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Abstract: Temperature is an extremely important environmental condition in the application of
microbial denitrification for nitrate removal from groundwater. Understanding the nitrate removal
efficiency of groundwater and the diversity, composition, and structure of microbial communities
under different temperature conditions is of great significance for effective mitigation of groundwater
nitrate pollution. This study investigated the effects of temperature on denitrification at 15 ◦C, 25 ◦C,
40 ◦C, and 45 ◦C. Moreover, the characteristics of microbial community structure and diversity were
analyzed by combining high-throughput sequencing and polymerase chain reaction methods in order
to fully clarify the denitrification efficiency under different temperature conditions. According to
laboratory batch experiments and the findings of previous research, glucose was set as the carbon
source and changes in “three nitrogen” indicators of the four temperature systems were mainly tested
to clarify the effectiveness of nitrate removal. The maximum removal rates of nitrate nitrogen at 15 ◦C,
25 ◦C, 40 ◦C, and 45 ◦C were 44.05%, 87.03%, 99.26%, and 92.79%, respectively. Therefore, the most
efficient nitrate removal can be achieved at 40°C. The Chao abundance indexes in the denitrification
systems at 15 ◦C, 25 ◦C, 40 ◦C, and 45 ◦C were 1873, 352, 466, and 640, respectively. Therefore, the
highest species richness was observed at 15 ◦C, but there were only a few dominant bacteria species.
The composition of the bacterial community and the most dominant phylum varied at different
temperatures. Among them, Gammaproteobacteria in Proteobacteria phylum plays an important
role in the degradation of nitrate nitrogen. The relative abundance of Gammaproteobacteria at
15 ◦C, 25 ◦C, 40 ◦C, and 45 ◦C were 25.32%, 66.56%, 72.83%, and 3.47%. Tolumonas belongs to
Gammaproteobacteria. The relative abundance of Tolumonas at 15 ◦C, 25 ◦C, 40 ◦C, and 45 ◦C
were 9.41%, 65.47%, 62.49%, and 0.03%, respectively. The results of this study show that different
temperature conditions affect the diversity, composition, and structure of the microbial community,
thereby affecting the efficiency of denitrification for nitrate removal from groundwater.

Keywords: nitrate; temperature; denitrification; bacterial community; groundwater

1. Introduction

Groundwater resources are vital to human beings. In recent years, however, ground-
water has been seriously polluted by nitrates, which pose serious threats to human health.
Nitrate in groundwater is easily converted into nitrite in the human body, and its toxicity is
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far greater than that of nitrate. Nitrite oxidizes Fe2+ of hemoglobin to Fe3+ and forms methe-
moglobin that does not have the ability to transport oxygen, leading to methemoglobinemia.
Moreover, long-term human consumption of groundwater with excessive nitrates can cause
various diseases and even cancer [1–3]. Therefore, effective mitigation of groundwater
nitrate pollution is an important issue requiring immediate attention. At present, three
main types of methods are generally applied to remove nitrate from groundwater, namely
physical, chemical, and biological methods. However, physical and chemical methods
have the disadvantage of secondary pollution. Therefore, microbial denitrification is more
favorable for nitrate degradation.

There are many factors that are vital to the denitrification, such as oxygen utilization,
organic carbon supply, and temperature [4–7]. In particular, temperature is an important
environmental factor affecting the growth and reproduction of microorganisms, thereby
affecting the process of denitrification. Temperature also affects the activity of enzymes,
and the catalytic effect of enzymes is greatly affected by temperature and increases
with increasing temperature. However, the activity of enzymes is inhibited when the
optimum temperature is exceeded. Lina Feng et al. [8] found that temperature affects the
growth state of microorganisms such as Ulva prolifera and that the structure of enzymes
is destroyed and their activity inhibited at excessively high temperatures. Saleema Saleh-
Lakha et al. [9] found that temperature does not inhibit the transcription of denitrification
genes but has different effects on the expression of denitrification genes, and temperature
has a significant effect on enzyme activity. Temperature is also the most important factor
affecting the growth and reproduction of microorganisms [10,11]. Studies have found
that Paracoccus fluorescens and Pseudomonas fluorescens can be used as denitrifying bacteria
to remove NO3

