediol succinate (PBS)-supported aquaculture denitrification system. With increasing
development of the marine aquaculture sector, further investigation of the effects of environmental
factors on nitrogen removal, accumulation of intermediates, and characterization of the microbial
community in high-salinity recirculating aquaculture wastewater is timely.

The microbiota active within biofilms attached to the media within biofilters mediate the
denitrification process. Our understanding of the functional dynamics of the microbial communities,
while still incomplete, is advancing with the application of molecular microbial identification
techniques [35]. Due to its presence in most microbes and its slow rate of evolution [36], the 165 rRNA
gene is widely used for the classification and molecular identification of microbes. Using the
approach, Michaud et al. [37] showed that the microbial community in a biofilter differed from that
in the rearing water of an aquaculture system. Keuter et al. [38] showed that the nitrite-oxidizing
community in a biofilter consists of at least two representatives of genus Nitrospira. Huang et al. [39]
collected samples from nine biofilters at five commercial recirculating aquaculture facilities with
three different biofilter types, and showed the high abundance and diversity of nitrifying bacteria
across these systems. Rud et al. [40] showed that microbial communities differed between culture
water and bioreactor biofilms and between salinities in salmon production systems. Brailo et al. [41]
showed distinct, diverse microbial communities in a commercial inoculant and in nitrifying and
denitrifying biofilters. Reviewing the literature, Ortiz-Estrada et al. [35] suggested the use of
metagenomic 16s rRNA data to gain a deeper understanding of the functional profiles of microbial
communities in aquaculture systems. With the ongoing development of biofiltration technology and
increased knowledge of microbial diversity, there have been reports of new microbes utilizing
different nitrogen removal pathways, including nitratation, nitrifier denitrification, anaerobic
ammonium oxidation (anammox), and combined pathways [42], including aerobic denitrification
[15-20]. Using the metagenomics of the 16S rRNA gene for microbial community analysis of
autotrophic denitrification, Zhang et al. [43] showed that the abundances of genera Azoarcus, Thauera,
and Aliidiomorina were positively related to the aeration rate.

Hypothesizing that biofilter loading and hydraulic retention time (HRT) would directly affect
the microbial community structure and function and hence the biofilter efficacy, the objectives of the
present study were: (1) to evaluate the nitrogen removal performance of an aerobic denitrification
reactor treating recirculating marine aquaculture system effluent under different influent nitrate-N
concentrations and HRTs, and (2) to characterize the microbial community in the aerobic
denitrification reactor using 165 rDNA sequencing technology. Our findings offer useful information
about microbial responses to operational factors and enhance our understanding of the denitrification
processes for the treatment of marine aquaculture wastewater.
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2. Materials and Methods

2.1. The Aerobic Denitrification Reactor

A schematic diagram of the experimental marine recirculating aquaculture system is shown in
Figure 1. The bioreactor column was fabricated with an internal diameter of 12 cm and height of 25
cm, with a total volume of 2.8 L. The working volume in the bioreactor was 2.2 L, with a height of
19.5 cm. The Kaldness-1 packing (Dynamic Aqua Science, Inc., Laguna Beach, CA, USA) used in the
bioreactors had a density of 0.96 kg/m? and a specific surface area of 850 m?/m?, occupying 40% of the
reactor volume. Wastewater was fed to the reactor from the bottom of the reactor using a peristaltic
pump. The hydraulic retention time (HRT) was adjusted according to the requirements of a particular
experimental phase. An air compressor supplied air through an air stone placed at the bottom of the
reactor, with dissolved oxygen (DO) concentrations ranging from 5.0 to 7.0 mg/L. The temperature
of the reactor was controlled at 25 + 1 °C by a water bath. The pH value was approximately 7.8, and
the salinity was about 35%.
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Figure 1. Schematic diagram (not to scale) of the denitrification assembly.

2.2. Experimental Design

The reactor was inoculated with aerobic denitrifying bacteria, Halomonas venusta, isolated by
Jiang et al. [44]. Prior to the trial, the reactor, with a theoretical hydraulic retention time (HRT) of 4 h,
was operated for two weeks to achieve stable performance. Generally, after the effluent nitrate-N and
total nitrogen concentration were stable for at least for three days, the operational mode was changed
to meet the requirements of the following experimental phase (Table 1). Recirculating marine
aquaculture wastewater was from Laizhou Mingbo Aquatic Co., Ltd. (Laizhou, China). The desired
nitrate-N input concentration was produced by adding analytical grade NaNOs (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China). Preliminary tests of alternative carbon sources
(glucose, sodium succinate, and trisodium citrate; unpublished data) upon the performance of
Halomonas venusta [45] showed that the highest denitrification rate was obtained using acetate. Hence,
approximately 0.5, 1.0, or 1.5 g/L analytical grade sodium acetate (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) was added as the main source of organic carbon, to make sure the C/N ratio
was around 6/1.
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Table 1. Operational parameters for the respective experimental phases.

