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Editorial on the Research Topic

Microbial ecological and biogeochemical processes in the soil-vadose

zone-groundwater habitats, volume II

Microorganisms regulate biogeochemical cycles and serve various functions within

the soil, vadose zone, and groundwater habitats (Chi et al., 2022; Li et al., 2023).

Microbial communities are highly sensitive to environmental changes and can respond

rapidly to such alternations (Liang et al., 2023). The composition and functionality of

microorganisms across different habitats are influenced by both biotic and abiotic factors,

which in turn affect biochemical processes and overall ecosystem functions (Li et al.,

2019, 2022). Natural wetlands, landfills, composts, vadose zones, and saturated aquifers

are examples of the habitats typically found within soil, vadose zone, and groundwater.

This topic aims to compile recent research on microbial ecological processes within the

soil-vadose zone-groundwater continuum and to highlight the potential for achieving

sustainable processes. There is significant interest in understanding these interconnected

habitats, particularly regarding microbial pathways involved in material cycling, pollution

control, and carbon neutrality. Thirteen articles included in this Research Topic have

undergone rigorous peer review and have been selected for their contributions to these

areas of study.

Ding et al. investigated the impact of key microorganisms on water quality stability

within river-lake systems during periods of hydrological regulation. Their findings revealed

that lake areas exhibited better water quality compared to both inflow and inflow areas,

although no significant differences were observed in sediment composition. The study

identified Pseudomonas,Acinetobacter, andMicrobacterium as crucial in removal of nitrate

and phosphates. However, an increase in flow velocity and nutrient load was found to

negatively affect the abundance of these key microorganisms.
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Li, Zhu et al. conducted short-term field soil incubation study

using samples from the Svalbard glacier meltwater river at varying

temperatures (2◦C, 10◦C, 20◦C). The study found that CH4

emissions in soil warming did not increase in the first several

days, but site specificity was more important. However, emissions

initially increased before gradually decreasing as the warming

period extended. These results are significant for assessing GHG

emission fluxes under global warming.

Xu et al. isolated a bacterium named NS-6 from sandstone

oil in the Ordos Basin. This strain demonstrated exceptional

urease production and calcium carbonates (CaCO3) precipitation

capabilities. Additionally, it was found to possess a serial of genes

involved in urea catabolism and CaCO3 deposition.

Yuan et al. discovered that phosphorus (P) components

significantly influence bacterial and archaeal β-diversity in

sediments. In Hongfeng Lake, β-diversity was influenced by metal

oxide-bound inorganic P and sediment total P, whereas in Aha

Lake, it’s affected by reductant-soluble total P or calcium-bound

inorganic P. Inorganic P had greater effects on bacterial β-diversity,

while organic P more affected archaeal diversity.

Wang et al. investigated the effects of various fertilization

treatments on soil antibiotic resistance genes (ARGs) and found

that organic fertilizers led to a higher number and abundance

of ARGs. In contrast, the changes in ARGs associated with

chemical fertilizers were primarily due to the colonization of native

microorganisms, and conventional fertilizers were in between. This

finding offers valuable insights into the dynamics of ARGs under

long-term application of different fertilizers.

Li H. et al. investigated the effects of different depths of

groundwater irrigation on soil microorganisms in paddy wetlands.

Their study revealed that microorganisms in shallow groundwater

irrigation was highly sensitive to environmental changes, and Fe-

anammox, nitrification, and methane oxidation were favorable

under deep groundwater irrigation. The findings offer new ideas for

controlling non-point source pollution and reducing greenhouse

gas emissions in paddy wetlands.

Zhang L. et al. studied the seasonal variation of nitrogen-cycling

genes in the sediment of Baiyangdian and identified dissimilatory

nitrate reduction, assimilatory nitrate reduction, and denitrification

were dominant nitrogen-cycling processes. Nitrification-related

genes had high abundance in spring, while high denitrification-

related genes in fall were observed. Dissolved organic carbon,

water temperature, and antibiotics were significantly correlated

with nitrogen-cycling processes.

Zhang R. et al. evaluated the impact of water management

on soil physicochemical properties and enzyme activities in

greenhouse grape cultivation. They found that while water stress

had a minimal effect on soil physical–chemical properties, it

significantly reduced the accumulation of soil microbial biomass

carbon (MBC) content throughout the grape growing season

and reduced soil microbial biomass nitrogen (MBN) content

in later growth. Mild and moderate water stress conditions

were also found to inhibit the activities of urease, catalase, and

sucrase activities.