−-N from groundwater, and the denitrification rate is the highest at 15
◦C, while the accumulation of nitrite is low [12]. Runhua Liao et al. [13] studied the use
of expanded granular sludge beds for denitrification and found that the minimum and
maximum temperatures for effective denitrification are 15 ◦C and 35 ◦C, respectively,
and that temperature affects changes in microbial community structure and diversity. In
aerobic biological treatment of wastewater, temperature is also critical to the succession
of microbial communities [14].

On the whole, temperature is an important factor determining nitrogen removal [15].
Under relatively stable groundwater ambient temperature, it is difficult to observe the
temperature dependence of denitrification rate. Saunders and Kalff [16] and Grischek
et al. [17] observed this dependence in the sediments of lakes and rivers, respectively.
Saunders and Kalff [16] observed that the denitrification rate increases by 10 times with
every 5 ◦C increase.

Denitrification usually takes place between 2 ◦C and 50 ◦C or even higher, within
which bacteria have adapted to a certain special environment, but it is the most effective
between 25 ◦C and 35 ◦C [18]. However, investigations on the effects of temperature on
denitrification are mostly concentrated in soil studies [19–21]. Moreover, only a few studies
have investigated denitrification at 15 ◦C or lower [22]. Therefore, in order to study the
effect of temperature on denitrification, this study explored denitrification at 15 ◦C, 25 ◦C,
40 ◦C, and 45 ◦C and analyzed the microbial community structure and diversity during
denitrification using high-throughput sequencing at the four temperatures. The findings
can provide technical support and realistic theoretical basis for the nitrate removal from
groundwater.

2. Materials and Methods
2.1. Samples

A vegetable planting area in Qingdao, Shandong Province, was taken as the study
area (120.31963◦ E, 36.71565◦ N). For the experiments, groundwater samples were col-
lected. Before sampling, polyethylene bottles were washed twice with deionized water
and then washed twice with on-site water samples. Next, water samples were collected
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and repacked, sealed with parafilm, transported to the laboratory at 4 ◦C, and then
treated for culture.

The sludge rich in denitrifying bacteria in the aeration tank of a sewage treatment
plant (120.21454◦ E, 35.94553◦ N) was collected as bacterial inoculum. The collected sludge
was stored in polyethylene bottles and transported to the laboratory for treatment within
24 h under normal temperature.

2.2. Concentration and Cultivation of Sludge

A preconfigured synthetic nutrient solution was used as the carbon source to enrich
and select denitrifying bacteria under anaerobic conditions. The nutrient solution consisted
of deionized water, KNO3 (0.37 g/L), C6H12O6 (0.1562 g/L), CH3OH (320 µL/L), and
KH2PO4 (0.044 g/L).

The sludge sample was allowed to remain undisturbed and the supernatant was
extracted. Precipitated sludge was collected and stored in a conical flask with a capacity
of 1 L. In each flask, 700 mL sludge and 350 mL synthetic nutrient solution were added.
Subsequently, high-purity nitrogen was blown into the flasks for 5 min and they were
sealed with plastic wrap and parafilm to maintain an anaerobic environment. The sludge
was cultured at 25 ◦C for 8 days. The nutrient solution was replaced every 48 h, and the
above aeration and sealing operations were repeated.

The sludge after enrichment and culture was precipitated for 24 h, the supernatant was
removed, and the precipitated part in each conical flask was evenly mixed as inoculated
bacteria.