. Times Influent nitrate-N
Experimental Phase ! (d) (ml/?nin) Concentration (mg/L) HRT (h)

H4_N50 1-40 9.16 50 4
H5_N50 41-64 7.33 50 5
H6_N50 65-88 6.11 50 6
H7_N50 89-112 5.23 50 7
H5_N100 113-136 7.33 100 5
H6_N100 137-160 6.11 100 6
H7_N100 161-184 5.23 100 7
H5_N150 185-208 7.33 150 5
H6_N150 209-232 6.11 150 6
H7_N150 233-255 5.23 150 7

1 H refers to hydraulic retention times in hours, and N to nitrate concentration in mg/L.

2.3. Water Samples and Quality Analysis

Ammonia-N, nitrite-N, nitrate-N, and total nitrogen concentrations in the influent and effluent
were measured every other day according to Standard Methods [46]. A YSI 85 probe (DO200, YSI,
Inc., Yellow Springs, OH, USA) was used to determine temperature, and dissolved oxygen (DO). The
pH was measured using a pH 100 m (YSI, Inc.).

2.4. DNA Sample and DNA Extraction

For DNA extraction and microbial community analysis, 50 g of Kaldness K1 polyethylene media
with biofilm was collected from the aerobic denitrification reactor at the end of each experimental
phase. Huang et al. [39] evaluated several methods—such as vortex, shaker, and sonication—to
collect the biofilm. Following those findings, the Kaldness K1 polyethylene media was sliced into
small pieces, shaken in a shaker, and centrifuged [39]. Deoxyribonucleic acid was extracted using the
Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s
instructions. The V3-V4 hypervariable region of the 16S rRNA gene was amplified from genomic
DNA using the primers 338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-
GGACTACHVGGGTWTCTAAT-3") for bacteria and archaea [47,48]. The PCR amplification
conditions for bacterial 16S rRNA genes were as follow: initial denaturation at 95 °C for 3 min; 35
cycles of denaturation (95 °C; 30 s), annealing (55 °C; 30 s), and extension (72 °C; 1 min); and a final
elongation (72 °C, 10 min). The PCR products (3 mL) were purified by 2% agarose gel electrophoresis.
After purification, the products were quantified, and a barcoded library comprised of the products
of the respective treatments was prepared. Amplicons from the samples were sequenced using the
Illumina-MiSeq platform at Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
Raw sequencing reads were deposited in the NCBI Sequence Read Archive database with accession
no. SUB5923142.

2.5. Processing of Sequencing Data

Raw FASTQ files were quality-filtered using Trimmomatic [49] and merged using the Fast
Length Adjustment of Short Reads [50] computational tool. The reads were first truncated at sites
receiving an average quality score of <20 over a 50-bp sliding window. Sequences whose overlap was
longer than 10 base-pairs (bp) were merged according to their overlap with no more than a 2-bp
mismatch. Sequences of each sample were separated according to barcodes (exactly matching) and
primers (allowing 2 nucleotide mismatches), and reads containing ambiguous bases were removed.

Operational taxonomic units (OTUs) were first clustered with a 97% similarity cutoff using
UPARSE version 7.1 [51] with a novel ‘greedy’ algorithm that performs chimera filtering and OTU
clustering simultaneously, and then the chimeric sequences were identified and removed using
UCHIME [52]. Trimmed reads were subsampled according to the minimum reads number of the 10
data groups for bacteria or archaea, and the OTU numbers were recalculated. The phylogenetic
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affiliation of each 16S *RNA gene sequence was analyzed using the RDP Classifier (version 2.2)
algorithm [53] against the Silva (Release 132, http://www.arb-silva.de) 165 rRNA database using a
confidence threshold of 70%. In order to compare the variability of each sample fairly at the same
sequence depth, reads were normalized from each high-throughput dataset for further analysis [54];
read numbers were normalized to the 21,333 reads obtained from sample H4_N50 for further analysis
of data from each high-throughput data run.

2.6. Statistical Analysis

Alpha diversity indices—including the observed number of Operational Taxonomic Units
(OTUs), community richness indices (observed richness-Sobs, abundance-based coverage estimator—
ACE, and Chaol), community diversity indices (Shannon and Simpson), community evenness indices
(Shannoneven and Simpsoneven) and Good’s community coverage indices (coverage)—were calculated
using MOTHUR project software [55]. Heatmap analysis was conducted using the R package
“heatmap”. A weighted UniFrac distance metric [56] was calculated for p-diversity comparison
across microbial communities; principal components analysis (PCoA) was used based on the Bray—
Curtis dissimilarity using the vegan package in R (v. 3.5.1).

