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ese stimulates the removal of
nitrate by anaerobic sludge

Zhaojie Jiang, b Xuejiao Huang,*ad Shuangfei Wang,c Jianhua Xiong,bd

Chunmin Xied and Yongli Chend

This study investigated the effect of different concentrations of Mn2+ on the removal of nitrate by anaerobic

sludge and changes in the microbial communities through batch experiments. The results showed that the

addition of Mn2+ promoted nitrate removal by anaerobic sludge; the nitrate was completely removed within

6 d in the treatment group with >5 mM Mn2+. With the increase in Mn2+, the concentration of nitrite and

nitrous oxide increased in the first 4 d and then decreased to 0 mM after 8 d of incubation. The

increasing tendency of ammonium increased firstly and then decreased with the addition of Mn2+

compared to A. Moreover, the Mn2+ removal efficiency gradually decreased with the increase of Mn2+

concentration. The changes of microflora structure in sludge before and after adding Mn2+ were

analyzed, and the results revealed that the microbial communities in the sludge may have evolved

towards an energy-efficient association of short-cut nitrification, denitrification, and anaerobic ammonia

oxidation after adding Mn2+. Mn2+ stimulated the removal of nitrate by anaerobic sludge mainly by

promoting the growth of PHOS-HE36.
1. Introduction

With the acceleration of industrialization and urbanization,
and the widespread use of agricultural fertilizers, NO3

−–N
pollution of water bodies has become a prominent environ-
mental problem.1,2 NO3

− is a highly soluble, widespread
pollutant in aquatic environments, and it is widely found in
surface water, groundwater, and wastewater.3,4 Groundwater,
which is an important water resource, is currently the main
source of drinking and industrial water in China,5 and NO3

−–N
contamination is a serious threat to drinking water safety. High
levels of NO3

−–N in groundwater pose a threat to human health
(e.g., methemoglobinemia).6 Therefore, there is an urgent need
to reduce NO3

−–N concentrations in groundwater. Conven-
tional heterotrophic denitrication techniques require the
addition of an external organic carbon source and regulation of
the amount of carbon to prevent nitrite accumulation or high
organic matter contents in the wastewater, which is unsus-
tainable on both an economic and environmental scale. In
recent decades, as energy and environmental issues have
ent and Agro-Product Safety, College of
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become more prominent, organic waste has been used as an
external organic carbon source to satisfy the needs of the
heterotrophic denitrication process. For example, short-chain
fatty acids, waste leachate, and hydrolyzed primary sludge have
been successfully applied for denitrication, maintaining
a balance in waste management as well the efficient use of
nitrogen removal properties.7 Anaerobic digestion (AD) is
a promising biomass energy conversion technology that has
been widely used in integrated treatments of livestock manure,
sewage sludge, and food waste.8 Some scholars have developed
an anaerobic simultaneous denitrication and methanogenesis
process based on AD for NO3

−–N removal without the need for
additional nitrogen removal equipment or organic carbon
sources.9

AD includes hydrolysis, acidication, and methanogenesis
steps. Nitrogen conversion during AD includes microbial
assimilation, ammonication, denitrication, and anaerobic
ammonia oxidation. These reactions rely mainly on anaerobic
microorganisms. Tracemetal elements are important sources of
microbial nutrients that are crucial for the synthesis and activity
of enzymes in the AD process. These microbial nutrients
promote the decomposition of organic matter and enhance the
production of biogas and methane (CH4).10 Low concentrations
of essential metals (e.g., Fe, Cu, Mn, Zn, and Co) can stimulate
biological systems.11 However, above a certain threshold, they
can affect or even inhibit microbial growth and metabolic
activity.12

Excess NO3
−–N in natural groundwater bodies is oen

accompanied by high concentrations of Mn2+.13 Coupled with
RSC Adv., 2024, 14, 2447–2452 | 2447
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microorganisms, Mn2+ and Mn4+ can act as reducing and
oxidizing agents in oceans, soils, continental shelves, and
sediments to facilitate the formation of biochemical interac-
tions. Moreover, the manganese redox cycle can efficiently
augment microbial metabolic processes. Specically, Mn2+ acts
as a reductant to provide an electron donor for anaerobic
denitrication reactions, including Mn2+-driven denitrication
and Mn2+ oxidation combined with nitrication.14 He et al.15

found that 0.5 mg L−1 signicantly stimulated denitrication by
Arthrobacter arilaitensis Y-10. Liu et al.16 revealed that under
sustained manganese–humic acid complex domestication
conditions, the sludge microbial community may have evolved
into an energy-efficient consortium of short-cut nitrication,
denitrication, and anaerobic ammonia oxidation to achieve
excellent ammonium removal. However, little attention has
been paid to the inuence of Mn2+ on the removal of NO3

−–N by
anaerobic sludge.

