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Abstract: There have been many studies on single strains in wastewater treatment and a new synthetic
microbial community was prepared in this study, which provides a reference for the application of
heterotrophic nitrification-aerobic denitrification in actual wastewater treatment. The growth period
distribution of the composite bacteria was determined by plotting growth curves with different sole
nitrogen sources, and the influence of the carbon source, carbon to nitrogen ratio (C/N) ratio, pH,
and temperature on ammonia removal by the composite heterotrophic nitrifying-aerobic denitrifying
strain was investigated. The optimal conditions for the heterotrophic nitrification process were
sodium citrate as the carbon source, a C/N ratio of 10, a pH of 7, and a temperature of 30 °C, and
only trace amounts of nitrate and nitrite were observed during the process. When the sequencing
batch reactor (SBR) of a pig farm wastewater treatment plant was inoculated with the synthetic
microbial community, the average removals of the chemical oxygen demand (COD) and ammonia
nitrogen in the effluent were 92.61% and 20.56%, respectively. From the results, the synthetic microbial
community was able to simultaneously perform heterotrophic nitrification-aerobic denitrification
indicating great potential for full-scale applications.

Keywords: synthetic microbial community; ammonium; heterotrophic nitrification; aerobic
denitrification; livestock wastewater

1. Introduction

In recent years, the livestock and poultry breeding industry has gradually moved towards
specialized and large-scale centralized feeding methods [1]. Compared with traditional distributed
breeding, large-scale breeding can significantly improve production efficiency, reduce production costs,
and increase economic benefits. The development of large-scale farms has also led to an increase in
the amount of livestock and poultry manure runoff, which has placed tremendous pressure on the
ecological water environment. Livestock and poultry aquaculture wastewaters contain large amounts
of suspended solids, COD, nitrogen, and phosphorus, which cause the eutrophication of water bodies
and water pollution. In China, the COD and total nitrogen from the livestock wastewater account for
96% and 38% of the total agricultural wastewater, respectively [2]. In addition, the wastewater usually
varies considerably in concentration and volume during different seasons or under management
processes. Livestock and poultry wastewaters are not a commonly considered pollutant but contain
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abundant resources, including phosphorus and potassium, and the current comprehensive utilization
efficiency of livestock and poultry wastewater in China is less than 60% [3,4]. By promoting the
utilization of excreta and urine resources, livestock and poultry breeding wastes can become valuable
products, such as biogas, organic fertilizer, and reclaimed water, which can effectively alleviate the
shortage of agricultural resources in China and control non-point source pollution [5]. Efficient and
economical livestock and poultry breeding industry wastewater treatment methods are urgently
needed to achieve sustainable development in the modern swine breeding industry and environmental
protection [6].

To remove these pollutants, biological methods are preferred in consideration of operational
ease and cost [7]. A promising process called biological nitrogen removal treatment can partially and
effectively dispose of both the solid and liquid fractions of manure [8]. However, there have been
periodic reports on anaerobic ammonium oxidation [9] and aerobic denitrification [10], indicating that
although aerobic biological processes have been applied to treat livestock and poultry breeding industry
wastewaters effectively, the nitrification—denitrification process has presented challenges due to the
long time required, high cost, and difficulty of management [11]. For instance, the cost of floor space
and construction for the nitrification—denitrification method is high, and nitrifying bacteria grow slowly,
so different conditions are required [12]. The sludge treatment process is cumbersome and easily causes
secondary pollution and additional costs. Therefore, a more economical and convenient biological
process isnecessary [13]. The academic research on livestock and poultry breeding industry wastewaters
has mainly aimed to develop a new biological nitrogen removal process and to cultivate superior
strains to degrade high-concentration ammonia nitrogen wastewater. Since Robertson et al. discovered
that Thisphaera pantotropha had heterotrophic nitrification ability in 1985, researchers have discovered a
variety of heterotrophic nitrifying microorganisms with nitrification activity in soil, sludge, lake water,
and the deep sea [14]. Studies have found that the heterotrophic nitrification process of T. pantotropha
requires energy consumption. Unlike autotrophic nitrifying bacteria, T. pantotropha does not accumulate
NO;™-N when ammonia is oxidized under aerobic conditions [15]. With the discovery of heterotrophic
nitrification-aerobic denitrification bacteria, the theory and technology of biological nitrogen removal
have made important breakthroughs. Heterotrophic nitrification-aerobic denitrification has attracted
extensive attention as a new type of biological nitrogen removal technology [16]. Compared with
traditional biological nitrogen removal, the heterotrophic nitrification-aerobic denitrification process
has higher removal efficiency of nitrogen and COD and less nitrous oxide production [17]. This process
can realize the unification of nitrification and denitrification in the same time and space, greatly
simplifying the process of traditional biological nitrogen removal, and therefore save operating and
infrastructure costs [18]. At present, simultaneous nitrification-denitrification technology is a new
method of nitrogen removal.