2.3. Experimental Design

To study the effect of temperature on denitrification, four culture temperatures were
designed in this study, namely 15 ◦C, 25 ◦C, 40 ◦C, and 45 ◦C. The sludge after enrichment
culture was artificially added as denitrifying bacteria. The nutrient solution with analytical
pure glucose as the only carbon source was used to stimulate bacterial growth at a con-
centration of 2 g/L and cultured under anaerobic conditions. Each time, 160 mL of water
sample was added to the carbon source and placed in a 200 mL serum bottle. The enriched
cultured sludge (24 mL) was inoculated in water. High-purity nitrogen was blown on the
enriched cultured sludge for 4.8 min, and the bottle cap was sealed with parafilm to create
anaerobic conditions.

Serum bottles containing water samples were incubated at four set temperatures.
Water samples were collected every 24 h to determine various indicators. The control
consists of three parallel samples.

2.4. Index Measurement and Biological Sample Collection

The main indexes considered in this experiment were nitrate nitrogen (NO3
−-N),

nitrite nitrogen (NO2
−-N), ammonia nitrogen (NH4

+-N), pH, oxidation-reduction po-
tential (ORP), and dissolved oxygen (DO). pH, ORP, and DO were directly measured
using a portable water quality monitor (HACH HQ40d, USA) from the extracted su-
pernatant of cultured water samples. The supernatant of the cultured water sample
was filtered through a 0.45 µm polyethersulfone (PES) filter membrane. The concentra-
tions of nitrate nitrogen (NO3

−-N), nitrite nitrogen (NO2
−-N), and ammonia nitrogen

(NH4
+-N) in the filtered water sample were measured via ultraviolet spectrophotome-

try, N-(1-naphthyl)-ethylenediamine spectrophotometry, and Nessler’s reagent spec-
trophotometry, respectively, using an ultraviolet spectrophotometer (UV-2802, UNIC,
Shanghai, China). All test methods were carried out according to national standard
methods [23].
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After filtering the water sample on day 1, 12 biofiltration membranes were collected
and transferred to a 10 mL sterile centrifuge tube immediately. Subsequently, the PES
membranes were sent to Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) on
Drikold for DNA extraction, PCR amplification, and high-throughput sequencing.

2.5. DNA Extraction and PCR Amplification

The primers tested in this study were 16sRNA to investigate the overall bacterial level.
According to the manufacturer’s instructions, the PES membranes in the sterile centrifuge
tube were stored at −80 ◦C until DNA extraction. The FastDNA spin kit for soil (Bio101
Inc., Melbourne, Australia) was used to extract microbial DNA from the PES membrane
samples. The NanoDrop2000 UV-vis spectrophotometer (ThermoScientific, Wilmington,
NC, USA) was used to detect the concentration and purity of DNA. The quality of the
extracted DNA was checked by 1% agarose gel electrophoresis. The V3-V4 hypervariable
regions of the bacterial 16S rRNA gene were amplified by specific primers with barcode.
Among them, the upstream primer is 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and the
downstream primer is 806R (5′-GGACTACHVGGGTWTCTAAT-3′).

The PCR amplification parameters are set as follows: pre-denaturation 95 ◦C, 3 min;
27 cycles (30 s at 95 ◦C), and a final extension for 10 min at 72 ◦C. The experiments of PCR
were performed in triplicate with 20 µL mixtures containing 4 µL 5 × FastPfu Buffer, 2 µL
2.5 mM dNTPs, 0.8 µL each primer (5 µM), 0.4 µL FastPfu Polymerase, and 10 ng template
DNA.

2.6. Illumina MiSeq Sequencing and Data Processing

PCR products were recovered by 2% agarose gel, further purified by the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), eluted by Tris-HCl, and
detected by 2% agarose electrophoresis. The preliminary quantitative results were obtained
from the QuantiFluorTM-ST blue fluorescence quantitative system (Promega, Madison, WI,
USA). Subsequently, the Illumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology
Co., Ltd., Shanghai, China) was used for pairing and sequencing.

