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Denitrification and phosphorus removal
efficiency of different pretreated qingke straw
carbon sources and microbial response

mechanisms

Chen Xiangyu', Wang Renxu?, Zong Yongchen*?, Wang Yansong*, Zhang Jiajing’, Zheng Yuhao®,
Liu Shibo’

(1. Xizang Civil Engineering, Water Conservancy and Electric Power Engineering Technology
Research Center, Xizang Agriculture and Animal Husbandry University, Nyingchi 860000; 2.
College of Water Conservancy and Civil Engineering, Xizang Agriculture and Animal
Husbandry University, Linzhi 860000, China)

Abstract: This study aims to explore the efficiency of nitrogen and phosphorus removal in a
laboratory-scale SBR reactor under plateau habitat conditions, using different pretreated qingke
straw fermentation broths as external carbon sources. It investigates microbial evolution and
community structure changes, conducts a correlation analysis between microorganisms and
environmental factors, and examines changes in microbial community structure and six nitrogen
metabolism functional modules. The results indicate that different pretreatment methods of gingke
straw fermentation broth as external carbon sources lead to an increase in the abundance and
diversity of microbial communities, influencing the direction of microbial community succession.

The addition of acid-base pretreated qingke straw fermentation broth significantly inhibits three
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functional modules: denitrification, dissimilatory nitrate reduction, and complete digestion, while

enhancing three functional modules: nitrate assimilatory reduction, nitrification, and nitrogen

fixation. In plateau habitat conditions, nitrogen and phosphorus removal processes require enhanced

treatment for phosphorus removal.

Keywords: qingke straw, low C/N ratio, external carbon source, plateau habitat, pretreatment

method

1 Introduction

The biological treatment process based on nitrification and denitrification is a widely adopted

high-efficiency nitrogen and phosphorus removal technique for urban wastewater treatment in

China (Zheng et al., 2018). In the wastewater treatment process, nitrification is the process of

converting ammonia nitrogen into nitrate, while denitrification is the process of reducing nitrogen

pollution, primarily targeting nitrate in wastewater. During this process, nitrate is converted into

nitrite, then into nitrous oxide (nitrate ions are converted into nitrite ions), and ultimately into

nitrogen gas (Ding et al., 2019; Fang et al., 2021; Wang et al., 2017). Denitrification is a crucial link

in the nitrogen cycle in both natural and engineered ecosystems, converting nitrate or nitrite into

molecular nitrogen (Wang and Chu, 2016; Wu et al., 2023a). Typically, the reduction of nitrate is

accompanied by the utilization of carbon sources, especially in wastewater treatment plant (WWTP)

systems (Lee and Welander, 1996; Osaka et al., 2008). Therefore, denitrification is closely related

to the carbon and nitrogen cycles (Wu et al., 2023Db).

Relevant research indicates that the influent carbon source is a crucial factor in the

denitrification process as an electron donor. Due to insufficient influent COD, the influent is

persistently under conditions of low carbon to nitrogen (C/N) ratio (3.8-8.5), posing frequent
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challenges to municipal wastewater treatment plants in China (Liu et al., 2023a). This limitation
hinders nitrogen removal efficiency, often resulting in effluent nitrogen concentrations exceeding
mandatory standards.

Numerous studies have attempted to address the limitations of low C/N ratio on wastewater
treatment efficiency, including modifications to nitrogen removal technologies (e.g., partial
nitrification/anaerobic ammonium oxidation, denitrifying polyphosphate accumulating organisms
(DPAO)), optimization of operational parameters, and adjustments to treatment systems (Zekker et
al., 2021; Zhao et al., 2016; Zhu et al., 2023). Additionally, a simultaneous anaerobic
oxidation/partial nitrification-denitrification process (SAO/PND) has been proposed, which reduces
the required COD and lowers costs by minimizing sludge production and energy consumption
(Hosseinlou, 2021). One of the most widely adopted strategies is to add external carbon sources
during the anoxic phase based on the influent water quality to achieve the optimal COD
concentration (Liu et al., 2016).

The Xizang region is located on the Qinghai-Xizang Plateau, with an average elevation of over
4,000 meters. It is known as the "Third Pole of the World" and serves as China's "ecological
protection barrier". It possesses unique environmental characteristics such as high ultraviolet
intensity, large diurnal temperature variation, and low water temperature (Chen et al., 2024). In
recent years, with the accelerated advancement of urbanization, a large number of wastewater
treatment facilities based on nitrification and denitrification processes have been built in the Xizang
region. These facilities primarily utilize the anaerobic-anoxic-aerobic (A%0) process and the anoxic-
aerobic (AO) process (Hao Kaiyue et al., 2020; Hao Kaiyue et al., 2021a). Field investigations have

found that the influent concentration of wastewater treatment plants across various cities in Xizang
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has long been in the low carbon to nitrogen (C/N) ratio range (1-5). To enhance wastewater treatment

efficiency, some plants have added external carbon sources such as glucose, starch, and sodium

acetate to the wastewater treatment facilities. Although this has improved nitrogen and phosphorus

removal efficiency, it has significantly increased costs. Therefore, finding a low-cost and

environmentally friendly external carbon source is a necessary measure to reduce the cost of external

carbon sources for wastewater treatment plants in the Xizang region.

To reduce costs, some studies have attempted to enhance denitrification by utilizing solid slow-

release carbon source materials, including natural cellulose materials such as corn cob (Li et al.,

2020) and peanut shell (Xiong et al., 2019), as well as synthetic biodegradable polymers such as

polycaprolactone (PCL) (Wang et al., 2019) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBYV) (Sun et al., 2020a). Among these, natural cellulose materials are widely used due to their

abundant sources and lower cost compared to biodegradable polymers. In 2022, "Xizang gingke(a

type of Xizang barley" was successfully selected into China's National Plan for Cultivating High-

quality Agricultural Brands in 2022. In 2023, our region plans to implement a gingke planting area

of 2.2 million mu, indicating that qingke straw possesses distinct Xizang characteristics and a wide

range of sources. As the main agricultural waste in Xizang, qingke straw has an annual output of

1.3221 million tons. Currently, it is mostly disposed of through incineration, which not only results

in resource waste but also releases pollutants and greenhouse gases (CO.) (Zhu et al.). 2025).

Research indicates that volatile fatty acids (VFA) produced through anaerobic fermentation of

straw-based biomass can serve as high-quality carbon sources for denitrification processes.

Additionally, combined pretreatment methods, such as KOH and nu3-120, can significantly enhance

lignin degradation rates and methane production, providing new insights for the development of
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carbon sources in wastewater treatment. Furthermore, microbial metabolites (such as acetic acid)

present in the fermentation broth of gingke straw may regulate microbial community structure,

optimizing denitrification and phosphorus removal pathways. gingke straw is rich in lignocellulose,

which can release soluble organic matter (such as acetic acid and lactic acid) through pretreatment

methods (such as chemical and biological fermentation). This organic matter, as an external carbon

source, can effectively supplement the carbon demand in wastewater treatment while achieving

resource utilization of waste materials (Zhang et al., 2022; Ma et al., 2025; Li et al., 2024a).

However, there is currently limited research on the effects of different pretreatment methods

on nitrogen and phosphorus removal, as well as changes in microbial community structure, when

using qingke straw as a carbon source for wastewater treatment. Therefore, this study selected

qingke straw with different pretreatment methods as an external carbon source to treat wastewater

with a low C/N ratio. The main objectives of this study are: 1) to investigate the release composition

of carbon sources different from that of treated qingke straw; 2) to study the impact of adding qingke

straw carbon source on the nitrogen and phosphorus removal performance of SBR; 3) to investigate

the effect of adding qingke straw carbon source on changes in the microbial community structure

of SBR; 4) to provide theoretical support for the mechanism research of SBR reactors in plateau

habitats and support for practical wastewater treatment operations in plateau areas through the

obtained patterns.

2 Materials and Methods

2.1 Test apparatus and procedure

To investigate the effects of different pretreatments and carbon-to-nitrogen ratios on nitrogen

and phosphorus removal, this study set up four parallel experiments using the SBR process. Device
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S1 served as the control experiment, while Device S2 was treated with a mixture of untreated qingke
straw fermentation broth and sewage. Device S3 was treated with a mixture of gingke straw
fermentation broth pretreated with 2% sulfuric acid and sewage, and Device S4 was treated with a
mixture of qingke straw fermentation broth pretreated with 2% sodium hydroxide and sewage. The
designed daily treatment capacity was 5.66L (2.83L/12h). The device dimensions were a cylindrical
barrel with an inner diameter of 19cm and a height of 25c¢m, with an effective volume of 5.66L" The
hydraulic retention time was 12 hours, and the AOA operation mode was adopted. The influent
water was introduced for 0.5 hours, followed by anaerobic stirring for 2 hours at a speed of 50 r-min
!, aerobic aeration for 6 hours, anoxic stirring for 2 hours, sedimentation for 1 hour, and effluent
water was discharged for 0.5 hours' The drainage rate per cycle was 50%, and the sludge discharge
volume was 280mL, with a sludge age of approximately 60 hours. The initial sludge for the
experiment was self-cultivated using domestic sewage from Xizang Agriculture and Animal
Husbandry University as the influent source. The influent water quality was as follows: COD:
39.898 mgL-1 to 410.29 mgL-1, NH4+-N: 17.84 mgL-1 to 102.22 mgL-1, TN: 24.53 mgL-1 to
131.96 mgL-1, TP: 2.68 mgL-1 to 21.75 mgL-1. During the acclimation period, a 12-hour cycle was
adopted, and the operating environmental control conditions were temperature (T): (25£1)°C, pH:
4.58 to 9.36, dissolved oxygen during the aeration phase was between 2.04 mgL-1 and 4.92 mgL-
1. The designed acclimation period was 30 days to ensure adaptation to the experimental operation
cycle. When the sludge concentration (MLSS) stabilized at 1490 mgL-1 to 1980 mgL-1, the
experiment entered the operational phase. The external carbon source devices S2, S3, and S4
controlled the influent water with a C/N ratio between 5 and 9. The experiment was continuously

monitored for 100 days, with water quality tested every two days. Based on 50 sets of data, the
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impact of external carbon sources on nitrogen and phosphorus removal efficiency, as well as their

effects on microbial genera, was analyzed. See Figure 1 for details.

water
outlet

water
ingress
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motor

peristaltic

aeration

o

peristaltic
pump

Figure 1: Device operation diagram

2.2 External carbon source treatment of qingke straw

For the preparation of exogenous carbon sources, the gingke straw selected was obtained from

the farm of the College of Botany at our university. The collected straw was cut into 2-4cm segments,

rinsed twice with deionized water, and then dried. Afterwards, the straw segments were crushed into

powder using a grinder. 20g of the powder was added to a 1L beaker, followed by the addition of

900mL of deionized water, 2% H>SO4 solution, and 2% NaOH solution. The mixture was stirred

and heated in a 90°C water bath for 1 hour. After cooling, the pH was adjusted to a neutral level.