Removal widely occurs in the natural environment and has been successfully realized in oxidation
ditches, SBR reactors and other systems [19]. Significantly, studies have shown that changes in factors
such as the carbon source, dissolved oxygen, floc characteristics, and sludge concentration affect the
reaction process in simultaneous nitrification and denitrification [20]. Studies have shown that many
bacteria, actinomycetes, fungi, and even algae have heterotrophic nitrification capabilities. Fungi, such
as Aspergillus flavus [21], Penicillium sp. [22], Verticillium sp. [23], Absidia cylindrospora [24], etc. are
considered to be the most abundant and most efficient heterotrophic nitrifying microorganisms [25];
lactobacillus, such as Mycobacterium, Nocardia, Micromonospora, and algae, such as Chlorella, salt
algae, Phaeodactylum tricornutum [26] also perform heterotrophic nitrification. Furthermore, many
heterotrophic bacteria, such as Pseudomonas [27], Alcaligenes sp. [28], Arthrobacter sp. [29], and Alcaligenes
faecalis [30] can oxidize ammonia nitrogen to nitrite nitrogen or other states [31].

As mentioned above, many single-species heterotrophic nitrification-aerobic denitrifying
microorganisms and their characteristics have been discovered thus far. The synthetic microbial
community can couple their efficiency, work together, and have strong environmental adaptability,
and their treatment effect is better than that of single microorganisms. Nevertheless, information on
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the combined treatment effects and characteristics of these strains is still very limited. The purpose of
this study was to develop an ammonia nitrogen degradation composite composed of heterotrophic
nitrification-aerobic denitrifying strains, determine its reaction characteristics and its application
in livestock wastewater treatment, and provide an experimental basis and theoretical support for
future applications.

2. Materials and Methods

2.1. Media and Reagents

The beef extract peptone medium consisted of the following components: beef cream 3 g-L 71,
peptone 10 g-L 7!, and NaCl 5 g-L~!. The heterotrophic nitrification medium was composed of NH,Cl
0.38 g-L_l, C4HyNay,O4 5.62 g-L_l, and 50 mL Vickers salt solution. The denitrification medium was
made up of KNO3 0.72 g-L ™!, C;H4Nay0, 2.80 g1, KH,PO, 1 g' L1, MgSO4-7H,0 1 g-L 1, and 2 mIL/L.
trace element solution. The BTB (bromothymol blue) medium contained KNO; 1 g-L~!, L-asparagine
1 g'L7!, NazCsHs507.5H,0 8.50 g-L 7!, KH,PO, 1 gL 7!, MgSO,7H,0 1 g-L~!, CaCl, 0.20 gL},
FeCl3-6H,0 0.05 g-L 7!, and 5 mL/L 1% thymol blue. The LB (Luria”Bertani) medium consisted of
peptone 10 g-L. 7!, yeast extract 5 g-'L. ™!, and NaCl 5 g-L 1.

The Vickers salt solution contained KH,PO,4-3H,0 6.5 g-L_l, MgSO,4-7H,02.5 g-L_l, NaCl 2.5 g-L_l,
FeSO4-7H,0 0.05 g-L’l, and MnSO,4-7H,0 0.04 g-L’l. The trace element solution [32] contained EDTA
50 gL !, CaCl, 5.5 g-L71, ZnSO,4 2.2 g1, CuSO,4-5H,0 1.57 gL 71, FeSO4-7H,0 5.0 g-L !, CoCly-6H,O
1.61 gL 7!, and MnCly-4H,0 25.06 g-L 7.