Detrended correspondence analysis (DCA) [57] was applied to indicate the best methodology
for finding the main factors that influence community composition. Redundancy analysis (RDA) [58]
was carried out using the vegan package in R (v. 3.5.1). The environmental variables with variance
inflation factors (VIF) < 10 were selected. Both DCA and RDA were performed using CANOCO 4.5
for Windows software (Microcomputer Power Co., Ithaca, NY, USA) to reveal the correlations
between the microbial community and operational parameters. Gephi0.9.1 software
(https://gephi.org/) and the Fruchterman and Reingold [59] algorithm were used to create a graphical
network showing microbial interactions and correlations of the abundances of microorganisms with
process parameters [47,48].

2.7. Statistical Analyses

The volumetric nitrate-N conversion rate (NRR; mg-N-m=3-d'), and nitrate-N removal efficiency
(NRE; %) were calculated [25,60] as follows:

1440-Q- (NO3 _Ninf_NOS_NEff)

RR =
N Vmedia (1)
NRE = 100222 Ninf ~N0sNefy @)
NO3—Njnf

where nitrate-Ni (mg N/L) is the nitrate-N concentration in the influent, nitrate-Nes(mg N/L) is the
nitrate-N concentration in the effluent, Q is total flow passing through the biofilter (L-min-1), and
Vmedia is the media volume (m3). We determined the nitrate removal rate only after a new stable
condition was established for a particular set of operating conditions. Repeat measurements were
performed when we calculated NNR and NRE. While a nitrogen balance approach is often used for
the characterization of the denitrification performance of a bacterium, it is not suitable for
characterizing the performance of an aerobic bioreactor, as it is problematic to sample N2 when an air
diffuser is used in the reactor.

All data were analyzed statistically via one-way ANOVA using SPSS 22.0 (IBM Corporation,
Armonk, NY, USA). A probability level of 0.05 was used to assess the statistical significance of
differences among means.

3. Results

3.1. Performance of Nitrogen Removal

The effects of four HRTs and three nitrate-N loadings on performance of the denitrification
reactor are shown in Table 2 and Figure 2. After 40 days of biofilter acclimation, the effluent nitrate-
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N concentrations decreased from 4.04 + 0.49 to 0.31 + 0.24 mg/L in the denitrification reactor (Table
2). When influent nitrate-N concentrations were approximately 50 mg/L (as in phases H4-7_N50),
over 92% of nitrate-N was removed. Increasing influent nitrate-N to 100 mg/L (phases H5-7_N100)
resulted in the effluent nitrate-N sharply increasing to 10.63 + 0.91 mg/L, but nitrate-N removal
efficiency changed indistinctively. However, when influent nitrate-N was above 150 mg/L (phases
H5-7_150), the effluent NO2-N concentration increased substantially, and the total nitrogen and
nitrate-N removal efficiencies were only 81.3% and 93.5%, respectively.

The nitrate-N removal performance of the CH:COONa-supported denitrification reactor under
hydraulic retention times of 4, 5, 6, or 7 h with different influent nitrate-N concentrations is shown in
Figure 2. As expected, increasing HRT led to decreasing effluent nitrate-N concentrations and
increasing nitrate-N removal efficiencies. Through the whole operating period, the majority of
effluent NH4-N concentrations were under 1 mg/L and large nitrite-N accumulations were observed
in H4_N50, H5_N100 and H5_N150. To maximize nitrogen removals in the aerobic denitrification
process, the results showed an optimum HRT of 5 h at 50 mg/L and 6 h at 100 and 150 mg/L influent
nitrate-N concentrations. After increases in nitrate-N loading, the biofilters generally took several

days to bring effluent nitrogen species to equilibrium conditions; the one exception was treatment
H5_N150.
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Figure 2. Long-term nitrogen removal performance of the denitrification reactor at different hydraulic
retention times (H, in hours) and influent nitrate-N concentrations (N, in mg/L).
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Table 2. Long-term performance of the denitrification process under different experimental conditions.! TN = total nitrogen, NRE = nitrate-N removal efficiency,

and NRR = volumetric nitrate-N conversion rate.