Therefore, this study focused on the effect of Mn2+ on the
NO3

−–N removal capacity of anaerobic sludge. The relationship
between Mn2+ and microbial community structure was also
analyzed. The results provide a reference for the application of
anaerobic sludge to the Mn2+-containing nitrate wastewater.
2. Results and discussion
2.1. Effect of Mn2+ on nitrogen transformation in anaerobic
sludge

The effect of Mn2+ on NO3
−–N removal is shown in Fig. 1a. In

the initial stage (0–2 d), the NO3
−–N removal rate of the treat-

ment groups was in the order of A > C > B > D > E > F, and the
NO3

−–N removal rate of the control group was signicantly
higher than that of the other treatment groups. This may have
occurred because the addition of Mn2+ hindered the adaptation
of microorganisms involved in denitrication, and the
Fig. 1 Variation of (a) NO3
−–N, (b) NH4

+–N, (c) NO2
−–N, and (d) N2O

in the supernatant. CK is the blank control, whereas A, B, C, D, E, and F
represent the groups treated with 0, 1, 5, 10, 15, and 20 mM of Mn2+,
respectively.

2448 | RSC Adv., 2024, 14, 2447–2452
microorganisms were in a stagnant period of growth and
metabolism, which decelerated the NO3

−–N removal rate. With
an increase in time, the microorganisms adapted to the envi-
ronment and started to develop, the NO3

−–N removal rates of
the treatment groups exceeded that of the control group, and
NO3

−–N was completely removed within 6 d in the treatment
group with >5 mM Mn2+. The average NO3

−–N removal rate of
groups with >10 mM Mn2+ increased by 0.404, 0.429, and
0.697 mM d−1 aer 2–4 d compared with the initial stage, and
the NO3

−–N was completely removed within 8 d, which indi-
cated that the addition of Mn2+ promoted NO3

−–N removal.
This might be because there are manganese-oxidizing bacteria
in the anaerobic sludge and they oxidised Mn2+ to form Bio-
MnOx to stimulate nitrogen removal.7,16–18 The NH4

+–N
concentration of each treatment group increased continuously
with time, rst, at a fast rate and then at a slower rate, followed
by a levelled period (Fig. 1b). This may have occurred because of
the higher degree of protein hydrolysis at the early reaction
stage. The faster growth of NH4

+–N and the later stage of the
sludge entering the methanogenic stage was coupled with the
depletion of nutrients, which reduced the protein content and
decelerated the NH4

+–N growth.19 With the increase in Mn2+,
the NH4

+–N content decreased and then increased, and the
lowest NH4

+–N concentration was observed in the group with
the addition of 10 mMMn2+. This could be attributed to the fact
that as the Mn2+ content increased, the extreme environment
enhanced sludge hydrolysis, which led to an increase in the
production of NH4

+–N. Moreover, the utilization of NH4
+–N

might be affected by the bacterial activity of ammonia oxidation
and the nitrate anisotropic reduction to ammonia (DNRA).
NO2

−–N and N2O are common intermediates in denitrication,
and their production is shown in Fig. 1c and d. At different
stages, both NO2

−–N and N2O accumulated, and their concen-
trations increased and then decreased to 0 mg L−1. The groups
treated with 1, 5, and 10 mM Mn2+ presented higher accumu-
lation of NO2

−–N on day 2, and the group treated with 5 mM
Mn2+ presented the highest accumulation. However, there was
no accumulation in any of the treatment groups aer 4 d.
Previous studies have shown that high Mn2+ concentrations
under pure bacterial conditions can lead to higher NO2