All the media mentioned above were adjusted to an initial pH of 7.0 to 7.2 and sterilized at 121 °C
and the pressure of 0.12 MPa for 20 min.

2.2. Screening and Identification of Heterotrophic Nitrifying-Aerobic Denitrifying Strains

To obtain a high-purity single strain, it was necessary to treat pig farm sludge. Pig farm biogas
slurry samples and aerobic sludge samples (10 mL) were collected, separated, efficiently transferred to
a 250 mL flask containing sterilized 0.90% NaCl solution (90 mL) and glass beads and, then, shaken at
200 rpm to obtain a uniform bacterial suspension. The solution was, then, subjected to gradient dilution,
and the resulting solution was inoculated on beef extract peptone medium in an incubator at 30 °C.
Through five consecutive enrichment cultures, different single colonies were picked for separation
and purification and then inoculated in 100 mL, which was efficiently separated into heterotrophic
nitrifying liquid medium. The change in the concentration of ammonia nitrogen in the culture was
qualitatively tested to complete the initial screening by observing the colour change of the Nessler
reagent. Then, the obtained suspensions of different concentrations were uniformly coated on the
surface of BTB medium and placed in a constant-temperature incubator to verify whether there was
aerobic-denitrification activity.

The strains obtained by the primary screening were rescreened, and four strains with preferable
COD degradation ability and denitrification performance were selected as the target strains and
inoculated onto an inclined surface at 4 °C. The screened strains were subjected to Gram staining and
observed by optical microscopy [33]. Single colonies were picked and cultured in a liquid medium
to log phase, and the culture solution was used for genome extraction. The 165 rRNA sequences of
the strains, amplified by universal primers 27F and 1492R, were submitted to NCBI for comparative
analysis with GenBank data.

The strains selected from the biogas slurry and the aerobic sludge were prepared at a ratio of
1:1:1:1, which corresponded to the best COD degradation and denitrification performance.

2.3. Configuring the Synthetic Microbial Community and Measuring Its Growth Curve

The synthetic microbial community was transferred to NM liquid medium and cultured at 30 °C
and 150 r/min for 24 h. The ammonia nitrogen removal efficiency reached an average of 91.32% at 24 h.
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To determine the changes in the growth curve of the complex strain under different nitrogen
sources, NH4Cl, KNOs3, and NaNO, were selected as the only nitrogen source digestion media. During
cultivation, the concentration of the synthetic microbial community, the nitrogen source concentration,
and the COD concentration in the reactor were measured. The concentration of the strain was
determined by regular measurements of ODgg, which is the absorbance of the bacterial suspension at
a wavelength of 600 nm. The absorbance and the time were taken as the ordinate and the abscissa,
respectively, to plot the growth curves of the synthetic microbial community, which were fitted by
exponential growth curves.

2.4. Effect of Different Factors on Heterotrophic Nitrification-Aerobic Denitrification

To analyse the effect of different carbon sources on heterotrophic nitrification, glucose, sodium
acetate, sodium succinate, and potassium sodium tartrate were selected as electron donors for the
synthetic microbial community. In the experiment, the components, other than the carbon source and
the nitrogen source in the NM medium, composed the basal medium. For convenience of analysis, the
nitrogen source added to the medium was only ammonia nitrogen, and the carbon source to be tested
was separately added to maintain a carbon to nitrogen ratio (molecular ratio) of 10.

A bevelled surface stored in a refrigerator at 4 °C was used as the source of the strains, and
rings were picked into an Erlenmeyer flask containing 100 mL of NM fluid medium. The strains
were cultured for 24 h under aerobic shaking at 30 °C and 150 r/min. The culture conditions were as
described above.

To analyse the effect of the C/N ratio on heterotrophic nitrification, glucose was the only carbon
source, and the fixed nitrogen source concentration was 156.14 mg-L™! in the experiment. The carbon
to nitrogen ratio (C/N) was changed by adjusting the carbon source concentration so that the C/N ratio
was 1, 4,7, 10, or 13. The strains were cultured in liquid medium at 30 °C and 150 r/min for 24 h under
aerobic shaking.