The beaker opening was sealed with plastic wrap for 12 hours of constant temperature fermentation

at 30°C. After fermentation, the supernatant was filtered to obtain the exogenous carbon source from

gingke straw.

2.3 Activated sludge sampling and high-throughput analysis
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The sequencing experiment first requires the extraction of sample DNA using the Fast DNA

Spin Kit (Fast DNA Spin Kit for Soil, MP, USA) (Guan et al., 2018), followed by detection using

1% agarose gel electrophoresis. Then, PCR amplification is performed on the variable region

(V3~V4) of the 16S rRNA gene using a PCR instrument (ABI GeneAmp® Model 9700) with primers

338F (5'-actcctacgggaggcagag-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3"). The three

replicate PCR amplification products of the same sample are mixed and detected using 2% agarose

gel electrophoresis.

Based on the preliminary quantification results of electrophoresis, the PCR products were

quantified using the QuantiFluor™-ST blue fluorescence quantification system (Promega), and then

mixed in appropriate proportions according to the required sequencing amount for each sample. The

PCR added Illumina splicing sequences to the outer ends of the target regions, and the gel was cut

using the AxyPrep DNA gel Recovery Kit (AXYGEN) to recover the PCR products. The products

were eluted with Tris-HCI buffer and detected by 2% agarose electrophoresis. After denaturation in

NaOH, single-stranded DNA fragments were obtained, and their ends were immobilized on the chip

using complementary primer bases to synthesize target DNA fragments, forming a denatured

"bridge". DNA polymerase and dNTP were added, and the surface of the reaction plate was scanned

using a laser to read the types of nucleotides polymerized on the template sequence. Finally, the

"fluorescent fragments" and "termination fragments" were chemically cleaved to restore the 3' end

cohesion, allowing the second nucleotide to continue polymerization. This cycle was repeated, and

the sequence of the template DNA fragments obtained in each round was counted, completing the

[llumina MiSeq sequencing. The amplicon sequencing of all samples was conducted by Shanghai

Meiji Biotechnology Co., Ltd. on the [llumina MiSeq platform. The raw data obtained from MiSeq
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sequencing were first assembled based on overlap relationships, and the sequence quality was

controlled and filtered. The clustering method used was the USEARCH7-uparse algorithm, and

sequence grouping was performed according to operational taxonomic units (genera) and a

threshold of 97% (UPARSE (7.0.1090)). Classification was performed using the SILVA bacterial

database (Bremen, Germany).

Thirteen microbial samples were collected, including SOD1 as the initial sample from four

devices. The remaining samples were collected three times each from the early, middle, and late

stages of the experiment, with each stage lasting 30 days and named D1, D2, and D3 according to

the time period. A total of 12 samples were collected from the four reactors, making a total of 13

samples. The samples were stored at -80°C. The 13 microbial samples of activated sludge from the

SBR device obtained in this experimental study (-80°C environment) were entrusted to Shanghai

Meiji Biotechnology Co., Ltd. (https://www.majorbio.com) for testing. The activated sludge

microbial testing included DNA extraction and 16s rRNA gene sequencing(chen et al., 2024).

2.4 Analytical methods

In this study, Sheng'ao Hua water quality testing instruments (https://www.sahkeji.com) were

used to detect routine water quality indicators such as COD, NH4"-N, TN, and TP, while Hach

instruments (https://www.hach.com.cn/US) were employed to measure environmental factors like

temperature (T), dissolved oxygen (DO), and pH.

The main instruments for measuring sewage indicators in the experiment and their

corresponding methods are detailed in Table 1.

Table 1: Detection Methods for Water Quality Indicators

indicator Determination method Instrument model
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T, DO, pH electrode method HACH HQ40d

COD Potassium dichromate method 6B-3000A
NH4"-N Nessler's reagent photometric method 6B-3000A
TN Potassium persulfate ultraviolet spectrophotometry 6B-3000A

TP Molybdenum-antimony anti-ultraviolet spectrophotometry 6B-3000A

The raw data obtained from Miseq sequencing are first assembled based on overlap

relationships, and the sequence quality is controlled and filtered. The clustering method employs

the USEARCH7-uparse algorithm, and sequence grouping is performed according to operational

taxonomic units (genera) and a 97% threshold (UPARSE (7.0.1090)) (Caporaso et al., 2010).

Classification is conducted using the SILVA bacterial database (Bremen, Germany). Information on

species abundance, coverage, and diversity in the community is obtained through diversity index

analysis. To study the differences in community structure among different samples, a cluster analysis

is performed on the sample community distance matrix to construct a sample-level clustering tree.

Beta-diversity is plotted using R language (version 3.3.1). The Qiime software is used to calculate

the beta-diversity distance matrix for sample-level clustering. The sample distance Heatmap uses

FastTree (version 2.1.3, http://www.microbesonline.org/fasttree/) to construct an evolutionary tree

based on the maximum likelihood method. Then, the FastUniFrac (http://UniFrac.colorado.edu/) is

used to analyze and obtain the distance matrix between samples. PCoA analysis is performed using

R language (version 3.3.1) for PCoA statistical analysis and plotting. LEfSe

(http://huttenhower.sph.harvard.edu/galaxy/root?tool _id=lefse upload) performs linear

discriminant analysis (LDA) on samples according to different grouping conditions based on

taxonomic composition, identifying communities or species that significantly affect sample
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classification. The PICRUSt functional prediction first standardizes the OTU abundance table using

PICRUS, and then obtains COG family information and KEGG Ortholog (KO) information

corresponding to each genus through the greengene id associated with each genus. The abundance

of each COG and KO is calculated. For pathways, PICRUSt can obtain three levels of information,

including functional modules and enzyme information, for metabolic pathways, and generate

abundance tables for each level.

The pretreatment fermentation broth of qingke straw was detected using a Shimadzu GCMS-

QP2010 SE instrument for gas chromatography-mass spectrometry. The electron impact (EI) mode

was employed, and the fermentation broth was separated by gas chromatography. The mass

spectrometry detection utilized EI (70 eV) ionization, with a typical scanning range of 40—600 m/z.

The spectral library matching was conducted using the NIST20 spectral library for component

identification. The functional groups of the fermentation broth were detected using infrared

spectroscopy, employing a Thermo Scientific Nicolet Summit X Fourier transform infrared

spectrometer with ATR-FTIR (Attenuated Total Reflection-Fourier Transform Infrared

Spectroscopy). The instrument model was Nicolet Summit X, with 16 scans and a scanning range

of 4000-525 cm™".

3 Results and Discussion

3.1 Analysis of water quality results

To explore the impact of different treatment methods on the wastewater treatment capacity of

the SBR reactor, an analysis was conducted on the changes in pollutant removal efficiency, and the

results are shown in Figure 2.
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Figure 2 Diagram of pollutant removal efficiency of each device (a: COD, b: NH4*-N, ¢: TN,
d: TP)

As can be seen from Figure 2, there are significant differences in the COD removal rates among
the devices. Compared to the raw water control group S1, the COD removal rates of devices S3 and
S4, which added acid-base pretreated fermentation broth, were significantly improved. The COD
removal rate of device S2, which added untreated gingke straw carbon source fermentation broth,
was improved, but the improvement was relatively small. Overall, the average COD removal rate
of device S3 with acid pretreatment was the best (76.96%), slightly higher than that of device S4
(73.16%). This result indicates that both acid and alkali pretreatment can significantly enhance the
carbon source release ability of qingke straw, suggesting that the cellulose in qingke straw can be

hydrolyzed into monosaccharides and other substances as degradation carbon sources (Zhang et al.,
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2021; Zou et al., 2021)

After adding fermentation broth with different pretreatment methods, the NH4" removal rates

of all devices increased. Among them, the removal rate of NH4" from untreated fermentation broth

increased slightly, while the removal rates of S3 and S4 devices increased significantly. Compared

with S1, the average removal rate of NH4" increased by 28.79% and 31.75%, respectively,

maintaining a high level of 89.30% and 92.26%. This phenomenon indicates that no matter what

kind of pretreatment method is used for the fermentation broth, it may significantly enhance

nitrification in the system.

Compared to the blank control S1 device, the TN removal rate of the three devices with added

fermentation broth showed a certain degree of improvement. Among them, the improvement in S2,

which added untreated fermentation broth, was relatively small, with an average removal rate

increase of 12.76%. The improvement in S3 and S4 devices, which added acid-base pretreated

fermentation broth, was more significant, with an average removal rate increase of over 22.5%. The

improvement was greatest in the Xizang barley straw fermentation broth after alkali treatment,

reaching 24.79%. Overall, the addition of acid-base pretreated fermentation broth significantly

enhanced nitrogen removal in the SBR system.