Du et al. developed a water quality index (WQI) model to

evaluate the water quality on Hainan Island using data from

2015 to 2020. The results indicated a moderate overall water

quality, with 86.36% of monitoring stations classified as having

good quality, while 13.53% were categorized as poor or very

poor. Poor quality was primarily observed in major cities and

aquaculture areas, with worst conditions in March, October,

and November. Key pollution sources included urbanization,

agriculture, and industry.

Li, Hong et al. investigated the effects of Pythium ultimum on

the migration and biodegradation of bacteria Diaphorobacter sp.

LW2 in soils of different particle sizes. They found that the hyphae

of Pythium ultimum facilitated the growth and migration of LW2,

enabling it to move along or against the direction of hyphae growth.

Pythium ultimum enhanced the migration and survival of LW2 in

soil, improving the bioremediation of polluted soil.

Song et al. reviewed the critical role of freshwater wetland

biodiversity in maintaining habitat functional stability. They

examined the environmental drivers affecting habitat function

stability, explored the effects of plant and microbial diversity on

habitat function stability, revealed the impacts and mechanisms of

habitat changes on biodiversity, and further proposed an outlook

for research in freshwater wetland research.

Ali et al. studied the effectiveness of three novel modified

surface flow constructed wetlands (CW1: Brick rubble, lignite,

and Lemna minor L.; CW2: Brick rubble and lignite; CW3:

Lemna minor L.) in treating sugar factory wastewater. The results

suggested that CW1 exhibited high Chao1, Shannon, and Simpson

indices. The denitrifying bacterial class Rhodobacteriaceae was

found to be the most abundant in CW1. This finding supported

that CW1 enhances the performance of water filtration in

constructed wetlands.

Xing et al. analyzed vegetation changes and their drivers in the

Changbai Mountain alpine tundra. The results revealed a decline in

typical alpine plants and an increase in herbaceous plants. Species

richness and diversity showed an upward trend across various

elevations, with a notable shift toward herbaceous dominance.

The study found that soil nutrients, rather than climate, were the

primary drivers of short-term vegetation changes.

We think that all accepted articles in this Research Topic

will provide new knowledge on microbial processes in soil-vadose

zone-groundwater habitats.
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Both community variation and phosphorus (P) fractions have been extensively 
studied in aquatic ecosystems, but how P fractions affect the mechanism underlying 
microbial beta diversity remains elusive, especially in sediment cores. Here, we 
obtained two sediment cores to examine bacterial and archaeal beta diversity from 
mesotrophic lakes Hongfeng Lake and Aha Lake, having historically experienced 
severe eutrophication. Utilizing the Baselga’s framework, we partitioned bacterial 
and archaeal total beta diversity into two components: species turnover and 
nestedness, and then examined their sediment-depth patterns and the effects 
of P fractions on them. We found that total beta diversity, species turnover or 
nestedness consistently increased with deeper sediment layers regarding bacteria 
and archaea. Notably, there were parallel patterns between bacteria and archaea 
for total beta diversity and species turnover, which is largely underlain by equivalent 
processes such as environmental selection. For both microbial taxa, total beta 
diversity and species turnover were primarily constrained by metal oxide-bound 
inorganic P (NaOH-Pi) and sediment total phosphorus (STP) in Hongfeng Lake, 
while largely affected by reductant-soluble total P or calcium-bound inorganic 
P in Aha Lake. Moreover, NaOH-Pi and STP could influence bacterial total beta 
diversity by driving species nestedness in Hongfeng Lake. The joint effects of 
organic P (Po), inorganic P (Pi) and total P fractions indicated that P fractions 
are important to bacterial and archaeal beta diversity. Compared to Po fractions, 
Pi fractions had greater pure effects on bacterial beta diversity. Intriguingly, for 
total beta diversity and species turnover, archaea rather than bacteria are well-
explained by Po fractions in both lakes, implying that the archaeal community 
may be involved in Po mineralization. Overall, our study reveals the importance 
of P fractions to the mechanism underlying bacterial and archaeal beta diversity 
in sediments, and provides theoretical underpinnings for controlling P sources in 
biodiversity conservation.

KEYWORDS

bacteria, archaea, beta diversity, turnover, nestedness, phosphorus fractions, 
mesotrophic lakes
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Introduction