To determine the optimum environmental pH or pH range of the synthetic microbial community,
the pH was set to 5 different values. In this experiment, the effects of pH values of 5, 6, 7, 8, and 9 on
the growth of the strains were studied.

The heterotrophic nitrification-aerobic denitrification strain was activated in culture medium until
reaching log phase. The bacterial suspension was centrifuged at 8000 rpm for 10 min. The supernatant
was removed and resuspended in sterile water, and this procedure was repeated 3 times. The
sterilized bacterial suspension was added to a 250 mL conical flask containing 100 mL of heterotrophic
nitrification medium and cultured at 20 °C, 25 °C, 30 °C, 35 °C, or 40 °C with a rotating speed of 150
rpm. After culturing in a shaking bed for 24 h, the culture solution was centrifuged to remove the cells,
and the supernatant was diluted to determine the ammonia nitrogen concentration.

2.5. Optimizing the Proportion of Strains Used to Prepare the Synthetic Microbial Community

The synthetic microbial community was activated in the LB medium to prepare a heterotrophic
nitrification-aerobic denitrification medium. According to the above experiment regarding the effects
of different factors on heterotrophic nitrification-aerobic denitrification, the culture conditions were
set to a carbon source of glucose, the C/N ratio of 10, pH of 7, the temperature of 30 °C, and rotation
speed of 150 rpm. The ratios of the synthetic microbial community are shown in Table 1. After 48 h
of culture, the supernatant taken from bacterial fluid centrifuged at 8000 rpm for 5 min was used to
determine the concentration of ammonia nitrogen, and the results were compared with the results for
the blank group.
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Table 1. The ratio of the synthetic microbial community.

Ratio Pseudomonas sp.  Sphingobacterium sp. Bacillus sp. Acinetobacter sp.
1 1 1 1 1
2 1 1 1 2
3 1 1 2 2
4 1 2 1 2
5 1 2 2 1
6 1 1 1 3
7 1 2 1 3
8 1 1 2 3
9 1 2 2 3

2.6. Application of the Synthetic Microbial Community for Pig Farm Wastewater Treatment

The wastewater came from a pig farm located in Chongqing, China, and the main pollutants
contained in the manure sewage of the pig farm were organic matter, suspended matter, and ammonia
nitrogen which is a high-concentration component of organic wastewater. The average flow efficiency
was 2.5 m3/d, and the COD concentration and ammonia nitrogen concentration of the influent water
were 1.5 g-L.”! and 1 g-L 7!, respectively. The synthetic microbial community were added to the SBR
reactor to remove the COD; the ammonia nitrogen reaction cycle was 12 h, including 9 h of influent
flow and 3 h of precipitation, and the wastewater was discharged once every two cycles. The length,
width, and height of the SBR reactor were 2400, 1000, and 1100 mm, respectively. Sludge loading and
the sludge concentration were 0.15 kgCOD/kgMLSS-d and 4.0 kgMLSS/L, respectively. The range
of the DO (dissolved oxygen) concentration threshold is relatively wide and is not clearly defined.
In this experiment, the concentration of DO in the feed water was controlled on average to about 0.001
gL 7! to control its stability. Experimental wastewater collection began on August 29, and COD and
ammonia removal efficiency monitoring ended on October 10. The startup mode can be divided into
asynchronous startup and synchronous startup according to the startup steps. The pH and temperature
of the SBR reactor were approximately pH 7 to 8.2 and 30 °C, respectively. Samples were taken from
the tank for the measurement of ammonia and COD in the influent and the effluent, and the data
presented in this study were obtained after bioaugmentation.

2.7. Analytical Methods

pH was measured by a PHS-3B precision pH meter. Ammonium, nitrate, nitrite, and total nitrogen
were measured by standard methods [34]. Ammonium was determined by the Nessler’s reagent
spectrophotometric method [35]. Nitrite was determined by the N-(1-naphthalene)-diaminoethane
photometry method. Nitrate was measured by the ultraviolet spectrophotometric method [36], and
the total nitrogen was measured by alkaline potassium persulfate digestion-UV spectrophotometry.
The COD was measured by a closed reflux colorimetric method. Bacterial growth was monitored by
monitoring the optical density at 600 nm (ODgqp) using a spectrophotometer. The removal efficiency
of ammonia nitrogen in the heterotrophic nitrification-aerobic denitrification process was calculated

using Equation (1):
m = (G1-C)/c; X 100% 1)

where C; is the corresponding concentration of ammonia nitrogen at time t; in mg-L~! and C; is the
corresponding concentration of ammonia nitrogen at time t in mg-L 1.