During the experimental operation period, the TP removal rate of each device exhibited

significant fluctuations, generally remaining at a low level, and even showing negative removal

rates. Relevant studies have indicated that under different operating conditions, the biological

treatment process in plateau habitats may indeed remove some phosphorus-removing

microorganisms, leading to poor phosphorus removal efficiency within the system (Chen et al., 2024;

Chen et al., 2023a). Simultaneously, the ratio of TP concentration to TN concentration in the influent
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is relatively high. At low C/N levels, phosphorus-accumulating organisms compete with nitrogen-

removing bacteria for carbon sources, thereby inhibiting the denitrification process and resulting in

poor nitrogen and phosphorus removal efficiency (Guerrero et al., 2011). Overall, the addition of

different pretreatment methods using gingke straw carbon sources, especially alkali pretreatment

fermentation broth, significantly improved the organic matter removal and nitrogen removal

efficiency of the experimental operation devices, but the improvement in phosphorus removal

efficiency was not significant.

3.2 Analysis of carbon source components in gingke straw with different pretreatments

3.2.1 Composition analysis of fermentation broth from qingke straw with different

pretreatments

To investigate the composition of carbon source fermentation broth from qingke straw with

different pretreatments, this study employed gas chromatography-mass spectrometry (GC-MS)

detection. The detected components and functions for each treatment are presented in Table 2.

Table 2 List of Components Detected by Chromatography-Mass Spectrometry

handling retention  peak area name Carbon source function
method time
9.546 1333322 3-Heptanone, 6-methyl- Methyl ketone, easily
degradable
Untreated
0.842 978852 1-Alanine ethylamide, (S)- Amino acid derivatives, easily
fermentati

utilizing carbon and nitrogen
on broth

sources

30.396 633575 2,5-Dihydroxybenzoic acid, 3TMS derivative Aromatic acid derivatives,




acid

treatment

14.751

16.011

17.211

32.087

31.914

13.972

14.145

8.483

3.049

14.740

17.210

460236

439601

371518

231676

225450

216256

193947

823280

725273

444627

365882

Benzene, 1,2,3,4-tetramethyl-

Benzene, 1,2,4,5-tetramethyl-

Azulene

1,2-Benzenedicarboxylic acid, bis(2-

methylpropyl) es

2-Pentadecanone, 6,10,14-trimethyl-

2-Nonanone

Benzene, 2-ethyl-1,4-dimethyl-

Benzaldehyde

Hexanal

Benzene, 1,2,3,4-tetramethyl-

Azulene

degradable

Aromatic hydrocarbons have an

inhibitory effect

Aromatic hydrocarbons have an

inhibitory effect

Inert organic compounds,

slightly toxic

Inert organic compounds

(plasticizers)

Long-chain ketones, which can

degrade slowly

Medium chain length, easily

degradable

Aromatic hydrocarbons have an

inhibitory effect

Aromatic carbon source,

degradable

Lipid carbon source, easily

degradable

Aromatic hydrocarbons have an

inhibitory effect

Inert organic compounds,




alkali

treatment

16.004

18.827

18.721

27.330

14.573

30.394

5.888

31.906

9.759

14.758

9.638

16.019

360578

304122

223036

214811

201636

199399

1084504

748255

289022

280956

219524

189936

Benzene, 1,2,4,5-tetramethyl-

3-Pyridinecarbonitrile, 1,6-dihydro-1-methy

Benzaldehyde, 2,4-dimethyl-

Phenol, 2,6-bis(1,1-dimethylethyl)-

Benzene, 1,2,4,5-tetramethyl-

2,6-Dihydroxybenzoic acid, 3TMS derivativ

2-Heptanone

2-Pentadecanone, 6,10,14-trimethyl

2-Octanone

Benzene, 1,2,3,4-tetramethyl-

5-Hepten-2-one, 6-methyl-

Benzene, 1,2,4,5-tetramethyl-

slightly toxic

Aromatic hydrocarbons have an

inhibitory effect

Inert organic matter

Aromatic carbon source,

degradable

Phenols have an inhibitory

effect

Aromatic hydrocarbons have an

inhibitory effect

Aromatic acid derivatives,

degradable

High content, easy to degrade

Long-chain ketones, which can

degrade slowly

Medium chain length, easy to

degrade

Aromatic hydrocarbons have an

inhibitory effect

Unsaturated ketone, degradable

Aromatic hydrocarbons have an

inhibitory effect




274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

9.579 146915 3-Octanone Medium chain length, easily

degradable
16.350 107618 3-Isopropylidene-5-methyl-hex-4-en-2-one Inert organic matter
17.271 95788 Azulene Inert organic compounds,

slightly toxic

14.580 93266 Benzene, 1,2,3,4-tetramethyl- Aromatic hydrocarbons have an

inhibitory effect

As can be seen from Table 1, the untreated fermentation broth has a low carbon production,
with about 20% being rapidly degradable carbon sources, 70% being slowly degradable carbon
sources, and about 10% being toxic substances such as halogenated hydrocarbons and nitrogen-
containing aromatic rings. Although the inhibitory effect of untreated fermentation broth is small
and the proportion of treatable carbon sources is large, the COD content of untreated fermentation
broth is relatively low, only ranging from 300 to 500 mg-L"!, making it difficult to achieve effective
carbon source supplementation.

Acid treatment releases a large amount of carbon sources, with a COD content that can reach
2000 mg-L™!. The composition is relatively complex, with only 25% of the carbon sources capable
of being rapidly degraded, 40%-50% degradable but with a slower degradation rate, 20% toxic
substances, and a relatively high proportion of inhibitory substances. Under the same conditions,
the effect is inferior to that of alkali-treated fermentation broth.

Alkali treatment yields the highest carbon production, with a COD content exceeding 6000
mg-L!. However, some carbon sources are difficult to utilize. Only three rapidly degradable carbon

sources, namely 2-Heptanone, 2-Octanone, and 3-Octanone, account for approximately 30%.
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Degradable carbon sources, albeit with a slower degradation rate, constitute about 30%. Non-

degradable substances make up about 20%, toxic and inhibitory substances about 10%, and other

substances about 10%. Compared to acid treatment and untreated fermentation broth, alkali-treated

fermentation broth has a higher carbon production rate, a higher proportion of utilizable carbon

sources, and fewer toxic side effects. Consideration could be given to extending the fermentation

time or using adsorption treatment to reduce toxic inhibitory effects.

Based on the analysis of water quality changes, it can be concluded that both acid and alkali

treatments can reduce the degree of polymerization of cellulose, separate cellulose, hemicellulose,

and lignin, and increase the contact surface area and enzyme accessibility of cellulose (Kumar et al.,

2020). Although the denitrification effect of carbon sources treated with acid has improved, it is not

stable. This may be because acid treatment produces some soluble organic matter with multi-chain

structures that are difficult to degrade. In addition, during the fermentation process, although the

hydrolyzates from acid and alkali treatments are neutralized before fermentation, the alkali

treatment shows better performance in degrading multi-chain organic matter during anaerobic

fermentation, which may be one of the reasons for the superior denitrification and phosphorus

removal effect of alkali treatment.

3.2.2 Analysis of functional groups in carbon source fermentation broth from qingke straw with

different pretreatment methods

To investigate the changes in functional groups in the carbon source fermentation broth of

qingke straw with different pretreatment methods, infrared spectroscopy was used to detect the

fermentation broth, and the detection results are shown in Figure 3.
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Figure 3 Fourier transform infrared spectrum of hydrolyzate
In the figure, several wave peaks can be clearly observed. The absorption peak near 1636 cm”
!"appears in all three samples with similar intensities (72.5-73.5). It may correspond to the stretching
vibration of C=0 (carbonyl group), commonly found in compounds such as amides, ketones, and
acids. The absorption peak at 2157 cm™! (only appearing in the "untreated" sample) has a very high
intensity (96.765), and disappears after treatment in the "acid pretreatment” and "alkali
pretreatment" samples. It may correspond to the stretching vibration of C=N (nitrile) or C=C
(alkyne). The disappearance indicates that this functional group may undergo hydrolysis or
structural destruction under acid-base conditions. The absorption peak at 1192 cm™ (only appearing
in the acid pretreatment sample) has a high intensity (94.413), and may correspond to the stretching

vibration of C-O (such as alcohols, ethers, and esters). Its appearance may be related to esterification,
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dehydration, or structural rearrangement caused by acid treatment. The absorption peak at 3258-
3260 cm! appears in all samples with similar intensities (about 45). It corresponds to the stretching
vibration of O-H or N-H (hydrogen bonding region), and may come from water, alcohols, phenols,
amines, or amides. Untreated sample: it may be an organic compound containing nitrile or alkyne
groups (2157 cm™). Acid pretreatment: it leads to the disappearance of nitrile/alkyne groups, and
the appearance of C-O bond signals (1192 ¢cm™), indicating possible hydrolysis to generate
carboxylic acids or esterification reactions. Alkali pretreatment: it also leads to the disappearance of
nitrile/alkyne groups, but no new peaks appear, indicating possible alkaline hydrolysis to generate
carboxylates or amines/amines, whose infrared signals may be masked by broad peaks.
3.3 Diversity analysis

3.3.1 Alpha diversity analysis of microbial communities

In the Alpha diversity indices of microbial communities, the Chao index and Sobs index reflect
the richness of microbial communities, the Simpson index and Shannon index reflect the diversity
of microbial communities, and the Shannon-even index and Simpson-even index reflect the
evenness of communities (Hou et al., 2023). Community diversity is a comprehensive result of
richness and evenness. After adding different pretreatment methods of gingke straw carbon source
fermentation broth, the changes in Alpha diversity indices of samples from each device are shown
in Table 3.