A " P
Nitrate-N mm.oma Nitrate-N N1t1:1te N Dissolve TN in No. of
. -Nin . in Temperatur . . NRE NRR
Sample in Influent in Effluent d pH Salinity Effluent e Sample
(mg/L) Effluent (mg/L) Effluent e Oxveen (mg/L) (%) (g'N-m3d?) s
(mg/L) (mg/L) 8
0.43 + 6.39 + 7.87 + 34.21 + 92.90
H4 N50 50.23+1.74 0.18+0.42 4.04+0.49 0.53 25.56 +0.28 0.16 0.05 0.03 448 +1.01 % 697.39 +27.75 20
031+ 6.38 + 7.88 + 34.18 + 99.38
d d b
H5 N50 52.69+221 0.16+025 0.31+0.24 0,145 25.60 + 0.29 0.15 0.07 0.05 0.62+0.21 % 625.09 +25.19 12
031+ 6.39 + 7.87 + 34.21 + 99.42
d d c
H6_N50 52.14+157 0.18+026 0.29+0.24 0.142 25.56 + 0.29 0.17 0.06 0.04 0.61+0.21 % 511.96 + 19.72 12
0.31+ 6.48 + 7.88 + 34.18 £ 99.38
d d d
H7_N50 52.66+158 0.21+0.09 0.31+0.24 0.140 25.60 +0.33 0.16 0.08 0.06 0.63+£0.21 % 442 51 +16.55 12
H5_N10 102.32 + 10.63 £ 991 + 6.39 + 7.87 + 34.31 + 20.54 + 99.51 1094.98 +
0 3.61 0.23:+0.08 0.91° 1.014 2556 £0.30 0.18 0.07 0.15 1.42¢ % 51.25¢ 12
H6_N10 100.83 + 047 + 6.48 + 7.86 + 34.38 + 99.55
— d d f
0 423 0.22+0.11 045+0.31 0.31s 25.58 +0.31 0.17 0.09 027 0.92+0.46 % 973.49 +41.68 12
H7_N10 100.61 + 041+ 6.39 + 7.87 + 34.21 + 99.56
- 21+0.1 44 +0.344 25.56 +0.31 .85 +0.534 .07 +£31.92 12
0 3.99 021+0.10 0.44+0.3 0,340 5.56 0.3 0.19 0.08 0.06 0.85+0.53 % 855.07 +31.928
H5_N15 152.85 + 183 6.48 + 7.88 + 34.18 + 28.09 + 93.50 1718.56 +
0 471 018+041 975£337 5. 2560+028 0.18 0.10 0.08 4,93 % 54.91h 12
H6_N15 150.43 + 0.51 + 6.39 + 7.88 + 34.21 + 99.74 1512.22 +
— d d
0 239 0.19+£0.12 0.39+0.32 0.240 25.56 +0.32 0.20 0.10 0.07 0.91+£0.35 % 44,99 12
H7 N15 151.35 + 0.29 + 6.48 + 7.87 = 34.18 + 99.75 1285.52 +
- 0.18+0.39 0.37 +£0.294 25.61 +0.28 0.66 +0.264 ) 12
0 3.28 - - 0.26° * 0.19 0.09 0.09 * % 29,35

! Different superscripts within a column denote significant differences (p < 0.05) among groups based on one-way ANOVA.
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3.2. Microbial Community Analysis

3.2.1. Richness and Alpha Diversity Analyses of Bacterial Communities

To assess the biological response of the biofilters to different HRTs and nitrate-N loadings, we
characterized the microbial communities of each experimental phase after the effluent of the reactor
at that phase had been stable for at least three days. The average read length of high-quality sequence
tags was 395 bp. The DNA sequences obtained (Table 3) captured most of the bacteria present, based
on high values of Good’s coverage index (>99%), indicating that almost all the OTUs of the reactor
were observed in the sequencing results. Rarefaction curves of all samples arrived at the plateau
phase, supporting this interpretation. We conclude that the results of the diversity analysis had high
reliability.

We evaluated three metrics of species richness. The mean numbers of species observed, Sobs, was
215 for treatments with nitrate-N of 50 mg/L, 213 for treatments of 100 mg/L, and 179 for treatments
of 150 mg/L. Sobs was 174 for the one treatment with an HRT of four hours; mean Sobs values were 213
for treatments of 5 h and 204 for those of 6 or 7 h. The mean abundance-based coverage estimator,
ACE, was 247.5 for treatments with nitrate-N of 50 mg/L and 245.6 for those of 100 mg/L, and 211.6
for those of 150 mg/L. ACE was 198 for the one treatment of HRT = 4, with means of 248.9, 244.5, and
234.3 for those of HRT of 5, 6, or 7 h, respectively. The mean Chaol index was 251.0 for treatments of
150 mg/L nitrate-N, 242.2 for those of 100 mg/L, and 210.0 for those of 150 mg/L. Chaol was 214.6 for
the one HRT = 4 treatment, a mean of 246.1 for HRT = 5, 238.9 for HRT = 6, and 230.3 for HRT =7 h.
The total numbers of species and bacterial diversity differed among the experimental phases. The
Chao 1 estimator indicated that the biofilm in phase H6_N50 had the greatest species richness,
especially in comparison to that in phase H6_N150, which showed the smallest.