Biodiversity has potentially dramatic effects on aquatic (Zhang 
et al., 2021; Wang et al., 2021a) or terrestrial (Delgado-Baquerizo et al., 
2020; Zhao et al., 2022) ecosystem functioning and stability. Prior 
studies have documented that ecosystems containing more species 
exhibit higher levels of ecosystem functions (Xun et  al., 2019). 
Especially in naturally assembled communities, high biodiversity 
shows a strong positive effect on multiple ecosystem functions such as 
biomass production and trophic interactions (van der Plas, 2019). 
More importantly, the ongoing biodiversity loss is dramatically 
weakening the functioning of ecosystems. As such, diversity-triggered 
deterministic assembly processes are critical to understanding the 
degradation or enhancement in ecosystem functioning (Moroenyane 
et  al., 2016; Xun et  al., 2019). In recent decades, untangling the 
underlying mechanisms of biodiversity or biogeographic patterns has 
been considered as a central topic in ecology and microbial ecology 
(Zhou and Ning, 2017; Wang W. et  al., 2020). There is increasing 
evidence that microbial alpha diversity has a crucial role in ecosystem 
function or services, but less attention has been paid to beta diversity 
(i.e., community variation between biological composition) (Xun et al., 
2019). Beta diversity bridges the gap between local (alpha) and regional 
(gamma) diversity and is often applied to quantify the variation of 
species compositions between different ecological communities 
(Whittaker, 1960). Particularly, beta diversity interacts with alpha-
diversity gradients, both resulting from community assembly via local 
or regional environmental filters (Soininen et al., 2018). Moreover, beta 
diversity, in contrast to alpha diversity, can better capture spatial or 
temporal dynamics of biodiversity patterns. Considering beta diversity 
in landscape-scale conservation (also known as ecosystem approach, 
can bring huge benefits to biodiversity and economy at large landscape 
scales) efforts will greatly contribute to improving ecosystem function, 
particularly in abiotically heterogeneous landscapes (van der Plas et al., 
2023). In aquatic or terrestrial ecosystems, microbes, as key factors 
driving biogeochemical cycling processes, have a critical role in 
ecosystem functioning and services and are fundamental in 
maintaining ecosystem stability (Singh et al., 2010; Wu et al., 2019). 
Meanwhile, such element cycles release large amounts of reactive 
nitrogen (N), phosphorus (P) and heavy metals, leading to dramatic 
growth of aquatic plants and phytoplankton that consume excessive 
nutrients dissolved oxygen and light intensity. Accordingly, aquatic 
ecosystems and biodiversity therein are substantially threatened by 
environmental stressors like eutrophication or chemical pollution 
(Xiong et al., 2020). Given that such relationship among biodiversity 
and ecosystem functioning is scale-dependent (van der Plas et al., 
2023), examining microbial beta diversity along environmental 
gradients, such as sediment depth (Yuan et al., 2021), is essential for 
understanding the variations in ecosystem functioning and stability.

It has long been the core of community ecology for unraveling the 
driving mechanisms of ecological communities, reflecting that beta 
diversity plays a pivotal role in community assemblage (i.e., the 
mechanisms underlying biodiversity organization) (Mori et al., 2018). 
More recently, from micro- to macro-organisms, beta diversity has 
been extensively partitioned into components turnover and nestedness 
to examine the ecological processes that shape community structures 
(Marta et al., 2021). Based on Sørensen dissimilarity index, Baselga 
(2010) proposed a framework to decompose beta diversity into 
turnover (i.e., species replacement) and nestedness, which provides 

valuable insights into biodiversity effects. The former reflects the 
replacement between species without changing species richness, 
whereas the latter indicates the richness differences caused by 
non-random species gain and loss (Baselga, 2010). Partitioning beta 
diversity may yield additional insights into biodiversity effects such as 
selection and complementarity effects (Mori et  al., 2018), which 
identify the possible contributions of the turnover or nestedness 
components, thereby revealing whether community variation result 
from species replacement and species gain or loss. Compared to 
traditional beta diversity index like Bray–Curtis dissimilarity, 
partitioning beta diversity can provide a valuable fresh perspective to 
address the underlying causes of community variation in response to 
environmental changes (Viana et al., 2016; García-Navas et al., 2022). 
Specifically, phosphorus, as a limiting nutrient, acts as environmental 
filtering to constrain biological succession (Zheng et al., 2021) and can 
also drive community variation by influencing species turnover or 
nestedness. For example, species turnover dominates bacterial total 
beta diversity in freshwater ecosystems, but is largely constrained by 
water total P, substantially altering the water-depth pattern of bacterial 
community variation (Wu et al., 2020; Yuan et al., 2022). Therefore, 
partitioning beta diversity may help disentangle the ecological 
mechanisms governing microbial community variation under 
P limitation.