The original sequence obtained by sequencing was controlled and spliced in the fastp
and FLASH software. At the same time, the quality of reads and the effect of merge
were filtered by quality control, the effective sequence was obtained according to primer
sequences and the barcode at the beginning and end of the sequence, and the direction of
the sequence was corrected. In this manner, optimized data were acquired.

Using UPARSE software, all optimized sequences were clustered by operational taxon
(operational taxonomic units, OTU) at 97% similarity level, and single sequence and
chimera were removed in the process. All the optimized sequences were classified and
annotated by the RDP classifier software and compared against the SILVA database, with
the threshold set at 70%.

Based on OTU data, the Alpha diversity index (including Richness, Diversity, Evenness
and Coverage index) was calculated. With the help of Origin software (version 3.4.1), the
histograms of bacterial community composition at different taxonomy levels were plotted.

3. Results and Discussion
3.1. NO3

−-N, NO2
−-N, NH4

+-N and Groundwater Environmental Indicators

Figure 1 presents a graph of concentration changes in NO3
−-N versus time at different

temperatures. The figure shows distinct differences in the degradation efficiency of NO3
−-N

at different temperatures. Among them, the most effective nitrate nitrogen degradation was
observed at 40 ◦C. After 24 h of the experiment, the NO3

−-N concentration reduced from
the initial 300.7 mg/L to 3.42 mg/L, accounting for a removal rate of 99.26%. The removal
rates of NO3

−-N in the denitrification systems at 45 ◦C, 25 ◦C, and 15 ◦C were 92.79%,
87.03%, and 44.05%, respectively. Therefore, temperature affects the removal of NO3

−-N
in groundwater. This is because denitrifying bacteria are affected by temperature during
the denitrification process, which indirectly affects the removal of NO3

−-N. Previous
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studies [24] have shown that the activity of denitrifying bacteria weakens under low
temperature conditions, and there is an optimum temperature for denitrification. In
this study, the optimum temperature is 40 ◦C, at which the removal rate of NO3

−-N in
groundwater is the highest.

Nitrite accumulation not only poses serious threats to human health but also has a
toxic effect on denitrifying bacteria, inhibiting the denitrification process. Figure 2 presents
a graph of changes in NO2

−-N concentration with time at different temperatures. At
40 ◦C, the concentration of NO2

−-N in the system is basically maintained at approximately
0 mg/L, without the accumulation of nitrite nitrogen. On the contrary, at 15 ◦C, 30 ◦C,
and 45 ◦C, NO2

−-N concentration showed a trend of initial increase and subsequent
decline, and it prominently accumulated at the beginning of the test. As the test progressed,
the NO2

−-N concentration showed a sharp decline, and it dropped below 1 mg/L by
the third day. The accumulation of nitrite nitrogen can be attributed to various causes,
such as temperature, pH value, carbon source type, and carbon to nitrogen ratio [5,25,26].
Studies have shown that the presence of nitrate nitrogen inhibits the degradation of nitrite
nitrogen [27]. Combined with the graph of changes in NO3

−-N concentration (Figure 1),
the removal efficiency of nitrate nitrogen appears to be the highest at 40 ◦C, which is in line
with the conclusion that there is no accumulation of nitrite nitrogen.

Figure 3 presents a graph of concentration changes in NH4
+-N versus time at different

temperatures. It can be seen that NH4
+-N accumulated to varying degrees at the four

temperatures. The accumulation of NH4
+-N reached the maximum at 15 ◦C on the 7th day,

which was 3.92 mg/L. At 25 ◦C, the accumulation of NH4
+-N reached the maximum on

the 4th day, which was 4 mg/L. Then it decreased with a small amount of accumulation
on the 7th day. At 40 ◦C, the accumulation of NH4

+-N reached the maximum on the first
day, which was 2.935 mg/L. After that it decreased with a small amount of accumulation
on the 7th day. At 45 ◦C, the accumulation of NH4