−–N
accumulation.13 However, the NO2

−–N produced in this study
did not accumulate. The following processes may have
occurred: (1) complete denitrication; (2) anaerobic ammonia
oxidation with NH4

+–N from sludge hydrolysis to produce N2;
(3) production of NH4

+–N via the DNRA pathway. The groups
treated with 10, 15, and 20 mM Mn2+ showed detectable accu-
mulation of N2O in the rst 8 d, with production in the order of
F > E > D. However, there was no N2O accumulation in the other
treatment groups, probably because the increase in Mn2+

addition stimulated denitrication and inhibited anaerobic
ammonia oxidation.
2.2. Effect of Mn2+ on TN removal and Mn2+ changes in
anaerobic sludge

The TN concentration and pH changes in the supernatant aer
12 d are shown in Fig. 2a. Owing to the low organic nitrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Changes in supernatant (a) pH and TN concentration, and (b)
Mn2+ concentration from day 0 to 12. CK is the blank control, whereas
A, B, C, D, E, and F represent the groups treated with 0, 1, 5, 10, 15, and
20 mM of Mn2+, respectively.

Fig. 3 Alpha index diversity (a) box-line plot and (b) Venn diagram. A,
B, C, D, E, and F represent the groups treated with 0, 1, 5, 10, 15, and
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content in the supernatant, NO3
−–N was totally removed, and

there was no accumulation of NO2
−N. The supernatant TN

concentration in the system was nearly the same as the NH4
+–N

accumulation. The supernatant TN removal rates of groups A to
F were 2.95, 25.13, 43.42, 50.96, 27.66, and 26.76%, respectively.
As the Mn2+ content increased, the TN removal rst increased
and then decreased. The pH of each treatment group measured
on day 12 did not change signicantly, which indicated that the
sludge AD system was stable. During the AD, the degradation of
nitrogenous organic matter increased the alkalinity of the
system, and the production and dissolution of CO2 generated
carbonic acid, which formed a buffer system. This buffer
balanced the small-scale uctuation of the acid base.20 Fig. 2b
shows the variation in Mn2+ concentration. According to
previous studies, Mn2+ might be involved in the following
processes.21–23

2Mn2+ + O2 + 4OH− / 2MnO2 + 2H2O (1)

5Mn2+ + 2NO3
− + 4H2O / 5MnO2 + N2 + 8H+ (2)

3MnO2 + 2NH4
+ + 4H+ / 3Mn2+ + N2 + 6H2O (3)

4MnO2 + NH4
+ + 6H+ / 4Mn2+ + NO3

− + 5H2O (4)

Mn2+ can act as an electron donor for denitrication and be
oxidized. Ammonia-oxidizing bacteria can reduce MnO2 to
Mn2+ under anoxic manganese-rich conditions.17,22 Mn2+

oxidation usually occurs in environments rich in organic
compounds and microorganisms, and Mn2+ acts as a reducing
agent in anaerobic oxidation reactions, supplying electrons to
a variety of biochemical processes, including denitrication
and anaerobic photosynthesis. The anaerobic sludge added to
each treatment group contained organic matter and microor-
ganisms. Therefore, the Mn2+ concentration decreased in all
treatment groups. The gradual decrease in Mn2+ removal effi-
ciency with increasing Mn2+ concentration might be attributed
to the fact that the microorganisms have a higher activity and
can better utilize Mn2+ for denitrication in an environment
with low Mn2+ concentration. Alternatively, more MnO2 was
reduced to Mn2+ as the activity of ammonia-oxidizing bacteria
increased with increasing Mn2+ concentration. The Mn2+
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration remained almost unchanged in the CK group, the
kinetics of abiotic Mn oxidation were essentially low, and it has
been shown that abiotic manganese oxidation does not occur at
pH 7.2,24 so the Mn2+ concentration in the CK group remains
constant.
2.3. Microbial community changes under different Mn2+