The removal efficiency of nitrate in the heterotrophic nitrification-aerobic denitrification process
was calculated using Equation (2):

Ny = N1—N2)/N; X 100% 2)
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where N is the corresponding concentration of nitrate at time t3 in mg-L~! and N is the corresponding
concentration of nitrate at time t; in mg-L~!.

The removal efficiency of COD in the heterotrophic nitrification-aerobic denitrification process
was calculated using Equation (3):

N3 = (D1-D2)/D; X 100% 3)

where Dy is the corresponding concentration of COD at time t5 in mg-L~! and D, is the corresponding
concentration of COD at time t, in mg-L~!. Larger values of 11 1, 17 5, and 7 3 implied a higher capability
of nitrogen and contaminant removal.

The 165 rRNA gene sequences of the strains were amplified by using the genomic DNA as the
template and 16S rRNA universal primers [37]. The purified PCR products were sequenced and
compared with the published data in GenBank by using BLAST [38].

3. Results and Discussion

3.1. Isolation and Identification of the Strains

After the separation, purification, and rescreening of the fifteen strains, four heterotrophic
nitrifying strains were picked and named SBR-2, P6, SBR3-2, and SBR-1. The SBR-2 colony was pale
yellow with a wrinkled, moist and translucent surface and irregular rectangular edges, and single
colonies were short rod shaped. The P6 colony bulged with a shiny surface and milky white and
opaque folded edges, and single colonies were rod shaped. The SBR3-2 colony was round and opaque
and had a moist surface, and single colonies were long and rod shaped. The SBR-1 colony was yellow
with a smooth and moist surface and neat edges, and single colonies were rod shaped.

The genomes of the four heterotrophic nitrifying strains were used as templates to carry out
PCR amplification, and partial 16S rRNA fragments of the four strains of bacteria were obtained.
A neighbour-joining tree based on the 16S rRNA gene sequences was constructed to show the
phylogenetic positions of SBR3-2, SBR-1, SBR-2, P6, and representatives of some other related taxa.
Bootstrap values (expressed as percentages of 1000 replications) are shown at the branch points; the
scale bar represents 0.02 substitutions per nucleotide position. The measured sequences were compared
to nucleic acid sequences in the GenBank database. By comparing the results and morphological
characteristics mentioned above, strains SBR-2, P6, SBR3-2, and SBR-1 were identified as Pseudomonas
sp., Acinetobacter sp., Bacillus sp., and Sphingobacterium sp., respectively, and their sequence similarities
were all over 99%. An NJ tree was constructed using MEGA 7.0.26 (Figure 1).

The synthetic microbial community was prepared from the four strains at a ratio of 1:1:1:1. Under
conditions of 30 °C and 150 r/min for 24 h, the ammonia nitrogen removal efficiency of the synthetic
microbial community reached an average of 91.32%.
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Figure 1. Phylogenetic tree based on 16S rDNA sequences of the isolates and related standard bacteria.
3.2. Growth Curves of Different Unique Nitrogen Sources

Microbial growth and reproduction mainly proceed via several stages, i.e., the adaptation,
logarithmic, stable, and decay stages [39]. To understand the growth cycle of the synthetic microbial
community, the growth curve of the synthetic microbial community cultured in nitrification medium
with NH4Cl as the sole nitrogen source for 24 h was calculated and is shown in Figure 2; the removal
efficiencies of ammonia nitrogen and COD were 98.90% and 94.46%, respectively. From the change in
absorbance at ODg(p, the synthetic microbial community grew rapidly during the 0 to 4 h adaptation
period, and the strain grew rapidly into the logarithmic growth phase after four hours After 22 h,
the strain population reached a maximum and entered the stable phase. The concentration of NH;*
decreased slowly from 0 to 4 h, and the decrease in efficiency at 4 h was rapid. There was a very
small amount of NO, ™~ accumulation during the reaction, while the remaining ammonia nitrogen was
partially converted into gaseous nitrogen via the desorption reaction and partially converted into other
nitrogen-containing substances in solution.