Among two metrics of species diversity, i.e., accounting for differences in relative abundance of
the respective species, the Shannon index was higher (about 3.63) under 50 or 100 mg/L influent
nitrate-N than that (about 3.35) when influent nitrate-N was 150 mg/L, suggesting that the microbial
community diversity decreased with increasing influent nitrate-N concentration. Simpson diversity
indices (about 0.05) were somewhat lower for phases with 50 or 100 mg/L than for those with 150
mg/L (about 0.069). Shannon diversity indices were lower at lower HRTs (about 3.6) than at HRT =7
h (about 3.4). Similarly, Simpson indices were lower at lower HRTs (about 0.05) than at HRT =7
(0.067). Both the Shannoneven and Simpsoneven indices were higher for H4 N50 than for other
treatments. Clearly, changes in the mode of operation of the biofilter affected the microbial diversity.
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Table 3. Analysis of adequacy of sampling and richness and diversity of the microbial community.

Sample Reads Coverage Richness Diversity Evenness
Sobs ACE Chao Shannon Simpson Shannonewen  Simpsotieven
H4_N50 21,333 0.998 174 198.5 214.6 3.62 0.047 0.739 0.140
H5_N50 21,568 0.998 215 247.7 247.2 3.77 0.042 0.692 0.072
H6_N50 31,914 0.997 259 302.5 299.5 3.92 0.036 0.705 0.079
H7_N50 22,379 0.998 211 2414 242.5 3.27 0.075 0.607 0.046
H5_N100 25,098 0.998 217 255.6 248.5 3.61 0.055 0.660 0.053
H6_N100 27,859 0.997 197 239.8 233.1 3.53 0.061 0.666 0.053
H7_N100 24,728 0.998 227 253.1 245.0 3.74 0.041 0.694 0.079
H5_N150 22,255 0.998 207 243.4 242.6 3.60 0.055 0.669 0.057
H6_N150 26,958 0.998 156 191.1 184.0 3.26 0.069 0.633 0.062
H7_N150 24,170 0.998 174 200.3 203.3 3.19 0.085 0.608 0.041

Metrics for all samples were normalized to the 21,333 reads for Sample H4_N50.

9 of 21
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3.2.2. Bacterial Community Composition at the Phylum and Genus Levels

The microbial communities present in each experimental phase—characterized at the phylum,
class, family, and genus levels—are shown in Figure 3. Fourteen main phyla were detected in the
DNA sequences recovered from biofilms from the respective experimental phases. Phyla detected
(Figure 3a) included Proteobacteria (53-69%), Bacteroidetes (5.6-28%), Epsilonbacteraeota (0.6-18%),
Cloacimonetes (0.2-16.4%), Spirochaetes (1.7-5.4%) and Firmicutes (1.3-10.7%). The phylum
Proteobacteria dominated each sample, while the relative abundances of the other respective phyla
differed. The relative abundance of Firmicutes was high in phase H4_N50, and decreased with longer
HRT. Meanwhile, other phyla with members that participate in the nitrogen cycle, such as
Planctomycetes [54], increased in relative abundance in the reactor.