concentrations

2.3.1. Similarities and differences in the microbial
community. Alpha diversity is an indicator of species richness,
diversity, and evenness in homogeneous habitats. Richness was
characterized by Chao1 and observed species indices. Diversity,
evolution-based diversity, and evenness were characterized by
Simpson's, Faith's PD, and Pielou's evenness indexes, respec-
tively.25 As shown in Fig. 3a, the species richness and evolu-
tionary diversity of the treatment groups upon the addition of
<15 mM Mn2+ increased and then decreased with the addition
of Mn2+. The group treated with 15 mM Mn2+ was the most
species-rich. According to the Simpson's index, the species
diversity and evenness decreased as the Mn2+ concentration
increased. This probably because that the high Mn2+ concen-
tration kills intolerant species. The Venn diagram shows the
number of shared and unique species among the samples, and
it reects the similarities and differences in microbial compo-
sition. As shown in Fig. 3b, the number of OUTs shared by the
six treatment groups was 715, which represents a relatively
small percentage, thereby indicating that the microbial
composition of the treatment groups differed greatly.

2.3.2. Structural composition of microbial communities.
The bacterial communities of the different treatments aer 12
d of incubation were analysed using high-throughput
sequencing, and the differences in microbial communities of
different treatment groups were analysed at the phylum and
genus levels, as shown in Fig. 4a and b. Proteobacteria,
20 mM of Mn2+, respectively.

RSC Adv., 2024, 14, 2447–2452 | 2449
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Fig. 4 Relative abundance of bacterial communities at the (a) phylum
and (b) genus level. A, B, C, D, E, and F represent the groups treated
with 0, 1, 5, 10, 15, and 20 mM of Mn2+, respectively.

Fig. 5 Microbial CCA related to denitrification at the genus level. A, B,
C, D, E, and F represent the groups treated with 0, 1, 5, 10, 15, and
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Chloroexi, Bacteroidetes, Acidobacteria, and Actinobacteria
were the dominant phyla in the sludge AD system (Fig. 4a). The
highest abundance of Proteobacteria was probably related to its
diverse substrate utilization and environmental adaptation.
Proteobacteria, Bacteroidetes, and Acidobacteria are closely
related to the nitrogen cycle. Moreover, Proteobacteria and
Chloroexi are completely denitrifying microorganisms, which
are essential in the denitrication process.26,27 The relative
abundances of Proteobacteria and Chloroexi had little change
with the increase in Mn2+, while the abundance of Bacteroidetes
increased signicantly with the Mn2+ concentration increased
from 0–5 mM and then gradually increased in the Mn2+

concentration of 5–20 mM. The Anabaena phylum is the
dominant bacteria in the hydrolysis and acidication stages of
anaerobic systems involved in the production of acetic acid and
propionic acid,28 and its relative abundance gradually increased
with the increase in Mn2+ concentration, which promoted
sludge hydrolysis.

At the genus level, the bacteria associated with denitrica-
tion in the top 15 dominant genera included SC-I-84, C10-SB1A,
PHOS-HE36, Ellin6067, Candidatus_Competibacter, Subgroup_10,
and Nitrospira.29–31 SC-I-84 is known as an anaerobic ammonia-
oxidizing bacteria.32 As the Mn2+ concentration increased, the
relative abundance of SC-I-84 gradually decreased, and anaer-
obic ammonia oxidation gradually weakened (Fig. 4b). C10-
SB1A is considered a DNRA bacteria,31 and its relative abun-
dance rst increased and then decreased with the increase in
Mn2+ concentration, and reached the maximum in the group
with 10 mM Mn2+ treatment. The phenomenon revealed that
the DNRA in the system was rst enhanced and then weakened.
Some studies have shown that PHOS-HE36 and Subgroup_10 are
2450 | RSC Adv., 2024, 14, 2447–2452
denitrifying bacteria,33 and the relative abundance of PHOS-
HE36 gradually increased as the Mn2+ concentration increased,
indicating the gradually strengthening of denitrication. Can-
didatus_Competibacter are glycogen-accumulating organisms
(GAOs) that can store nutrients. GAOs are functional bacteria in
the process of endogenous denitrication of treated municipal
wastewater, which can convert NO3

−–N and NO2
−–N to N2.31 As

the Mn2+ concentration increased, the relative abundance of
Candidatus_Competibacter gradually decreased, and endoge-
nous denitrication weakened. Ellin6067 is an ammonia-
oxidizing bacteria (AOB), which oxidizes ammonia to nitrite.
AOB are autotrophic bacteria that oxidize NH4