The growth curve of the synthetic microbial community cultured in nitrification medium with
KNOs as the sole nitrogen source for 24 h is shown in Figure 3, and the removal efficiencies of ammonia
nitrogen and COD were 95.02% and 65.65%, respectively. The same observation method revealed that
the synthetic microbial community was in the adaptation period from 0 to 2 h. After 2 h, the strains
grew rapidly into the logarithmic growth phase, and the population was still increasing after 24 h.
The concentration of NO3;™~ decreased slowly from 0 to 2 h, and the efficiency of decline increased
significantly at 2 h; NO,~ accumulated throughout the reaction process. This result was in contrast
to some heterotrophic nitrification-aerobic denitrification strains, such as LD3 [40], that have a large
amount of nitrite accumulation during the reaction. Because nitrite reductase and nitrate reductase
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existed simultaneously in the synthetic microbial community and had high activity, the nitrite nitrogen
produced during denitrification was rapidly reduced by the high-activity nitrite reductase [41].
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Figure 2. Growth curve of synthetic microbial community with NH,Cl as the sole nitrogen source.
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Figure 3. Growth curve of synthetic microbial community with KNOj as the sole nitrogen source.

The growth curve of the synthetic microbial community cultured in nitrification medium with
NaNO; as the sole nitrogen source for 24 h is shown in Figure 4, and the removal efficiency of ammonia
nitrogen and COD was 98.60% and 76.45%, respectively. The synthetic microbial community was in the
adaptation period from 0 to 2 h. After 2 h, the strain population increased rapidly into the logarithmic
growth phase, and the population reached a maximum after 22 h. Although generally, high nitrite
concentrations were toxic to the strain and inhibited its growth and metabolism, some strains, such as
Y-11, have a certain tolerance to high nitrite [42]. Similarly, the synthetic microbial community showed
better tolerance and denitrification capacity.

The results of the batch test indicated that the synthetic microbial community had a good effect on
the degradation of nitrogen and the removal of COD in media with different sole nitrogen sources.
The use of NH,Cl as the sole nitrogen source resulted in a better degradation efficiency, COD removal
efficiency, and strain growth than those obtained when using NaNO,/KNQOj as the nitrogen source.
The fact that nitrite had no obvious inhibitory effect on the growth and denitrification of the synthetic
microbial community showed good environmental adaptability and potential application in the
treatment of nitrite sewage. In summary, the synthetic microbial community can be grown for organic
removal under different nitrogen sources, including ammonia nitrogen, nitrate nitrogen, and nitrite
nitrogen, and the growth efficiency and organic matter removal efficiency of the synthetic microbial
community are affected by the nitrogen source.
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Figure 4. Growth curve of synthetic microbial community with NaNO, as the sole nitrogen source.

3.3. Effect of Carbon Source on Heterotrophic Nitrification-Aerobic Denitrification

The carbon source is not only an energy source for microbial nitrogen removal but also directly or
indirectly affects the growth efficiency of microorganisms and the efficiency of nitrogen removal [43].
The fixed nitrogen source concentration (NH,*-N) was 156.14 mg-L~!, and the results in Figure 5
indicate that more carbon sources could be utilized by the synthetic microbial community. In addition,
potassium sodium tartrate had a very poor effect as a carbon source, and the removal efficiency of
ammonia nitrogen was 98.56%, 98.75%, and 99.51%, respectively, when glucose, sodium acetate, and
sodium succinate were used as the carbon sources. The effect of sodium tartrate as the sole carbon
source is poor because the concentration of different carbon sources in our experiments remains the
same. The reaction process using sodium tartrate as a carbon source generally requires a higher carbon
source concentration, which reflects the effect deviation. In summary, different carbon sources affect the
heterotrophic nitrification ability of the composite bacteria. A suitable carbon source is one of the keys
to improving the ammonia nitrogen removal efficiency. The most suitable substance for heterotrophic
nitrification by the synthetic microbial community was sodium succinate in this experiment.