+-N was lower than that at the other
three temperatures, reaching a maximum on the 3rd day, which was 2.636 mg/L. After
that it decreased with a small amount of accumulation on the 7th day. The accumulation
of NH4

+-N could be mainly attributed to the dissimilation and reduction of nitrate to
ammonia (DNRA) [28]. DNRA is an anaerobic reduction reaction, through which nitrate
can be converted to ammonium under denitrification conditions [29,30]. Some studies
have shown that the decomposition and fermentation of proteins in carbon sources will
also lead to the accumulation of ammonia under denitrifying conditions [31]. The nature
of NH4

+-N is unstable, and NH4
+-N decreased during the experiment, which may be

caused by ammonia oxidation. Ammonia oxidizing bacteria can coexist with anaerobic
heterotrophic bacteria and oxidize NH4

+-N [32].
Figure 4 presents a graph of changes in pH over time at different temperatures. Under

the 4 temperature conditions, pH showed basically the same change trends of initial decline
followed by a slow increase. At 15 ◦C, pH decreased slowly, and dropped to the minimum
value of 5.62 on the third day, after which it slowly increased, and the water sample
remained in a weakly acidic state. At 40 ◦C, the pH changed rapidly and dropped to the
minimum value of 6.02 on the first day of the experiment, after which it slowly increased,
and the water sample remained in a weakly acidic state. At 25 ◦C and 45 ◦C, the pH changes
were basically the same, and dropped to the minimum of 5.47 and 5.29, respectively, on the
first day, and then gradually increased as the experiment progressed, and the water sample
remained in a weakly acidic environment. At the beginning of the experiment, the water
samples at the four temperatures changed rapidly from the original weak alkaline state to
weak acidic state. This may be attributable to the selection of glucose as the carbon source,
which needs to be converted into volatile organic compounds such as pyruvate to before it
can be used by denitrifying bacteria [33]. The biochemical reaction is strong and produces
organic acids. As the experiment progressed in the later period, the denitrification effect
gradually became stronger, producing certain alkaline substances [34], and the pH value of
the water sample increased slowly. Nevertheless, with the abundant carbon source, the
water samples remained weakly acidic.
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Figure 1. Changes in NO3
−-N concentration over time at different temperatures.

Figure 2. Changes in NO2
−-N concentration over time at different temperatures.
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Figure 3. Changes in NH4
+-N concentration over time at different temperatures.

Figure 4. Changes in pH over time at different temperatures.
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Figure 5 presents a graph of ORP over time at different temperatures. During the
experiment, ORP was negative under the 4 temperature conditions, and the water samples
were in a reductive environment. At 15 ◦C, ORP dropped to −357.77 mV on the 3rd day,
after which it increased slowly with the progress of the experiment and tended to stabilize.
At 25 ◦C, ORP showed a rapid decrease and increase in the first 2 days. It dropped to a
minimum of −551.17 mV on the first day and increased to −213.8 mV on the second day;
with the progress of the experiment, ORP gradually decreased and tended to stabilize.

Figure 5. Changes in ORP over time at different temperatures.

At 40 ◦C and 45 ◦C, the change trends of ORP were basically the same, gradually
decreasing and then stabilizing with time. At 40 ◦C, ORP dropped to the minimum of
−409.43 mV on the 5th day, and at 45 ◦C, ORP dropped to a minimum of −414.6 mV on
the 4th day.

ORP can be used to characterize the relative degree of media oxidation and reduction.
A positive ORP indicates that a solution shows a certain oxidizabiity, while a negative ORP
indicates that the solution shows reducibility. At the four temperatures, ORP dropped
rapidly from positive to negative on the first day of the experiment, indicating a reducing
environment. As the experiment progressed, ORP remained negative, showing that the
solution remained in a reducing environment, which is conducive to the progress of
denitrification.