+–N for energy by
using CO2 as a carbon source.34 Nitrospira is a complete
ammonia-oxidizing bacteria (comammox), whose genome
contains a complete genetic material encoding the full process
of ammonia oxidation and nitrite oxidation, and they can
directly oxidize NH4

+ to NO3
−.35 As the Mn2+ concentration

increased, the relative abundance of Ellin6067 gradually
increased, which promoted the conversion of NH4

+–N to NO2
−–

N; whereas the relative abundance of Nitrospira rst increased
and then decreased. The relative abundance of the group
treated with 10 mM Mn2+ was the largest, and Nitrospira pre-
sented the highest utilization rate of NH4

+–N. In summary, the
removal of NO3

−–N occurred through the combined action of
denitrication, ammonia oxidation, and DNRA. As the Mn2+

concentration increased, denitrication was gradually
enhanced, anaerobic ammonia oxidation was slowly weakened,
and DNRA was rst enhanced and then weakened, microbial
communities may have evolved towards an energy-efficient
association of short-cut nitrication, denitrication, and
anaerobic ammonia oxidation. The concentration of NH4

+–N
accumulated in the supernatant decreased and then increased
with increasing Mn2+ concentration under the combined action
of hydrolysing bacteria, AOB, comammox, and DNRA.

2.3.3. Canonical correlation analysis (CCA) of
denitrication-associated genus-level microorganisms. The
CCA of denitrication microbial communities associated with
Mn2+ and nitrate reduction rate (NRR) at the genus level is
showed in Fig. 5. The eigenvalues of the two axes were 92.69 and
20 mM of Mn2+, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.89%, and both Mn2+ and NRR were strongly correlated with
axis 1. The microbial community structure was more similar in
treatment groups A and B, with signicant differences from the
other groups. The addition of >5 mM Mn2+ substantially
affected the composition of the microbial community structure.
The relative abundance of SC-I-84 was signicantly negatively
correlated with Mn2+ concentration, which indicated that the
addition of Mn2+ inhibited the growth of SC-I-84 and that
anaerobic ammonia oxidation gradually weakened with the
addition of Mn2+. NRR was positively correlated with initial
Mn2+ concentration. Moreover, the relative abundances of C10-
SB1A, PHOS-HE36, and Ellin6067 were positively correlated with
NRR and Mn2+ concentrations. PHOS-HE36 presented the
greatest effect on NO3

−–N removal, which suggested that the
addition of Mn2+ promoted the growth of PHOS-HE36, which in
turn promoted NO3

−–N removal. AOB can reduce MnO2 to Mn2+

in anoxic manganese-rich environments.18 In this study,
Ellin6067, an AOB, which was signicantly positively correlated
with Mn2+ concentrations (Fig. 5). The result indicated that
Ellin6067 can tolerate a high concentration of Mn2+ and is
hypothesized to reduce MnO2 to Mn2+.

The wastewater used in this study is synthetic groundwater
formulated according to the actual situation, which cannot
completely simulate the actual situation. In the future, pilot-
scale experiments using actual wastewater would be conduct-
ed. Moreover, the effect of Mn2+ on NO3

−–N removal by anaer-
obic sludge was investigated in this study. The results of the
study are closely related to the microorganisms in the sludge,
and may vary depending on the composition of the microbial
community in different sludges.

3. Conclusions

Denitrication, anaerobic ammonia oxidation, and DNRA
ensured the removal effect of NO3

−–N in anaerobic sludge. The
addition of Mn2+ promoted the removal efficiency of NO3

−–N
and TN. The fastest NO3

−–N removal was obtained by the group
treated with 5 mMMn2+, and the best TN removal was found by
the group addition with 10 mM Mn2+. The addition of Mn2+

contributed to the removal of NO3
−–N mainly by promoting the

growth of the genus PHOS-HE36 in the anaerobic sludge.