3.4. Effect of the C/N Ratio on Heterotrophic Nitrification-Aerobic Denitrification

The NH,*-N removal percentages were significantly different among C/N ratios of one to 13,
as shown in Figure 5. According to the experimental data, the ammonia nitrogen removal efficiency
was only 15.92% when the C/N ratio was one, and the main reason was that an insufficient carbon
supply could damage both microbial growth and the denitrification of electron donors [44]. As the
C/N ratio increased, the ammonia nitrogen removal efficiency increased gradually until the C/N ratio
reached 10, and the ammonia nitrogen removal efficiency reached a maximum at 98.98%. However,
when the C/N ratio increased from 10 to 13, the ammonia nitrogen removal efficiency decreased, and
the explanation was as follows: the higher carbon-nitrogen ratio made the carbon source content so
high that some organic matter was directly embedded into the enzyme structure, affecting enzyme
activity [45]. Experiments have shown that the amount of organic carbon plays an essential role in cell
growth and denitrification. If the carbon source was insufficient, there was not enough electron flow to
provide enough energy for the growth of the cells, and thus the denitrification capacity was relatively
low. If the carbon source provided had a much higher content than the demand of the cells, the carbon
source was no longer a limiting factor; the growth and metabolic activity of the cells were in a stable
phase and can even have undergone reverse growth, and the denitrification capacity was stabilized or
decreased. The experimental results showed that the optimal carbon to nitrogen ratio was 10, and the
findings for other denitrifying bacteria, such as Vibrio diabolic SF16, seem consistent [46].
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Figure 5. Effect of factors on the growth and nitrification ability of the synthetic microbial community.
Carbon source (A), ratio of carbon to nitrogen (C/N) (B), pH (C), and temperature (D).

3.5. Effect of Changes in pH on Heterotrophic Nitrification-Aerobic Denitrification

The pH in the environment has a significant influence on the life activities of microorganisms.
The primary role of pH is to cause a change in the charge of the cell membrane, thereby affecting the



Water 2020, 12, 218 11 of 15

absorption of nutrients by the microorganism and affecting the enzyme activity [47]. As shown in
Figure 5, the synthetic microbial community demonstrated acid and alkali inhibition at pH five and
pH nine, respectively. The strain achieved the highest ammonia removal efficiency of 99.13% at pH
seven, and the ammonia nitrogen removal efficiency of the synthetic microbial community could reach
98% or more in the range of pH six to nine.

In general, most heterotrophic nitrification-aerobic denitrification bacteria prefer a neutral or
slightly alkaline environment, and the optimal pH range is six to nine [48]. However, when the
culture medium is different, the optimum pH of heterotrophic nitrifying bacteria will also change.
In beef extract peptone medium, the nitrification activity of the strain was not very sensitive, but in
glucose-ammonium acetate medium, the nitrification activity was affected by changes in pH.

3.6. Effect of Changes in Temperature on Heterotrophic Nitrification-Aerobic Denitrification

The ammonia nitrogen removal efficiency of the synthetic microbial community at different
temperatures is shown in Figure 5. In the range 2040 °C, the denitrification performance of the
synthetic microbial community was very good, and a value of 98% was maintained. Although the
synthetic microbial community maintained an ammonia nitrogen removal efficiency of 98.01%, it had
a slight decline at 40 °C. What caused this decline was that under high-temperature conditions, the
active substances, such as enzymes, in microorganisms are denatured [49], and some cell functions
are decreased or even terminated. These results suggested that average temperatures did not play an
essential role in the process of heterotrophic nitrification of the synthetic microbial community. Taking
cost-effectiveness into consideration, 30 °C was the most suitable reaction temperature.