Figure 6 shows a graph of changes in DO concentration with time at different tem-
peratures. As shown, the denitrification system was in an anaerobic environment at the
beginning of the test. As the reaction progressed, DO was consumed by the denitrifica-
tion, and its concentration became lower than 0.5 mg/L. According to a previous study,
DO concentrations below 1mg/L are more conducive to the growth, reproduction, and
accumulation of denitrifying bacteria [18]. Considering the change chart of the system’s
NO3

−-N concentration (Figure 1), NO3
−-N concentration continuously declined until the

end of the test. At approximately 0 mg/L, it provides favorable conditions for denitrifying
bacteria to remove nitrate nitrogen in groundwater.
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Figure 6. DO content over time at different glucose concentrations.

3.2. Bacterial Community Diversity

In this study, twelve microbial samples were selected to characterize the bacterial com-
munity in the process of denitrification. As shown in Table 1, 577,731 high quality sequence
reads of twelve samples were acquired through quality control, and they ranged from
36,726 to 59,309 in every sample. Furthermore, the average length is 420 bp. We obtained
243,028,740 bp bases in all, which ranged from 15,531,332 to 24,574,404. The sequence
reads were clustered into 2055 OTUs, which were based on 97% sequence similarity. At the
same time, according to the test results, the clusters corresponded to 44 phyla, 118 classes,
267 orders, 426 families, 716 genera, and 1202 species.

Alpha diversity analysis including Chao, evenness, Shannon, and coverage, which can
reflect the diversity and richness of microbial communities, are shown in Table 1. The Chao
index of T15, T25, T40, and T45 was 1873, 352, 466, and 640, respectively. Compared with
the suitable temperature of groundwater (T15), the Chao index decreased to 81.2%, 75.1%,
and 65.8% in T25, T40, and T45, respectively. These indicate lower species richness in the
T25, T40, and T45 systems and the richness of the bacterial community showed an upward
trend during denitrification in the three systems. The Shannon index was 5.64, 1.56, 2.09,
and 2.52 for T15, T25, T40, and T45, respectively (Table 1). It reflects the diversity level
of microbial communities. The trend of the Shannon index is similar to that of the Chao
index, and it indicated that T15 exhibits the highest species diversity. The evenness index
reflects species uniformity of microbial communities. In this study, the evenness index was
0.76, 0.32, 0.37, and 0.44 for T15, T25, T40, and T45, respectively. This indicated that the
change in bacterial diversity and evenness was not distinct and the species uniformity was
moderate.
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Table 1. Results of sequencing statistics and alpha diversity analysis of bacterial communities during denitrification.

Samples
High Quality

Sequences
Average Length

(bp a) Observed OTUs Base
Number Chao Shannon Evenness Coverage (%)

Actual Average Actual Average Actual Average Actual Average Actual Average Actual Average Actual Average

T15
T15-1 54,307

55,744
417

415
1623

1584
22,678,194 1886

1873
5.57

5.64
0.75

0.76
98.88

98.89T15-2 59,309 414 1481 24,574,404 1856 5.61 0.77 98.84
T15-3 53,616 416 1648 22,344,458 1878 5.74 0.77 98.94

T25
T25-1 45,200

42,684
420

420
235

155
19,028,333 485

352
1.78

1.56
0.33

0.32
99.58

99.67T25-2 41,726 422 132 17,613,111 306 1.50 0.31 99.61
T25-3 41,128 418 100 17,215,523 265 1.41 0.31 99.83

T40
T40-1 36,726

45,547
422

423
242

269
15,531,332 364

466
1.98

2.09
0.36

0.37
99.68

99.61T40-2 47,126 423 267 19,957,384 477 2.18 0.39 99.61
T40-3 52,789 424 299 22,404,278 559 2.12 0.37 99.54

T45
T45-1 49,778

48,601
423

422
358

311
21,068,113 760

640
2.55

2.52
0.43

0.44
99.41

99.50T45-2 47,787 423 275 20,246,696 525 2.39 0.43 99.58
T45-3 48,239 422 301 20,366,914 635 2.62 0.46 99.52

Note: a base pair.
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3.3. Bacterial Community Composition