4. Experimental
4.1. Domestication of anaerobic sludge

Sludge was obtained from the Xingchang Wastewater Treat-
ment Plant, Zhejiang, China. The collected sludge was cong-
ured with an enrichment culture solution to domesticate
anaerobic sludge and enrich it with anaerobic microorganisms.
Serum vials of 500 mL were used to domesticate the sludge by
adding 100 mL of sludge and 250 mL of enrichment culture
solution. The vials were vented with nitrogen for 15 min, and
then sealed with a lid to ensure an anaerobic environment. The
enrichment solution consisted of 0.36 g per L KNO3, 0.21 g per L
NaHCO3, 0.34 g per L KH2PO4, 0.086 g per L NH4Cl, 0.076 g per L
MgCl2, 0.003 g per L CaCl2, and 0.25 mL per L trace element
solution.36 The trace element solution consisted of 0.1 mg per L
© 2024 The Author(s). Published by the Royal Society of Chemistry
FeSO4$7H2O, 0.03 mg per L H3BO3, 0.036 mg per L Na2MoO4-
$2H2O, 0.12 mg per L MnCl2$2H2O, 0.07 mg per L ZnCl2;
0.12 mg per L CoCl2$6H2O, 0.024 mg per L NiCl2$6H2O, and
0.015 mg per L CuSO4$5H2O.37 The culture was transferred to
a new vial and incubated every 5 days.
4.2. Experimental design

Synthetic wastewater was used to simulate NO3
−–N contami-

nated groundwater, and the synthetic wastewater consisted of
0.45 g per L KNO3, 0.14 g per L KH2PO4, 0.03 g per L MgCl2,
0.001 g per L CaCl2, 0.42 g per L NaHCO3, and 0.1 mL per L trace
element.36

In the batch experiments, synthetic groundwater was used to
simulate groundwater conditions in the presence of both heavy
metals and NO3

−–N. For that, 50 mL of synthetic groundwater
was added to 100 mL serum bottles. The experimental group
with 1 mM Mn2+ and no sludge was added as a blank control
(CK), and the experimental group with 2 g of cultured anaerobic
sludge without Mn2+ was added as the control group (A). All
other experimental groups, that is, B, C, D, E, and F, were added
with 2 g of anaerobic sludge, and the initial Mn2+ concentra-
tions were set to 1, 5, 10, 15, and 20 mM Mn2+, respectively,
according to different levels of Mn2+ contamination. The initial
pH was adjusted to 7.2. Each serum vial was rinsed with
nitrogen for 15 min and then sealed with a cap to ensure an
anaerobic environment. Samples were withdrawn at 150 rpm
and 30 °C on days 1, 2, 4, 6, 8, 10, and 12 to determine the
contents of NO3

−–N, NO2
−–N, NH4

+–N, N2O, and Mn2+. The pH
and total nitrogen (TN) content of the supernatant were
measured on days 0 and 12. On day 12, the sludge was also
collected for 16S rRNA high-throughput sequencing. Three
replicates were set for both the treatment and control groups.36
4.3. Analysis methods for abiotic indicators

The concentrations of NH4
+–N, NO2

−–N, NO3
−–N, and TN were

determined using standard methods.38 NH4
+–N was quantied

using indophenol-blue spectrophotometry at 625 nm. NO2
−–N

was measured using N-(1-naphthalene)-diaminoethane spec-
trophotometry at 540 nm. NO3

−–N was assessed using ultravi-
olet spectrophotometry at 220 and 275 nm. TN was assessed
using alkaline potassium persulfate digestion-ultraviolet spec-
trophotometry at 220 and 275 nm. N2O content was determined
using gas chromatography. Mn2+ concentration was determined
using inductively coupled plasma emission spectrometry. The
pH value was determined using a pH meter.
4.4. High-throughput sequencing analysis

Aer centrifugation of different treatment groups for 12 d, the
sludge was placed in 10 mL centrifuge tubes, labelled according
to different treatments, and sent to Nanjing Paisenuo Gene
Technology Co., Ltd for sequencing. Primers 338F (50-ACTCC-
TACGGGGAGGCAGCA-30) and 806R (50-GGAC-
TACHVGGGGTWTCTAAT-30) were used to amplify the V3–V4
region of the bacterial 16S rRNA gene.39
RSC Adv., 2024, 14, 2447–2452 | 2451
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4.5. Data processing and analysis

Excel 2016 and Origin 2018 were used for data processing and
plotting. SPSS 22.0 was used for the analysis of signicance.
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