Table 3 Alpha diversity index of each device under different pretreatment methods

Sample
Sobs Chao Shannon Simpson  Shannoneven Simpsoneven

name

S0D1 265 265.00 4.14 0.0343 0.7425 0.1100
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S1D1 190 190.00 3.27 0.0957 0.6240 0.0550

S1D2 235 235.25 3.63 0.0610 0.6655 0.0697
S1D3 265 265.00 3.63 0.0734 0.6505 0.0514
S2D1 194 194.25 3.23 0.1093 0.6131 0.0471
S2D2 241 241.11 3.56 0.0652 0.6499 0.0636
S2D3 241 241.00 3.44 0.0817 0.6277 0.0508
S3D1 212 212.00 3.64 0.0568 0.6791 0.0831
S3D2 228 228.00 3.67 0.0551 0.6767 0.0796
S3D3 241 241.00 3.85 0.0654 0.7028 0.0634
S4D1 199 199.00 3.58 0.0684 0.6770 0.0735
S4D2 274 274.14 4.23 0.0322 0.7533 0.1132
S4D3 274 274.09 4.08 0.0457 0.7262 0.0798

Based on the analysis of Table 3, it can be observed that the microbial abundance in the S1

device of the blank control group is relatively high. The addition of different pretreated qingke straw

carbon source fermentation broths significantly inhibited the microbial abundance in each device

during the initial operation period, significantly affecting the microbial abundance within the device.

As the operation time increased, the microbial abundance in each device significantly improved,

with the S4 device, which added alkali-treated qingke straw carbon source fermentation broth,

showing a notable increase in abundance, reaching its maximum during the middle operation period.

The Shannon and Simpson indices indicate that the addition of fermentation broths from different

pretreatment methods suppressed the diversity in each device. As the operation time increased, the

diversity within the system increased, reaching its maximum in each device during the reaction end
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period. A comparison between the Shannon-even index and the Simpson-even index reveals that the

uniformity of each device changed slightly, indicating that the addition of qingke straw fermentation

broth had a minor impact on the microbial uniformity within the SBR system. Overall, the addition

of gingke straw carbon source fermentation broth had a significant impact on the microbial

abundance and diversity in each device, inhibiting microbial diversity during the initial operation

period and significantly improving it as the operation time increased.

Comparing Alpha diversity with previous experiments and related studies conducted under low

C/N ratio operating conditions in non-plateau habitats, the Chao index of the SBBR reactor in

plateau habitats ranged from 1206.68 to 1320.13 (Chen et al., 2022a), which was significantly higher

than the Chao index of 624 to 922 for the SBR reactor in non-plateau habitats (Sun et al., 2020b),

and also significantly higher than the Chao index in this experiment. This indicates that the total

species count in the SBR reactor in plateau habitats is lower than that in non-plateau areas, and the

increase in packing material is beneficial for enhancing the total species count. However, the

Simpson index (0.0343 to 0.1093) in this study was lower than that in the SBR reactor in non-

plateau habitats (0.82 to 0.96), while the Shannon index (3.23 to 4.23) was within the range of that

in the SBR reactors in non-plateau habitats (4.59 to 6.76) (Sun et al., 2020b; Chen et al., 2022a),

suggesting that the SBR reactor in plateau habitats may possess good biodiversity.

3.3.2 Analysis of microbial community 3 diversity

To investigate the differences in community structure among different samples, a cluster

analysis was conducted on the distance matrix of sample communities, and a hierarchical cluster

tree of samples was constructed. The hierarchical cluster analysis of samples is based on the 3

diversity distance matrix for hierarchical clustering analysis, utilizing the UPGMA algorithm to



374  construct a tree structure and visualize the degree of difference in community distribution among

375  different environmental samples. The hierarchical cluster analysis results of samples at the genus

376  level at each stage, using the Bray-Curtis distance algorithm, are shown in Figure 4a.
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Figure 4 Hierarchical clustering tree of samples at each stage of genus level (a) and PCoA
analysis of samples at each stage of genus level (b)

As can be seen from Figure 4a, during the initial stage of operation, the microbial community
structures of S3 and S4 devices, which added acid-base pretreated qingke straw fermentation broth,
showed significant differences, while the microbial structures of S1 and S2 devices were highly
similar. The microbial community evolution in each stage of S1 and S2 devices was relatively
distinct, with significant leaps. The microbial communities in S3 and S4 devices exhibited a
stepwise evolution, with the S4 device, which added alkali-treated qingke straw carbon source
fermentation broth, showing a more rigorous stepwise evolution. As the operation progressed, the

microbial structures of all devices became highly similar at the end of the operation. This
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phenomenon indicates that acid-base pretreatment fermentation broth and operating conditions have

a significant impact on the evolution of microbial communities within the system, a result similar

to previous studies (Liu et al., 2022; Chen et al., 2022a).

Principal coordinates analysis (PCoA) can be utilized to investigate the similarity or difference

in the composition of sample communities. It employs a two-dimensional scatterplot visualization

to display the similarity and dissimilarity between control and treatment groups, with the distance

between samples reflecting the degree of clustering or dispersion within the sample communities.

Based on the Bray-Curtis algorithm, this study analyzes the genus-level changes in the microbial

community structure of various devices for qingke straw carbon source fermentation broth with

different treatment methods. The results are presented in Figure 3b. As can be observed from the

figure, the two principal coordinates of PCoA account for 66.6% of the variation in all samples. The

samples from each device are relatively dispersed, exhibiting a distribution trend from left to right

as the operational conditions change. There is a significant distance along the horizontal axis, while

the dispersion distance between devices S3 and S4 is relatively small along the vertical axis. This

phenomenon may indicate that the addition of acid-base pretreated qingke straw fermentation broth

has a significant impact on the microbial community structure of the SBR system.

3.4 Classification and composition of microbial communities

To analyze the impact of qingke straw fermentation broth with different pretreatment methods

on the microbial community within the SBR system, high-throughput sequencing was performed

on the collected samples. The composition of the microbial community in each sample is shown in

the figure below.
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Figure 5: The composition of microbial communities at the phylum level (a) and genus level
(b) using different pretreatment methods for qingke straw fermentation broth as external
carbon sources

The composition of gingke straw carbon sources at the phylum level for different pretreatment
methods is shown in Figure 5a (species with abundance < 1% are classified as "other"). The TOP5
species at the phylum level include Pseudomonadota, Bacteroidota, Actinomycetota,
Patescibacteria, and Bacillota. Their community composition differs to some extent from other
related studies in high-altitude habitats (Hao et al., 2022; Li et al., 2022). The sum of their
abundances ranges from 85.10% to 96.76%, occupying an absolute dominant position and being
sufficiently representative. These variations indicate the impact of different pretreatment methods

on the microbial communities in various devices, and the addition of qingke straw as an external
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carbon source has similar abundance changes at the phylum level in the SBR system.

Pseudomonadota accounts for the largest proportion in various samples, ranging from 30.56%

to 51.77%, and exhibits a gradual downward trend across different devices. This phenomenon

suggests that Pseudomonadota may be influenced by the operational conditions of the SBR process

and the fermentation broth of qingke straw. Pseudomonadota is a major degrader of complex

organic pollutants (such as aliphatic hydrocarbons, aromatic hydrocarbons, dissolved organic matter

(DOM)) in wastewater. Its members hydrolyze macromolecular organic matter into volatile fatty

acids (VFA), alcohols, and other small molecules through the secretion of extracellular enzymes,

providing electron donors for subsequent denitrification and phosphorus removal. Studies have

shown that in a gradient magnetic field-coupled constructed wetland system, the abundance of

Pseudomonadota is significantly positively correlated with organic matter removal efficiency (Chen

etal., 2025; Li et al., 2025). Meanwhile, related research indicates that some microorganisms within

Pseudomonadota are the main force of heterotrophic denitrifying bacteria, which use nitrate (NO3")

or nitrite (NO>") as electron acceptors under anoxic conditions and gradually reduce them to nitrogen

gas (N») using organic carbon sources, achieving efficient nitrogen removal (Zhong et al., 2024;

Naziebto et al., 2025). The high abundance of Pseudomonadota indicates that the devices have a

good effect on the removal of total nitrogen (TN), which is consistent with the trend of water quality

changes.

The abundance of Bacteroidota exhibits a wave-like variation, with high levels on both sides

and a low level in the middle, maintaining a level above 20% across all devices. This indicates that

Bacteroidota gradually adapts to the qingke straw carbon source as the operational conditions

change. Related studies have shown that Bacteroidota possesses high environmental adaptability in
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plateau habitats and is the dominant phylum in nitrogen and phosphorus removal processes in such

environments (Chen et al., 2024). It can degrade carbohydrates and convert organic matter into

acetic acid and lactose, among others (Hill et al., 2007). Additionally, research indicates that

ultraviolet radiation has a certain enhancing effect on this phylum (Chen et al., 2023b).

Actinomycetota can secrete various extracellular enzymes (such as protease, lipase, and

cellulase) that effectively decompose refractory organic matter in wastewater, including proteins,

fats, starches, cellulose, and lignin derivatives, significantly reducing chemical oxygen demand

(COD) and biochemical oxygen demand (BOD) (Cai et al., 2022). They often serve as "pioneers"

in activated sludge and biofilm systems, initiating the mineralization chain of organic matter and

providing available substrates for subsequent nitrification/denitrification bacteria (Li et al., 2024).