Figure 7 shows the composition of the bacterial community at the phylum level, after
the same inoculum was cultured at the selected temperature for only 24 h. The most
dominant phylum varied with different temperatures. In the total bacterial community
at 15 ◦C the most dominant phylum was Proteobacteria, whose relative abundance was
31.89%. This was followed by Chloroflexi, Actinobacteriota, Bacteroidota, Patescibacteria,
Acidobacteriota, and Firmicutes, whose relative abundances were 16.13%, 14.68%, 11.92%,
5.84%, 4.94%, and 4.21%, respectively. The bacterial community compositions at 25 ◦C and
40 ◦C were similar. In the total bacterial community, at 25 ◦C and 40 ◦C the most dominant
phylum was also Proteobacteria, whose relative abundances were 66.59% and 72.86%. This
was followed by Firmicutes, which accounted for 31.77% and 25.62%, respectively. At 45
◦C, the most dominant phylum was Firmicutes in the total bacterial community, whose
relative abundance was 95.45%, followed by Proteobacteria, which accounted for 3.5%.
The percentages of all other phyla were <1%. The results showed that Proteobacteria
was the most dominant phylum at 15 ◦C, 25 ◦C, and 40 ◦C. Firmicutes was the most
dominant phylum at 45 ◦C. The bacterial community composition and the most dominant
phylum changed with different culture temperatures. Some studies [35,36] have shown
that Proteobacteria occupied a large proportion in activated sludge, which is suitable for
nitrogen removal. According to changes in the water quality index, Proteobacteria could
promote denitrification differently at different temperatures. The relative abundance of
Proteobacteria increased with increasing temperature in the range of 15–40 ◦C. Furthermore,
the greater the relative abundance of Proteobacteria, the better the denitrification effect.

Figure 7. Relative abundance of dominant bacterial phyla in four temperatures Phyla with a relative
abundance of <1% are listed as “others.” T15, T25, T40, and T45 are shortened names for samples that
were cultured at 15 ◦C, 25 ◦C, 30 ◦C and 45 ◦C, respectively. T15-1, T15-2, and T15-3 are three parallel
samples, and three parallel samples were prepared for each temperature.
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As shown in Figure 8, we studied the differences at the class and genus levels after the
same inoculum was cultured at the selected temperature for only 24 h for further detailed
analysis of the bacterial community composition.

Figure 8. Relative abundance of dominant bacterial (a) class and (b) genus in the four temperatures.
Classes with a relative abundance of <1% are listed as “others.” Genera with a relative abundance of
<2% are listed as “others.” T15, T25, T40, and T45 are shortened names for samples cultured at 15 ◦C,
25 ◦C, 30 ◦C, and 45 ◦C, respectively. T15-1, T15-2, and T15-3 are three parallel samples, and three
parallel samples were prepared for each temperature.

Figure 8a shows that at the class level, the dominance and the relative abundance of
bacterial communities vary with temperature. Proteobacteria as the most abundant was
subdivided into two classes at 15 ◦C, 25 ◦C, and 40 ◦C, identified as Gammaproteobacte-
ria, followed by Alphaproteobacteria. The relative abundance of Gammaproteobacteria
was the highest at 40 ◦C, the second highest was at 25 ◦C, and the smallest at 15 ◦C,
which were 72.83%, 66.56%, and 25.32%, respectively. The relative abundance of Alphapro-
teobacteria at 15 ◦C, 25 ◦C, and 40 ◦C were 6.56%, 0.03%, and 0.02% At 45 ◦C, the most
abundant Firmicutes was subdivided into two classes, identified as Bacilli, followed by
Clostridia. The relative abundance of Bacilli was the highest, which was 71.95%. This
was followed by Clostridia and Gammaproteobacteria, which account for 23.45% and
3.47%. Gammaproteobacteria was the most dominant class at 15 ◦C, 25 ◦C, and 40 ◦C.
Bacilli was the most dominant class at 45 ◦C. Related studies have shown that Alphapro-
teobacteria and Gammaproteobacteria in Proteobacteria phylum contain a large number
of denitrifying bacterias [37]. The Gammaproteobacteria can effectively degrade nitrate
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nitrogen [38] (Dou 2011). In this study, the environment of 40 ◦C is more favorable for the
growth of Gammaproteobacteria. Combined with the change of nitrate nitrogen content,
the denitrification efficiency is the highest at 40 ◦C.