3.7. Optimizing the Proportions of the Strains Used to Prepare the Synthetic Microbial Community

It can be concluded from Table 2, that the ammonia nitrogen removal efficiency and nitrate
removal efficiency dropped significantly upon increasing the proportion of Acinetobacter sp., even
to the relative contents corresponding to ratios two, six, and seven. When the ratio of Pseudomonas
sp. and Bacillus sp. was kept constant, while increasing the proportion of Sphingobacterium sp. and
Acinetobacter sp., the ammonia nitrogen removal rate and nitrate removal efficiency increased, and the
maximum value was obtained at ratio number four. This result could have been obtained because
the metabolites of a particular strain could have stimulated the growth of other strains or affect their
functions, and thus affected the function of the whole system [50]. Comparing experimental group
one and experimental group two,, experimental group eight and experimental group nine, a single
increase of the ratio of Acinetobacter sp. or a single decrease of the ratio of Pseudomonas sp. is harmful
to the entire system. However, from the perspective of the interaction between microorganisms, it is
suitable for the whole system to reduce the ratio of Pseudomonas sp. and Bacillus sp. and increase
the ratio of Acinetobacter sp. and Sphingobacterium sp. simultaneously. In conclusion, the synthetic
microbial community ratio with the highest ammonia nitrogen removal efficiency is Pseudomonas sp.:
Sphingobacterium sp.: Bacillus sp.: Acinetobacter sp. = 1:2:1:2 (volume ratio).

Table 2. The effect of the composite ratio of synthetic microbial community on removal efficiency of
ammonia nitrogen and nitrate.

Ratio Ammonia Nitrogen Removal Efficiency (%) Nitrate Emoval Efficiency (%)
1 91.32 98.05
2 80.77 90.75
3 84.33 94.35
4 96.75 99.30
5 96.75 86.10
6 82.48 85.50
7 77.20 85.65
8 76.91 97.95
9 70.49 85.65
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3.8. Application of the Synthetic Microbial Community for Pig Farm Wastewater Treatment

In this application, a bioenhancement scheme was mainly adopted, and the optimized synthetic
microbial community was added to the SBR reactor. To enhance the ammonia nitrogen and nitrate
removal performance, the reaction conditions were adjusted to the optimal conditions obtained by
experimental analysis, i.e., glucose as a carbon source, a C/N ratio of 10, a pH of 7, and temperature
of 30 °C. The SBR reactor had been operating stably for 40 days, and the average ammonia nitrogen
concentration of the effluent water, the average ammonia nitrogen removal efficiency, and the average
COD removal efficiency were 42.53 mg-L ™1, 92.61%, and 76.45%, respectively, as shown in Figures 6
and 7. To confirm whether ammonia nitrogen eventually became nitrogen gas, the total nitrogen was
detected in the effluent. The total nitrogen value per day was slightly higher than that of ammonia
nitrogen, which proved that the ammonia-degrading composite agent had indeed played its intended
role and completed the biological denitrification process of ammonia from nitrogen to nitrogen. It is
worthwhile mentioning that due to the rain, the effluent was diluted, and the ammonia nitrogen in the
inlet water was lower than usual. According to the analysis, the excessively high ammonia nitrogen
concentration in the inlet water would not be suitable for microbial reactions. After the ammonia
nitrogen concentration was appropriately reduced, the removal rate was significantly increased.
These results indicate that the use of the synthetic microbial community would result in a significant
improvement in the biological nitrogen removal of pig farm wastewater.
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4. Conclusions

In this study, four heterotrophic nitrification aerobic denitrification strains, SBR2, P6, SBR3-2,
and SBR-1, were isolated and identified as Pseudomonas sp., Acinetobacter sp., Bacillus sp., and
Sphingobacterium sp., respectively. The synthetic microbial community was composed of the four
above strains in a ratio of 1:1:1:1, and its growth curve was drawn under different nitrogen sources.
By adjusting the reaction conditions, including the carbon source, carbon to nitrogen ratio, pH, and
temperature, and considering the economic benefits and nitrogen removal performance, the reaction
conditions of the synthetic microbial community were determined to be sodium succinate as a carbon
source at C/N of 10, pH of 7, and 30 °C. The configuration scheme was optimized by adjusting the ratio
of the four strains to 1:2:1:2 and detecting their denitrification performance, and the final synthetic
microbial community was obtained and applied in pig farm wastewater treatment. In summary, the
synthetic microbial community is a promising candidate for extensive application in various pollution
control systems, including livestock wastewater and the aquaculture industry, and the next step is
to determine the growth characteristics and denitrification performance of the synthetic microbial
community under extreme temperature, pH, and ammonia nitrogen concentration values.
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