To gain a deeper understanding of the effects of changing bioreactor operating conditions, the
microbial community was characterized at the genus level. As illustrated in Figure 3b, heatmap
analysis showed distinctions in the community structure among the respective experimental phases.
In the first phase (H4_N50), the bacterial community was rather distinctive, as indicated by its
location in the most basal branch of the heatmap cluster analysis. This community was distinct in
terms of low relative abundance of genera Desulfopila, Desulfobacter, and Azoarctus, families
Prolixibacteraceae, Lentimicrobiaceae, and Desulfobacteriaceae, and phylum Bacteriodetes; and
higher relative abundance of genera Fusibacter and Desulfovibrio. That is, its sulfur-reducing and
nitrogen-fixing communities in H4_N50 were distinct from those in other experimental phases. The
overall community then changed, but remained comparable with subsequent operating conditions.
Focusing on bacteria affecting nitrogen processing, Halomonas and Azoarcus were abundant and
clustered in the community heatmap analysis across all phases. The genera most frequently identified
among the 10 experimental phases were Cohaesibacter, Marinobacter, and Halomonas, which have been
found in marine environments [61,62]. The most dominant genera in phase H4 N50 were
Rhodobacteraceae (13.7%), Fusibacter (8.0%), and Halomonas (6.6%), while the dominant ones changed
to Cohaesibacter (17.7%) and Labrenzia (7.1%) in H7_N150. Marine Rhodobacteraceae are key players in
biogeochemical cycling and show a versatile physiology to survive in a highly variable marine habitat
[63] and account for a large percentage of bacterioplankton communities [64-66]. Fusibacter plays an
important role in a process that reduces elemental sulfur, but not sulfate, thiosulfate, or sulfite into
sulfide [67]. Sulfate-reducing bacteria, such as Desulfovibrio, Desulfobacter, Desulfobacteraceae, and
Desulfotignum, were present in all experimental phases, presumably because of the high sulfate
concentration in seawater. The proportion of Labrenzia increased with HRT and nitrate-N loading,
which suggested the stability of the biofilm. Priyanka et al. [68] proposed the production of a sulfated
exopolysaccharide (EPS) by Labrenzia sp. PRIM-30; many marine bacteria produce EPS as a strategy
for adhering to solid surfaces, survival, and growth under adverse conditions. Halomonas, which we
inoculated into the reactor, accounted for only 2% of observations at the end of the first phase,
H4_Nb50, and its relative abundance increased with nitrate-N removal. In addition, some Halomonas
species have been shown to be able to perform denitrification to gain energy through the processing
of nitrate-N to nitrogen [45,69,70].
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Figure 3. (a) Taxonomic classification of microbes at the phylum level within the biofilter in the
respective experimental phases. (b) Heat map of the top 30 genera in each phase, representing the
relative abundance and distribution of the representative 16S rRNA sequences at the genus level. Heat
map colors correspond with the relative abundance of each phylogenetic group, ranging from blue
(low abundance), to yellow, to red (high abundance).
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3.2.3. Community Composition and Response to Environmental Variables

Principal coordinates analysis (PCoA) of the relative abundance of OTUs at the genus level
showed how the composition of bacterial communities changed among experimental phases.
Proximity of points representing the respective treatments in principal coordinates space (Figure 4a)
indicates that their phylogenetic compositions were more similar to one another than to those of
treatments shown at more distant locations. The first (PC1) and the second (PC2) components
accounted for 29.94% and 18.94% of the variability in community composition, respectively,
explaining just less than half of the variability observed. These results showed four distinct microbial
community assemblages during the succession through experimental phases. As shown in Figure 4a,
these communities were more similar if they shared the same HRT as opposed to the same N-loading,
especially in experimental phases that showed stable nitrate-N removal. These observations imply
that microbial community composition was related not only to HRT and nitrate-N loading, but also
to having attained equilibrium in nitrogen removal performance.

RDA analysis was further used to analyze the relationship between the relative abundance of
predominant bacteria (at the genus level) and the operational variables (HRT, nitrate concentration
and NRR) (Figure 4b). The pattern of relative abundances of genera within the temporal succession
of experimental phases in the RDA results were similar to those shown by PCoA. The lengths of the
arrows show the extent to which the relative abundance of dominant genera is explained by
operational variables. Variation in the operational variables drove the presence of ten most dominant
genera in the bacterial communities of the respective samples. The angles of the vectors indicated
that the genera were closely related with HRT, nitrate concentration and NRR. HRTs were associated
with high relative abundances of Halomonas, Cohaesibacter, Marinobacter, Arcobacter, and Desulfobacter,
and with relatively good bioreactor performance. Figure 4b again shows that nitrogen removal was
most affected by HRT, and that process efficiency was negatively correlated with influent nitrate-N
concentration.
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Figure 4. Correlation analysis for microbial communities. (a) Principal coordinates analysis (PCoA)
of microbial communities of 10 samples. The operational taxonomic units (OTU) were identified by
16S rRNA gene sequencing. Phylogenetic distances between samples were determined using the
Bray-Curtis algorithm. (b) Redundancy analysis (RDA) illustrating relationships between operational
variables (HRT, nitrate concentration, and NRR), and dominant genera.