As shown in Figure 8b, the most dominant at 15 ◦C was Tolumonas at the genus
level, whose relative abundance was 9.41%. Followed by Microtrichales, Caldilineaceae,
Saccharimonadales, JG30-KF-CM45, Saprospiraceae, and Dechloromonas, with relative abun-
dances of 6.19%, 5.42%, 3.71%, 3.67%, 3.36%, and 3.07%, respectively. With the increase of
temperature, the advantages of Tolumonas at 25 ◦C and 40 ◦C were more significant, whose
relative abundances were 65.47% and 62.49%. Similarly, the relative abundances of Clostrid-
ium_sensu_stricto_1 also increased, which were 31.56% and 12.59% at 25 ◦C and 40 ◦C,
respectively. At the genus level, the most dominant genus at 45 ◦C was Bacillus, whose
relative abundance was 30.76%. This was followed by Enterococcus, Streptococcus, Clostrid-
ium_sensu_stricto_5, Clostridium_sensu_stricto_3, Anoxybacillus, Clostridium_sensu_stricto_1,
and Brevibacillus, with relative abundances of 18.21%, 11.00%, 9.94%, 4.91%, 4.54%, 3.69%,
and 3.01%, respectively. Tolumonas was the most dominant genus at 15 ◦C, 25 ◦C, and 40 ◦C.
Bacillus was the most dominant genus at 45 ◦C. Tolumonas belongs to Gammaproteobacteria
and Proteobacteria phylum, which plays an important role in nitrogen removal [39]. These
results indicated that excessively high or low temperatures could change the composi-
tion of the microbial community. On the whole, temperature has a significant effect on
denitrification. The environment of 40 ◦C is more favorable for denitrification.

4. Conclusions

This study investigated the influence of different temperature conditions on the re-
moval rate of nitrate in groundwater and the change of microbial community through
laboratory experiments. The results show that the removal of nitrate in groundwater is
related to temperature. Four temperature conditions were explored (15 ◦C, 25 ◦C, 40 ◦C,
and 45 ◦C), and the nitrate removal efficiency was found to be the highest at 40 ◦C, reaching
a removal rate of 99.26%, which is higher than those at 15 ◦C, 25 ◦C, and 45 ◦C by 55.62%,
12.32%, and 6.52%, respectively. At the same time, the results of bacterial community
sequencing and α diversity analysis showed that the diversity of the microbial community
was richer in the 15 ◦C system. Nevertheless, the diversity of the microbial community
in the 25 ◦C, 40 ◦C, and 45 ◦C systems increased with the progress of the experiments.
This shows that the composition of bacterial community varies with temperature, and the
dominant strain for denitrification was Proteobacteria, the relative abundance of which
increased with increasing temperature in the range of 15–40 ◦C. The results show that the
suitable temperature for Proteobacteria is 40 ◦C, which can promote denitrification better.
In summary, the optimal temperature conditions for nitrate removal from groundwater
via microbial denitrification and the characteristics of bacterial communities in different
temperature systems could be determined in this study. The results can provide appropriate
theoretical guidance for controlling groundwater nitrate pollution.
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