Some strains possess aerobic denitrification capabilities, converting nitrate (NOj3") to nitrogen gas

(N2) under aerobic conditions (Li et al., 2024b; Huang et al., 2021; Boubekri et al., 2023). In the S3

device, this phylum showed a trough variation, while in the S4 device with alkali pretreatment of

fermentation broth, it showed a significant upward trend, indicating that different pretreatment

methods have a significant impact on this phylum.

Patescibacteria play a role in providing fermentation by-products to microorganisms

possessing lactate dehydrogenase (Chung et al., 1985) and formate dehydrogenase (Overkamp et

al., 2002). Meanwhile, relevant studies indicate that the Patescibacteria population in anaerobic

ammonia oxidation reactors may play an ecological role in the production of short-chain fatty acids

and the degradation of chitin-related compounds. Their survival may depend on the production of

PGA by major anaerobic ammonia-oxidizing bacteria based on metagenomic information

(Hosokawa et al., 2021). In the S1 device without the addition of fermentation broth and the S2
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device with the addition of untreated fermentation broth, the abundance of this phylum showed a

gradual increase. However, in the S3 and S4 devices with the addition of acid-base pretreated

fermentation broth, the abundance of this phylum showed a gradual decrease, indicating that it was

inhibited by the acid-base pretreated fermentation broth, which may be caused by some toxic

substances contained in the broth.

Bacillota primarily serves as the core functional bacterial community in wastewater treatment,

playing a pivotal role in the hydrolysis and acidification processes of complex organic matter. It

collaborates with methanogens to enhance energy recovery efficiency and strengthens sludge

flocculation and system stability by secreting extracellular polymeric substances (EPS) (Chen et al.,

2022c; Uysal et al., 2021). In this study, with the exception of the S3 device treated with acid-

pretreated fermentation broth, the overall trend exhibited a gradual increase. However, the S3 device

treated with acid-pretreated fermentation broth showed a gradual decrease, indicating that the acid-

pretreated qingke straw fermentation broth exerts a certain inhibitory effect on this bacterial species.

The species composition at the genus level of each device sample is shown in Figure 5b

(species with abundance < 1% are classified as "other" and not shown in the figure). The TOPS

genera in each device include: unclassified f  Comamonadaceae, norank_f _Chitinophagaceae,

Thauera, norank o__Saccharimonadales, and norank f Saprospiraceae. Among them,

unclassified f Comamonadaceae and norank o _Saccharimonadales have been detected in

related studies on plateau habitats. These genera may be dominant in plateau habitats, while the

typical plateau habitat dominant genus OLBS is not among the top ten genera in this study (Chen et

al., 2023b; Chen et al., 2024). This result indicates that adding qingke straw as a carbon source has

a significant impact on the microbial community structure of the SBR system.
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Unclassified f Comamonadaceae (genus from the family Comamonadaceae), belonging to the

phylum Proteobacteria, functions to degrade complex organic matter, participate in nitrogen cycling,

and denitrification. Its abundance decreases later, indirectly affecting nitrogen removal efficiency

(Chen et al., 2022B; Liu et al., 2023B; Su et al., 2026). Norank f _Chitinophagaceae (genus from

the family Chitinophagaceae), whose abundance increases with the progress of the experiment,

belongs to the phylum Bacteroidetes and functions to degrade organic matter. Chitin, also known as

chitosan, is a nitrogen-containing polysaccharide (carbohydrate polymer) consisting of N-

acetylglucosamine monomers connected by chemical bonds, which can be simply understood as

cellulose with amino groups. This substance mainly comes from the qingke straw carbon source.

The response of this genus to the added carbon source is reflected in the increase in abundance

(Zhong et al., 2023; Sun et al., 2021). Norank [ _Saprospiraceae (belonging to the Saprospiraceae

family) belongs to the Bacteroidetes phylum and functions in nitrification. As the experiment

progresses, the abundance of this genus decreases. Analysis suggests that this genus is a typical

filamentous bacterium, with low abundance during the sludge cultivation stage. The source of

sewage for sludge cultivation is domestic sewage, and the concentration of pollutants such as COD

is not high. Filamentous bacteria do not proliferate significantly in this environment. During the

formal operation period, due to the addition of external carbon sources to the reactor, the COD

concentration increases, which may cause sludge bulking and a significant proliferation of

filamentous bacteria. As the microbial community adapts to higher concentrations of carbon sources,

the abundance of filamentous bacteria, led by norank f Saprospiraceae, decreases in the later

stages (Zhang et al., 2019; He et al., 2021; Huang et al., 2023). Thauera belongs to the

Proteobacteria phylum and primarily functions in denitrification and degradation of aromatic
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compounds. The abundance of this genus decreases as the experiment progresses, and the TN

removal rate also decreases with the progress of the experiment. Analysis suggests that the decrease

in denitrification efficiency is related to the reduction in abundance of this genus (Ren et al., 2021;

Ren et al., 2024). Norank_o__Saccharimonadales belongs to the Patescibacteria phylum, which

has a single function and relies heavily on the metabolic products of other microorganisms for

survival (Wang et al., 2023; Zhou et al., 2024). The abundance of this genus can reflect the diversity

of the microbial community. As the experiment progresses, the abundance of this genus first

increases and then decreases, indicating that the external carbon sources are abundant. The

abundance of this genus significantly increases during stages D1 and D2, indicating that

microorganisms are in an adaptation period to the external carbon sources during these stages.

Combined with a diversity analysis, it is believed that the community diversity is at its highest

during the experiment.

3.5 Analysis of abundance changes in nitrogen metabolism functional modules

In the wastewater treatment process, nitrogen metabolism is a crucial step. Nitrogen

metabolism involves the conversion of various nitrogen-containing substances in wastewater into

substances such as N2, NO, N20, and NH3 through complex interactions among microorganisms.

The nitrogen cycle process involves four reduction pathways and two oxidation pathways, namely

nitrogen fixation [MD: M00175], assimilatory nitrate reduction [MD: M00531], dissimilatory

nitrate reduction [MD: M00530], denitrification [MD: M00529], nitrification [MD: M00528],

complete nitrification reaction [MD: M00804], and anaerobic ammonia oxidation [MD: M00973],

totaling seven modules. These pathways are integrated in Kyoto Gene and Genome Encyclopedia

(http://www.genome.jp/kegg/) to form map00910. To explore the metabolic relationships of



533  microorganisms involved in nitrogen cycling in the SBR system under the influence of different
534  pretreatment methods and external carbon sources from qingke straw, the changes in the proportion
535  of nitrogen metabolism functional modules in each device were analyzed. The results are shown in
536  Table 4.
537 Table 4: Changes in the proportion of nitrogen metabolism functional modules in each
538 device
M00529 MO00530 M00804 MO00531 MO00528 MO00175
Nitrate
Dissimilatory
Functi Complete assimilation Nitrification  Nitrogen
Denitrificati nitrate
onal nitrification: and reaction, fixation,
on, nitrate — reduction,
Descri ammonia — reduction, ammonia — nitrogen —
nitrogen nitrate —
sam ption nitrite — nitrate  nitrate — nitrite ammonia
ammonia
ple ammonia
narG/H/I,
narG/H/I,  pmoA-amoA, pmoA-amoA,
Relate napA/B, narB, NR, nifH/D/K,
napA/B, pmoB-amoB, pmoB-amoB,
d nirK/S, nasA/B, anfG,
nirB/D, pmoC-amoC, pmoC-amoC,
genes  norB/C, nirA, NIT-6 vnfD/K/G/H
nrfA/H hao, narG/H hao
nosZ
SOD1 7.91% 8.24% 7.62% 9.40% 3.05% 15.93%
S1D1 11.37% 10.02% 12.58% 5.81% 16.21% 3.87%
S1D2 8.23% 7.73% 8.35% 6.58% 6.75% 4.05%
S1D3 6.29% 7.01% 6.31% 8.04% 8.08% 6.16%
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S2D1 10.54% 9.50% 11.25% 5.31% 7.87% 3.26%

S2D2 8.42% 8.01% 8.21% 7.16% 5.44% 11.03%
S2D3 7.03% 7.62% 6.77% 8.14% 7.05% 7.11%
S3D1 7.86% 7.27% 7.95% 5.99% 6.80% 3.37%
S3D2 6.58% 6.46% 6.82% 6.58% 6.39% 7.57%
S3D3 4.07% 5.59% 3.85% 10.12% 9.23% 11.28%
S4D1 9.89% 9.30% 9.10% 7.38% 4.22% 3.77%
S4D2 7.15% 7.27% 6.54% 8.72% 6.47% 8.22%
S4D3 4.66% 5.96% 4.64% 10.78% 12.44% 14.38%
Total

absolute 1304980.75 1154591.89 351585 263387.5 42502 22228.77

abundance

As shown in Table 4, by adding different pretreated qingke straw external carbon sources to

the SBR system in highland habitats, six out of seven functional modules of nitrogen cycling were

detected, with only the anaerobic ammonia oxidation [MD:M00973] functional module remaining

undetected. This indicates that highland habitats possess certain nitrogen metabolism functions, a

result consistent with other related studies on highland habitats (Hao et al., 2021b; Chen et al., 2024).