4. Discussion

4.1. Process Performance

We tested the effects of four hydraulic loading times and three nitrate-N loadings on the
effectiveness and microbial community composition of an aerobic denitrification reactor. We noted
that, with a prolonged operation time, nitrogen removal became more complete and relatively stable,
a result similar to those of earlier studies. Using a moving bed biofilm reactor, Zinatizadeh and
Ghaytooli [71] showed that the reactor could achieve higher TN removal efficiency when HRT was
increased from 4 to 8 h. Wang and Wang [72] and Ovez et al. [73] showed that lower HRT caused
effluent nitrate-N and nitrite-N to rise, results that are similar to those of our study. Zhu et al. [74]
showed that increasing HRT led to increased organic loading, hydraulic loading, and liquid shear,
which benefit biofilm formation and the growth of aerobic denitrifying bacteria. Although an increase
in HRT might allow the bacterial population to degrade organic substrates and lead to high nitrate-
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N removal efficiency, it is also responsible for the high release of dissolved organic carbon and
ammonium [26]. Hence, it is crucial to choose an appropriate hydraulic retention time to complete
the aerobic denitrification process.

Meanwhile, Qiu et al. [75] found that when the influent nitrate-N concentration increased with
limited HRT, the result was insufficient nitrate-N removal and the accumulation of nitrite-N. In our
study, massive accumulation of nitrite-N was found with 150 mg/L influent nitrate-N concentration
with a limited HRT of 4 h. Kérner et al. [76] believed that the presence of high nitrate-N concentration
inhibited the activity of nitrite-N reductase (Nirs) in Pseudomonas stutzeri, resulting in accumulation
of nitrite-N in a chemostat. Higher effluent nitrate-N and nitrite-N might result from shorter HRT
and higher influent nitrate-N concentration due to the dissimilatory nitrate-to-ammonia process
(DNRA). Effluent ammonia-N generated by DNRA was observed in the reduction of nitrate-N during
the denitrification process [77,78]. Denitrovibrio sp. was isolated as a representative of a microbial
population reducing nitrate-N to nitrite-N and then to ammonia-N [79]. In our experiments, however,
the frequency of occurrence of Denitrovibrio was <0.001% in low-HRT treatments H4_N50, H5_N100
and H5_N150, but more than 1% in high-HRT treatments H6_N50 and H6_N100, where it
presumably helped reduce nitrite-N accumulation and promote nitrate-N removal. At a practical
level, it would be preferable to operate a biofilter with a short HRT, as it could save space and time.
Alternatively, HRT could be lengthened by increasing the size of the biofilter, and some previous
studies [80,81] have used that approach for RAS systems operated in areas where regulatory
standards for discharge of nitrogen is regulated.

The characteristics of carbon sources have major effects upon important aspects of the
denitrification process, including denitrification rate and accumulations of intermediate products
[82]. Among possible substrates, CHs:COONa can be used directly and without modification by most
denitrifying bacteria [83,84]. Our results revealed maximum nitrogen removal efficiency in treatment
H7_N150 and nitrogen removal rate in H6_N150 (Table 2). Moreover, we found that the proportion
of the bacterium Labrenzia sp., which can produce exopolysaccharides to improve stability of biofilm
and increase its growth [68], was significantly higher in treatments H6_N150 and H7_N150. Carbon
and nitrogen sources have to cross the biofilm-liquid interface and be transported through the
biofilm to reach the microbial cells and to be consumed [85]. Other research has reported decreased
permeability with increasing biofilm thickness [77,86]; although the rise of Labrenzia may increase
biofilm thickness, we did not find correspondingly decreased biofilm activity.

4.2. Microbial Community Structure

To understand the biological factors underlying the relative effectiveness observed in our
denitrifier, we characterized the microbial communities within the respective experimental
treatments. At the phylum level, our DNA sequencing results revealed that different microbial
community compositions are related to changes in system operating conditions, including relative
abundances of key denitrifying bacteria and other functionally important microorganisms. More than
70% of the sequences that we identified were members of the phyla Proteobacteria and Bacteroidetes,
which predominated in the reactor with average relative abundances of 61.9% and 15.3%,
respectively. Both of these are widely reported as including denitrifying bacteria [87,88],
predominant phyla commonly found in activated sludge systems [89], as well as microbes with many
other functions. Our findings parallel those of Chu and Wang [77], who found that Proteobacteria
contributed over 80% of the total bacterial sequences in a fixed bed bioreactor filled with the
biopolymer polycaprolactone (PCL). Proteobacteria and Bacteroidetes accounted for 62.7% and 20%
in an integrated solid-phase denitrification biofilter (SDNF) using KNOs and PCL as the main sources
of nitrate-N and organic carbon, respectively [27]. The major functional role of Bacteroidetes is to
break down macromolecules, which is important for hydrolyzation and the utilization of solid carbon
sources [90].