Denitrification reaction (M00529) in each device system accounted for the highest proportion

among all nitrogen metabolism functional modules, but it still remained at a relatively low level

among all detected functional modules, ranking only 110th out of all 313 functional modules

detected. This suggests that each device possesses a certain denitrification capacity, but the

denitrification ability needs to be enhanced. This is corroborated by the analysis of water quality
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changes, which revealed that the TN removal rate was enhanced compared to the blank control, but

the overall removal rate was not high. The abundance variation trend of dissimilatory nitrate

reduction reaction (M00530) and complete nitrification reaction (M00804) in each device followed

the same trend as the denitrification reaction, showing a gradual decrease. This may be due to the

addition of qingke straw external carbon sources, which significantly increased the activity of MLSS

and enhanced microbial community diversity with the operation of the system, leading to the loss

of dominance of microorganisms related to the three functional modules. The nitrate assimilation

reduction reaction (M00531) and nitrification reaction (M00528) showed a gradual increase trend

in each device, especially in devices S3 and S4 with acid-base pretreated qingke straw fermentation

broth added. The abundance of these two functional modules, as well as the nitrogen fixation

reaction (M00175), significantly increased with the operation of the system, with the increase being

more pronounced in alkali-pretreated fermentation broth compared to acid-pretreated fermentation

broth. This result is consistent with the analysis of water quality changes, indicating that alkali-

pretreated qingke straw fermentation broth is more conducive to the operation of the SBR system.

3.6 Correlation between nitrogen metabolism functional modules and microbial genera in

gingke straw with external carbon sources added, which differ from the treatment method

To explore the interactions between microbial communities, environmental factors, and

nitrogen metabolism functional modules in the SBR reactor, a two-factor microbial community co-

occurrence network was constructed using Spearman correlation analysis. To reduce network

complexity and improve the accuracy of results, the top 50 bacterial genera with the highest average

abundance across all samples were selected. Correlation analysis was performed at the phylum level

and genus level, with absolute values of correlation coefficients >0.6 and p-values < 0.05. The
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results are shown in Figure 6.
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Figure 6 Plot of covariance analysis between functional modules of nitrogen metabolism and

microbial communities at genus level (green and red lines indicate negative and positive

correlation, respectively)

The two-factor network diagram comprises 53 nodes and 176 edges, with 47.16% being

positive correlations and 52.84% being negative correlations. Among them, denitrification reaction

(M00529) is the functional module with the most connected nodes, reaching 21, followed by

complete nitrification reaction (M00804) with 20 connected nodes. This result indicates that the

larger functional modules of microbial communities in this experiment are denitrification reaction

(M00529) and complete nitrification reaction (M00804), which is consistent with the analysis of

functional module abundance changes. Meanwhile, denitrification reaction (M00529) is

significantly influenced by the evolution of microbial communities, which is consistent with
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previous studies on SBR processes in plateau habitats (Chen et al., 2024). Among environmental

factors, MLSS has the most connected nodes, reaching 19, followed by TP with 17. This result

suggests that the addition of gingke straw fermentation broth significantly increases microbial

abundance, and MLSS profoundly affects the evolution of microbial communities. Additionally, a

higher TP concentration under low C/N conditions also influences the evolution of microbial

communities within the system, which is corroborated by the analysis of diversity and water quality

changes. Meanwhile, relevant research has shown (Wang et al., 2022) that changes in environmental

factors can enhance interactions among core bacterial groups, further strengthening the "linking

function" of microbial communities.

4 Conclusion

The results indicated that the addition of external carbon sources promoted the efficiency of

nitrogen and phosphorus removal in the SBR process under plateau habitats. When acid

pretreatment and alkali pretreatment controlled the same C/N ratio, the alkali pretreatment exhibited

a higher carbon source production rate than other treatment methods, and the alkali pretreatment

demonstrated the best nitrogen and phosphorus removal effect. The addition of gingke straw

fermentation broth significantly enhanced the microbial richness within the SBR system, thereby

improving the diversity of the microbial community. The addition of acid-alkali pretreated qingke

straw fermentation broth influenced the evolution of the microbial community. There were

significant changes in the community composition of dominant phyla and genera in the SBR reactor,

and notable differences in the abundance of dominant bacterial genera across different stages in each

device. The addition of acid-alkali pretreated qingke straw fermentation broth significantly inhibited

three functional modules: denitrification, dissimilatory nitrate reduction, and complete digestion,
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while enhancing three functional modules: nitrate assimilatory reduction, nitrification, and nitrogen

fixation. Due to the high influent TP and the lack of certain phosphorus-accumulating organisms,

the phosphorus removal efficiency of the system was poor. Therefore, nitrogen and phosphorus

removal processes in plateau habitats require enhanced treatment for phosphorus removal.

Acknowledgments

We gratefully acknowledge the financial support from the Youth Project of the Natural Science

Foundation of Xizang Autonomous Region (Research on the Impact Mechanism of Highland Barley

Straw and Additional Carbon Source on Wastewater Treatment System, No. XZ202401ZR0050),

the Talent Team Construction Project of Tibet Agriculture and Animal Husbandry College in 2024

(XZNMXYRCDWJS-2024-03), the Key Research and Development Project of Xizang

Autonomous Region (XZ202501Z2Y0125), and the Science and Technology Plan Project of

Nyingchi City, Tibet (XDHZ-2025-03).

Author Contributions Xiangyu Chen was responsible for designing the study, interpreting the

results, and making major contributions to manuscript writing. Renxu Wang, Yansong Wang, and

Yuhao Zheng were responsible for executing the experiments and collecting data. Yongchen Zong

was responsible for all tasks. Jiajing Zhang and Shibo Liu participated in the gene expression

experiments. All authors read and approved the final manuscript.

Data availability Not applicable

Abide by moral standards

Compliance with ethical standards

Conflict of interest The author declares that they have no conflict of interest.

Consent to participate All authors mentioned in the manuscript have agreed for authorship and



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

for participation in the manuscript.

Consent to publish All authors have read and agreed to the published version of the manuscript.

Ethics approval This article is a research in the direction of sewage treatment and does not involve

ethical codes.

Consent for publication Not applicable

Manuscript not submitted on preprint server.

Declarations

Ethics approval Not applicable This study did not involve human subjects or animal experiments.

Funding

This research was supported by the following projects: Science and Technology Department of

Tibet Autonomous Region (XZ202401ZR0050), Talent Team Construction Project of Tibet

Agricultural and Animal Husbandry University in 2024 (XZNMXYRCDWJS-2024-03), and Key

Research and Development Program of Tibet Autonomous Region (XZ202501Z2Y0125).

Availability of data and materials The experimental data are included in the article.

References

Zheng, X., Zhou, W., Wan, R., Luo, J., Su, Y., Huang, H., Chen, Y., 2018. Increasing municipal

wastewater BNR by using the preferred carbon source derived from kitchen wastewater to

enhance phosphorus uptake and short-cut nitrification denitrification. Chem. Eng. J. 344, 556—

564. https://doi.org/10.1016/j. cej.2018.03.124.

Ding, X., Wei, D., Guo, W., Wang, B., Meng, Z., Feng, R., Du, B., & Wei, Q. 2019. Biological

denitrification in an anoxic sequencing batchbiofilm reactor: Performance evaluation, nitrous

oxide emission and microbial community. Bioresource Technology, 285, 121359.



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

https://doi.org/10.1016/j.biortech.2019.121359

Fang, T., Li, H., Bo, G., Lin, K., Yuan, D., & Ma, J. 2021. On-site detection of nitrate plus nitrite in

natural water samples using smartphone-based detection. Microchemical Journal, 165, 106117.

https://doi.org/10.1016/j.microc.2021.106117

Wang, Q.-H., Yu, L.-J., Liu, Y., Lin, L., Lu, R.-g., Zhu, J.-p., & Lu, Z.-L. 2017. Methods for the

detection and determination of nitrite and nitrate: A review. Talanta, 165, 709-720.

https://doi.org/10.1016/j.talanta.2016.12.044

Wang, J., Chu, L., 2016. Biological nitrate removal from water and wastewater by solidphase

denitrification ~ process.  Biotechnol.  Adv. 34, 1103-1112.  https://doi.org/

10.1016/j.biotechadv.2016.07.001.

Wu, T., Yang, S.-S., Zhong, L., Pang, J.-W., Zhang, L., Xia, X.-F., Yang, F., Xie, G.-]., Liu, B.-F,,

Ren, N.-Q., Ding, J., 2023a. Simultaneous nitrification, denitrification and phosphorus removal:

what have we done so far and how do we need to do in the future? Sci. Total Environ. 856,

158977 https://doi.org/10.1016/j.scitotenv.2022.158977.

Lee, N.M., Welander, T., 1996. The effect of different carbon sources on respiratory denitrification

in  biological wastewater treatment. J. Ferment. Bioeng. 82, 277-285.

https://doi.org/10.1016/0922-338X(96)88820-9.

Osaka, T., Shirotani, K., Yoshie, S., Tsuneda, S., 2008. Effects of carbon source on denitrification

efficiency and microbial community structure in a saline wastewater treatment process. Water

Res 42, 3709-3718. https://doi.org/10.1016/j. watres.2008.06.007.

Wu, X.S., Yu, Z., Yuan, S.S., Tawfik, A., Meng, F.G., 2023b. An ecological explanation for carbon

source-associated denitrification performance in wastewater treatment plants[J]. Water



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Research, 247: 120762. https://doi.org/10.1016/j.watres.2023.120762

Liu, Q., Li, C., Fan, J., Peng, Y., Du, R., 2023a. Evaluation of sludge anaerobic fermentation driving

partial denitrification capability: In view of kinetics and metagenomic mechanisms. Sci. Total

Environ. 884, 163581. https://doi.org/ 10.1016/j.scitotenv.2023.163581.

Zekker, 1., Mandel, A., Rikmann, E., Jaagura, M., Salmar, S., Ghangrekar, M.M., Tenno, T., 2021.

Ameliorating effect of nitrate on nitrite inhibition for denitrifying Paccumulating organisms.

Sci. Total Environ. 797, 149133. https://doi.org/10.1016/ j.scitotenv.2021.149133.

Zhao, W., Zhang, Y., Lv, D., Wang, M., Peng, Y., Li, B., 2016. Advanced nitrogen and phosphorus

removal in the pre-denitrification anaerobic/anoxic/aerobic nitrification sequence batch reactor

(pre-A2NSBR) treating low carbon/nitrogen (C/ N) wastewater. Chem. Eng. J. 302, 296-304.

https://doi.org/10.1016/]. cej.2016.05.012.

Zhu, W., Van Tendeloo, M., De Paepe, J., Vlaeminck, S.E., 2023. Comparison of typical nitrite

oxidizing bacteria suppression strategies and the effect on nitrous oxide emissions in a biofilm

reactor. Bioresour. Technol. 387, 129607. https://doi.org/ 10.1016/j.biortech.2023.129607.

Hosseinlou, D., 2021. Determination of design loading rates for simultaneous anaerobic

oxidation/partial nitrification-denitrification process and application in treating dairy industry

effluent. J. Environ. Chem. Eng. 9, 105176. https://doi.org/10.1016/ j.jece.2021.105176.

Liu, F., Tian, Y., Ding, Y., Li, Z., 2016. The use of fermentation liquid of wastewater primary

sedimentation sludge as supplemental carbon source for denitrification based on enhanced

anaerobic fermentation. Bioresour. Technol. 219, 6—13. https://

doi.org/10.1016/j.biortech.2016.07.030.

Chen, X.Y., Peng X.P.,, Li PF.Ji J.A., Wang, J., Fu, C.H., Zong, Y.C., 2024. Impact of varying UV



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

irradiation duration on microbial communities and functional modules involved in nitrogen

metabolism in SBR reactors in plateau habitats [J]. Acta Scientiarum Circumstantiarum

(China), 44(09): 168-181. DOI: 10.13671/j.hjkxxb.2024.0186

Hao K.Y., Li Y.W., Zhang N., Zhang, Y.H., Zong Y.C., 2020. Study on the treatment effect of A2/O

process under different operating conditions [J]. Hydropower (China), 10:10-14+21

Hao K.Y., Li Y.W., Zong Yongchen, You, J.H., Guo, M.Z., 2021a. Microbial mechanism of A~20

process for wastewater treatment in plateau habitats [J]. Chinese Journal of Environmental

Sciences (China), 05:2240-2251. DOI : 10.19674/j.cnki.issn1000-6923.2021.0236

Li, M., Sun, L., Song, X., 2020. Carbon sources derived from maize cobs enhanced nitrogen removal

in saline constructed wetland microcosms treating mariculture effluents under greenhouse

condition. Chemosphere 243, 125342. https://doi.org/10.1016/j.chemosphere.2019.125342

Xiong, R., Yu, X., Yu, L., Peng, Z., Cheng, L., Li, T., Fan, P., 2019. Biological denitrification using

polycaprolactone-peanut shell as slow-release carbon source treating drainage of municipal

WWTP. Chemosphere 235, 434-439. https://doi.org/10.1016/j.chemosphere.2019.06.198

Wang, X., Wang, W., Zhang, Y., Sun, Z., Zhang, J., Chen, G., Li, J., 2019. Simultaneous nitrification

and denitrification by a novel isolated Pseudomonas sp. JQ-H3 using polycaprolactone as

carbon source. Bioresour. Technol. 288, 121506.

https://doi.org/10.1016/j.biortech.2019.121506

Sun, H., Yang, Z., Yang, F., Wu, W., Wang, J., 2020a. Enhanced simultaneous nitrification and

denitrification performance in a fixed-bed system packed with PHBV/PLA blends. Int.

Biodeterior. Biodegrad. 146, 104810. https://doi.org/10.1016/j.ibiod.2019.104810

Zhu. H.W,, Li, Y., Synthetic Biology Manufacturing 2025 [J]. Chinese Journal of Biotechnology



716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

(China), 2025, 41(01): 1-78. DOI: 10.13345/j.cjb.241014

Zhang, X.X., Jiao, P.B., Yang, H.Y.,Wu, R M., Li, Y.M., Ma, L.P., 2022.Research progress on

collaborative anaerobic digestion of excess sludge and kitchen waste[J]. China Environmental

Science (China) , 42(05): 2179-2194. DOI: 10.19674/j.cnki.issn1000-6923.20211222.013

Ma, H., Li, LW, Bi, X.Y., et al. 50 Years of Surface-Enhanced Raman Spectroscopy (SERS):

Theory, 2025. Application, and Prospects [J]. Journal of Light Scattering, 37(03): 357-514.

DOI: 10.13883/j.issn11004-5929.202503001

Li, S.Y., Liu, Y.Y., Shang, R.R., Yang, X., Zhao, W., Mu, H., Zhang, Y.F., 2024a. Research progress

on lignocellulose dark fermentation for hydrogen production[J]. Journal of Jinan University

(Natural Science Edition), 38(06): 697-706+737. DOI: 10.13349/j.cnki.jdxbn.20240416.001

Guan, R.L., Yuan, H.R., Wachemo, A.C., Li, X.J., Zou, X.Y., Zou, D.X_, Liu, Y.P., Gu, J.Y., 2018.

Effect of narrow feeding regimes on anaerobic digestion performance and microbial

community structure of rice straw in continuously stirred tank reactors[J]. Energy & Fuels,

32(11): 11587-11594. https://doi.org/10.1021/acs.energyfuels.8b02533

Zhang, 7.7., Zhang, Y., Chen, Y.G., 2020. Recent advances in partial denitrification in biological

nitrogen removal: From enrichment to application. Bioresour. Technol. 298, 122444,

https://doi.org/10.1016/j.biortech.2019.122444

Zou, L.Z., Zhou, M., Luo, Z.W., Zhang, H.L., Yang, Z., Cheng, H., Li, R.J., He, Q., Ai, H.N., 2021.

Selection and synthesization of multi-carbon source composites to enhance simultaneous

nitrification-denitrification in treating low C/N wastewater. Chemosphere, 132567.

https://doi.org/10.1016/j.chemosphere.2021.132567

Chen, X.Y., Hao, K.Y., Zhao, L.S., Zong,Y.C., Chen, J.Q., 2023a. Carbon, nitrogen, and phosphorus



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

metabolic relationships and reaction mechanisms in SBBR processes in the plateau habitat[J].

Environmental Monitoring and Assessment, 195(12): 1464. https://doi.org/10.1007/s10661-

023-11961-9

Guerrero J, Guisasola A, Baeza J A., 2011. The nature of the carbon source rules the competition

between PAO and denitrifiers in systems for simultaneous biological nitrogen and phosphorus

removal[J]. Water Research, 45(16): 4793-4802. https://doi.org/10.1016/j.watres.2011.06.019

Kumar, M., Mishra, P.K., Upadhyay, S.N., 2020. Thermal degradation of rice husk: Effect of pre-

treatment on kinetic and thermodynamic parameters. Fuel 268, 117164.

https://doi.org/10.1016/j.fuel.2020.117164

Hou, T.T., Zhou, Y.J., Cao, X., Li, W.G., Zhang, S.M., Zhao, Y., Chen, L., An, Q., Meng, L.Q., 2023.

Effects of microbial inoculum on microbial community and enzyme activity involved in

nitrogen-sulfur metabolism during sewage sludge composting [J]. Science of The Total

Environment, 858: 159954. https://doi.org/10.1016/j.scitotenv.2022.159954

Chen, X.Y., Zhao, L.S., Wang, J., Zhang, H.F., 2022a. Relationship between microbiota

classification and working conditions of sequencing biofilm batch reactor process in Xizang

habitat  [J].  Desalination @ and  Water  Treatment, 2022, 278: 55-71.

https://doi.org/10.5004/dwt.2022.29043

Sun, H.W.,, Shi, W.Y., Cai, C.J., Ge, S.J., Ma, B, Li, X.Q., Ding, J., 2020b. Responses of microbial

structures, functions, metabolic pathways and community interactions to different C/N ratios

in aerobic nitrification [J1. Bioresource technology, 311: 123422.

https://doi.org/10.1016/j.biortech.2020.123422

Liu, J.D., Fu, X.R., Yuan, R.F., Chen, Z.B., Zhou, B.H., Chen, H.L., 2022. Carbon sources derived



760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

7

778

779

780

781

from corncobs enhanced nitrogen removal in SBBR treating low C/N domestic sewage[J].

Process Safety and Environmental Protection, 166: 628-

637.https://doi.org/10.1016/j.psep.2022.08.063

Hao, K.Y., Zhao, L.S., Zong, Y.C., He, Q., Guo, M.Z., 2022. The relationship analysis and reaction

mechanism of carbon, nitrogen, and phosphorus metabolism in sewage treatment in plateau

habitat [J1. Environmental Monitoring and Assessment, 194(7):520.

https://doi.org/10.1007/s10661-022-10151-3

Li, X., Wang, T.J., Fu, B.R., Mu, X.Y., 2022. Improvement of aquaculture water quality by mixed

Bacillus and its effects on microbial community structure [J]. Environmental Science and

Pollution Research, 29(46): 69731-69742. https://doi.org/10.1007/s11356-022-20608-0

Chen, Z.L., Zhang, C., Hao, W.T., Song, X.W., Chen, X.Y., Lu, L., Li, P.F., Zhu, Y.C., 2025. Study

on the Effects and Mechanisms of Reflux Ratio on Anaerobic Ammonium Oxidation System.