Within the microbial communities that we characterized, the presence of some taxa would be
expected (e.g., Halomonas, Denitromonas, Denitrovibrio, Azoarcus) due to their utilization of nitrogen
species for metabolism. Yet, many taxa metabolized substrates other than nitrogen species or with
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unknown function, reflecting the workings of a microbial consortium. Observation of some taxa
within the community was surprising, e.g., Colwellia (an extremophile for cold temperatures),
Arcobacter (a common sulfur-oxidizing and dissimilatory nitrate reduction to ammonia bacterium
[91,92]; most members of the genus are not halophiles), and Fusibacter and Acholeplasma (some
members of the genera are pathogens). Both aerobic (e.g., Halomonas, Arcobacter, and
Flavobacteriaceae) and anaerobic taxa (e.g., Neptunomonas, Desulfotignum, and Clostridiales) were
present within the same biofilter, the anaerobes presumably within anaerobic microhabitats. Our
ability to interpret interactions among members of the microbial community was limited by the
developing state of knowledge of marine microbiology. Many species (e.g., Celeribacter marinus [93]),
genera (e.g., Neptuniibacter, gen. nov. [94], Xanthomarina, gen. nov. [95]), and even families
(Prolixibacteraceae, fam. nov. [96], Salinivirgaceae, fam. nov. [97]) are recently described, and some
sequences in our dataset cannot be linked to formally described species (e.g., HTCC5015 and several
“unclassified” microbes). For many taxa, substrates and metabolic pathways are poorly known or
unknown (e.g., Marincella, Shimia, and Izimiaplasmataceae). Applied research needs to clarify the
correlations between microbial interactions and process stability, and reveal the mechanisms
underlying stability of biofilter function. We observed that species richness and diversity declined at
higher N loadings and increased with HRT (Table 3). We presume that more diverse, species-rich
microbial communities with greater functional redundancy might prove more robust to changes in
operating conditions, and hence would more reliably process nitrogenous and other aquaculture
waste products. This view would suggest design of denitrification biofilters to operate at nitrate-N
loadings of <100 mg/L and HRTs of as much as 5 h. That time is too long for many practical
applications, and shortening of HRT has been achieved by use of granules [98], a technical possibility
that we did not evaluate.

At the genus level, the relative abundances of key microorganisms clearly differed among
reactors in our and previous studies. Many Desulfovibrio, Tolumonas, Brevinema, and Ideonella species
are efficient degraders of high molecular-weight organic substrates into short-chain fatty acids and
other low molecular-weight soluble compounds [99]. Marinobacter are hydrolyzing and fermenting
bacteria, which degrade aliphatic and polycyclic aromatic hydrocarbons as well as acyclic isoprenoid
compounds [100]. We found 18% and 9% frequencies of occurrence of Marinobacter and Desulfovibrio
species, respectively, which can incompletely oxidize compounds such as volatile fatty acids and
lactate to acetate [100,101]. Genera Desulfobacter and Desulfopila are sulfate-reducing bacteria, some
species of which can reduce nitrate-N or nitrite-N to ammonia-N [102], driving the dissimilatory
nitrate-to-ammonia process in the reactor. Desulfobacter and Desulfopila were detected in a constructed
wetland to which starch/polylactic acid blends were added to support denitrification [103].
Denitratisoma was found capable of complete denitrification of wastewater [104,105]. We observed
both Halomonas and Denitratisoma in our reactor, whose frequencies decreased with increasing
influent nitrate-N concentration. Further characterization of the metabolic functions of particular
microbes would advance insights into the significance of the presence and relative abundances of
particular microbes in biofiltration systems.

5. Conclusions

We quantified the effects of hydraulic retention time (HRT) and influent nitrate-N concentration
on nitrogen removal and microbial community composition of an aerobic denitrification reactor at a
bench scale. Our results showed that increased HRT and the reduction of influent nitrate-N
concentration promoted the denitrification process, with HRT having the stronger effect on aerobic
denitrification process and microbial community composition. Our results show that it is critical to
choose a suitably long hydraulic retention time in order to complete the aerobic denitrification
process. To assess the functional biological underpinnings of biofilter function, we employed DNA
sequencing analyses, which revealed the complexity of community structure and the presence of key
denitrifying bacteria, explaining the high nitrate-removal performance and the low nitrite-N
accumulation displayed by the bioreactor. These results suggest that greater community species
diversity and richness promote more complete degradation of nitrogenous wastes. Our findings
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highlight the role of environmental variables upon denitrification, operator control of which is critical
for managing bacterial community structure and fostering process efficiency. Assessment of a
commercial-scale aerobic denitrification reactor operated under practical conditions is needed in
future study. Our results will inform the design, evaluation, and operation of practical aquaculture
biofiltration systems, especially those for saltwater production.
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