Biotechnology Bulletin (China) , 41(1), 1-12. DOI: 10.13560/j.cnki.biotech.bull.1985.2025-

0719

Li, H.Z., Su, S.R., 2025. Experiment of micro-electrolysis enhanced constructed wetland process

for pollutants removal in aquaculture wastewater. Water Purification Technology (China),

44(6), 78-88. DOI :  10.15890/j.cnki.jsjs.2025.06.010

Zhong, L., Yang, S.S., Sun, H.J., Cui, H.C., Wu, T., Pang, J.W., Zhang, L.Y., Ren, N.Q., Ding, j.,

2024. New insights into substrates shaped nutrients removal, species interactions and

community assembly mechanisms in tidal flow constructed wetlands treating low carbon-to-

nitrogen rural wastewater[J]. Water Research, 256: 121600.

https://doi.org/10.1016/j.watres.2024.121600



782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

Nazigbto, A., Dobrzynski, J., 2025. Biotransformation of As, Cr, Hg, and Mn by pseudomonadota:

chances and risks[J]. Biodegradation, 36(4): 60. https://doi.org/10.1007/s10532-025-10157-x

Hill, V.R., Kahler, A.M., Jothikumar, N., Johnson, T.B., Hahn, D., Cromeans, T.L., 2007. Multistate

evaluation of an ultrafiltration-based procedure for simultaneous recovery of enteric microbes

in 100-liter tap water samples [J]. Applied and Environmental Microbiology, 73(13): 4218-

4225. https://doi.org/10.1128/AEM.02713-06

Chen, X.Y., Hao, K.Y., Zong, Y.C., Guo, M.Z., You, J.H., He, Q., Zhang, D.Y., 2023b. Effects of

ultraviolet radiation on microorganism and nitrogen metabolism in sewage under plateau

background [J]. Environmental Science and Pollution Research, 30(18): 52209-52226.

https://doi.org/10.1007/s11356-023-25965-y

Cai, Y.F., Zhu, M.M., Meng, X.Y., Zhou, j.1., Zhang, H., Shen, X., 2024. The role of biochar on

alleviating ammonia toxicity in anaerobic digestion of nitrogen-rich wastes: A review[J].

Bioresource Technology, 2022, 351: 126924.https://doi.org/10.1016/j.biortech.2022.126924

Li, X., Yao, Y.X., Xia, Z.F., Luo, X.X., Zhang, L.L., 2024b. Myceligenerans pegani sp. nov., an

endophytic actinomycete isolated from Peganum harmala L.. International Journal of

Systematic and Evolutionary Microbiology, 74(2). https://doi.org/10.1099/ijsem.0.006179

Huang, D., Li, M.J., Wang, R.L., Yang, Y.W., Tao, W.Q., 2021. Advanced carbon sequestration by

the hybrid system of photobioreactor and microbial fuel cell with novel photocatalytic porous

framework][J]. Bioresource Technology, 333: 125182.

https://doi.org/10.1016/j.biortech.2021.125182

Boubekri, K., Soumare, A., Lyamlouli, K., Lyamlouli, K., Ouhdouch, Y., Hafidi, M., Kouisni, L.,

2023. Improving the efficiency of phosphate rocks combined with phosphate solubilizing



804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

Actinomycetota to increase wheat growth under alkaline and acidic soils[J]. Frontiers in Plant
Science, 14: 1154372. https://doi.org/10.3389/1pls.2023.1154372

Chung, F.Z., Tsujibo, H., Bhattacharyya, U., Sharief, F.S., Li, S.L., 1985.Genomic organization of
human lactate dehydrogenase-A gene [J]. Biochemical Journal, 231(3): 537-541.
https://doi.org/10.1042/bj2310537

Overkamp, K.M., Koétter, P., Van D.H.R., Schoondermark-Stolk, S., Luttik, M.A.H., Dijken, J.P.V,,
Pronk, J.T., 2002. Functional analysis of structural genes for NAD+-dependent formate
dehydrogenase in  Saccharomyces  cerevisiae [J].  Yeast, 19(6):  509-520.
https://doi.org/10.1002/yea.856

Hosokawa, S., Kuroda, K., Narihiro, T., Aoi, Y., Ozaki, N., Ohashi, A., Kindaichi, T., 2021.
Cometabolism of the superphylum Patescibacteria with anammox bacteria in a long-term
freshwater anammox column reactor J1. Water, 13(2): 208.
https://doi.org/10.3390/w13020208

Chen, S.L., Davaritouchaee, M., 2023c¢. Nature-inspired pretreatment of lignocellulose—perspective
and development([J]. Bioresource Technology, 369: 128456.
https://doi.org/10.1016/]j.biortech.2022.128456

Uysal, O., Ekinci, K., 2021. Treatment of rose oil processing effluent with Chlorella sp. using
photobioreactor and raceway[J]. Journal of Environmental Management, 295: 113089.
https://doi.org/10.1016/j.jenvman.2021.113089

Chen, S., Yang, D.L., Wang, Q.X., Huang, X.Y., Ren, H.Q., Xu, k., 2022b. Study on the advanced
nitrogen removal under low temperature by biofilm on weak magnetic carriers[J]. Bioresource

Technology, 360: 127580. https://doi.org/10.1016/j.biortech.2022.127580



826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

Liu, H.G., Dong, W.Y., Zhao, H.J., Hou, Z.L., Li, Y.C., Zeng, Z.W., Xie, J., Wang, F.P., Liu, X.Y.,

Yan, Y., Qu, Y.H., 2023b, Advanced nitrogen removal from low carbon nitrogen ratio domestic

sewage via continuous plug-flow anaerobic/oxic/anoxic system: Enhanced by endogenous

denitrification[J]. Bioresource Technology, 2023, 378: 128987.

https://doi.org/10.1016/j.biortech.2023.128987

Sun, Q., Yang, Z.S., Wang, Q., Lv J.S., Fan, L.W., Song, X., 2026. Low-temperature thermally

enhanced bioremediation of petroleum hydrocarbons in groundwater: Performance and

biogeochemical mechanisms[J]. Journal of Hazardous Materials, 2026: 141172.

https://doi.org/10.1016/j.jhazmat.2026.141172

Zhong, L., Wu, T., Ding, J., Xu, W., Yuan, F., Liu, B.F., Zhao, L., Li, Y., Ren, N.Q., Yang, S.S., 2023.

Co-composting of faecal sludge and carbon-rich wastes in the earthworms synergistic

cooperation system: Performance, global warming potential and key microbiome[J]. Science

of The Total Environment, 857: 159311. https://doi.org/10.1016/].scitotenv.2022.159311

Sun, HM., Zhou, Q., Zhao, L., Wu, W.Z., 2021. Enhanced simultaneous removal of nitrate and

phosphate using novel solid carbon source/zero-valent iron composite[J]. Journal of Cleaner

Production, 289: 125757. https://doi.org/10.1016/j.jclepro.2020.125757

Zhang, M., Yao, J.Q., Wang, X.Y., Hong, Y., Chen, Y.G., 2019. The microbial community in

filamentous bulking sludge with the ultra-low sludge loading and long sludge retention time in

oxidation ditch[J]. Scientific Reports, 9(1): 13693. https://doi.org/10.1038/s41598-019-50086-

He, J., Xu, J., Yu, H., 2019. Performance and bacterial community dynamics of aerobic granular

sludge working at low temperature enhanced by melamine framework embedding[J]. Journal



848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

of Environmental Chemical Engineering, 9(2): 105156.

https://doi.org/10.1016/j.jece.2021.105156

Huang, X., Yao, K., Yu, J.H., Dong, W.Y., Zhao, Z.L., 2023. Nitrogen removal performance and

microbial characteristics during simultaneous chemical phosphorus removal process using

Fe3+[J]. Bioresource Technology, 363: 127972.

https://doi.org/10.1016/j.biortech.2022.127972

Ren, T., Chi, Y.L., Wang, Y., Shi, X., Jin, X., Jin, PK., 2021. Diversified metabolism makes novel

Thauera strain highly competitive in low carbon wastewater treatment[J]. Water research, 206:

117742. https://doi.org/10.1016/j.watres.2021.117742

Ren, T., Jin, X., Deng, S.H., Guo, K., Gao, Y.H., Shi, X., Xu, L., Bai, X., Shang, Y.B., Jin, P.K.,

Wang, X.C., 2024. Oxygen sensing regulation mechanism of Thauera bacteria in simultaneous

nitrogen and phosphorus removal process[J]. Journal of Cleaner Production, 434: 140332.

https://doi.org/10.1016/].jclepro.2023.140332

Wang, K., Zhou, C.T., Zhou, H., Jiang, M., Chen, G., Wang, C., Zhang, Z.J., Zhao, X.D., Jiang,

L.M., Zhou, Z., 2023. Comparison on biological nutrient removal and microbial community

between full-scale anaerobic/anoxic/aerobic process and its upgrading processes[J].

Bioresource Technology, 374: 128757. https://doi.org/10.1016/j.biortech.2023.128757

Zhou, H.X., Wei, J., Tao, M.W., Zhao, J.H., Zhang, R.F., Xu, Q., 2024. Effects of replacing glucose

with fructooligosaccharide on microbial community structure in biofloc system[J].

Aquaculture International, 32(6): 8417-8436. https://doi.org/10.1007/s10499-024-01572-7

Hao, K.Y., Zhang, N, Li, Y.W., Zong, Y.C., 2021b. Effect of ultraviolet radiation on nitrogen and

phosphorus removal from sewage in plateau environment [J]. Desalination and Water



870

871

872

873

874

Treatment, 216: 232-238. https://doi.org/10.5004/dwt.2021.26866

Wang, B., Wang, Y., Wei, Y.Q., Chen, W.J., Ding, G.C., Zhan, Y.B., Liu, Y.D., Xu, T., Xiao, J.J., Li,

j., 2022. Impact of inoculation and turning for full-scale composting on core bacterial

community and their co-occurrence compared by network analysis [J]. Bioresource technology,

345: 126417. https://doi.org/10.1016/j.biortech.2021.126417