Currently, phosphorus is recognized as a primary limiting 
nutrient element in both aquatic and terrestrial ecosystem 
productivity (Cramer, 2010) and poses a considerable threat to 
biodiversity conservation (Ceulemans et al., 2014). A growing body 
of evidence suggests that phosphate (PO4

3−) or total phosphorus can 
essentially alter the structure of bacterial, archaeal and fungal 
communities in aquatic ecosystems (Zhang et al., 2021; Guo et al., 
2022). However, the underlying mechanisms of microbial beta 
diversity under the influence of P fractions are, hitherto, 
underexplored, especially in sediment cores. According to the 
Psenner fractionation method (Psenner et al., 1988), P fractions are 
primarily classified into five categories: loosely adsorbed P (NH4Cl-
P), reductant-soluble P (BD-P), metal oxide-bound P (NaOH-P), 
calcium-bound P (HCl-P) and residual P (Res-P). Such P fractions 
can effectively distinguish the phosphorus sources buried in 
sediments and thereby disentangle the release mechanism of 
endogenous P in lakes or reservoirs (Zhu et al., 2013). Typically, such 
potentially mobile phosphorus can be well-applied to evaluate the 
mechanism underlying endogenous P released from sediments in 
lake ecosystems (Rydin, 2000). More recently, such relationship 
between P fractions and microbes is widely concerned in terrestrial 
ecosystems (Yang et al., 2023), but it is still largely missing in aquatic 
ecosystems. For example, microbial population have a crucial role in 
forming or releasing soil labile phosphorus across Tibetan alpine 
grasslands (Li et al., 2022), while P fractions can also influence the 
abundance of Actinomycetes by governing the enrichment of soil 
organic matter (Bian et al., 2022). Especially in rhizosphere soils, 
calcium-bound P can effectively inhibit the increase of microbial 
composition and biomass P (Teng et al., 2018). Conversely, in aquatic 
ecosystems, both mobile P and calcium-bound P are positively 
correlated with bacterial phyla such as Firmicutes and Proteobacteria 
(Yin et  al., 2022). Notably, BD-P and NaOH-P are available and 
released easily from sediments, largely accelerating the 
eutrophication processes of water bodies and promoting the growth 
of phytoplankton (Cavalcante et al., 2018). Previous studies have 
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mostly focused on the importance of total phosphorus to microbial 
communities, largely neglecting the contribution of specific 
components contained in total phosphorus. Dividing total 
phosphorus into various forms (i.e., specific P components) of P is 
an effective method to study the compositions and properties of 
sediment P (Yin et al., 2022). Intriguingly, these sediment P fractions 
are closely related to the endogenous release mechanism of lake 
eutrophication (Zhu et  al., 2013). Additionally, partitioning beta 
diversity into species turnover and nestedness can well reveal the 
succession mechanism underlying microbial communities (Marta 
et al., 2021). Correspondingly, based on the effects of phosphorus 
components on microbial beta diversity, it is not difficult to infer 
whether lake eutrophication poses a threat to microbial communities. 
As such, coupling P fractions with beta diversity partition may 
provide a better way to unravel the driving mechanisms underlying 
microbial community variation.

Here, we obtained two sediment cores from Hongfeng Lake and 
Aha Lake, both of which are located in the Yunnan-Guizhou Plateau, 
Southwest China. Bacterial and archaeal communities were then 
quantified with the sequencing data of the 16S rRNA gene. According 
to Baselga’s framework, we  partitioned total beta diversity into 
turnover and nestedness, and then explored their sediment-depth 
patterns regarding bacteria and archaea. Further, we  conducted 
in-depth analyses to uncover the relationships between beta diversity 
and P fractions. We  primarily focused on three objectives: (1) to 
elucidate the mechanisms underlying bacterial or archaeal beta 
diversity along sediment depth and determine how turnover and 
nestedness essentially contribute to total beta diversity, (2) to reveal 
such cross-taxon relationship between bacteria and archaea in terms 
of beta diversity components, and (3) to identify the importance of 
each P fraction to microbial beta diversity and further evaluate how 
organic, inorganic and total P fractions drive bacterial and archaeal 
beta diversity.

Materials and methods

Study area and field sampling

The studied lakes, Hongfeng Lake and Aha Lake, have high 
internal P loading in sediments and are located in the karst region of 
the Yunnan-Guizhou Plateau, Southwest China. Hongfeng Lake, also 
known as Hongfeng Reservoir, has a surface area of 57.2 km2 with a 
maximum water depth of 45 m and holds 601 million m3 of lake water 
(Wang et al., 2016a). Hongfeng Lake is a typical P-limited artificial 
lake, showing a total P concentration of 0.03–0.10 mg L−1 and a TN/
TP ratio of ~30 (Zhu et al., 2013). The total P content in sediments 
ranges from 766 to 4,306 mg kg−1, with an average of 1815 mg kg−1 
(Wang et al., 2015). In 1978, Hongfeng Lake began to serve as a fish 
farm for economic benefit (Chen et al., 2019), which largely promoted 
the transition of its trophic status from oligotrophic to eutrophic (Yu 
et al., 2022). In particular, due to large amounts of P released from fish 
food and excrement, Hongfeng Lake experienced severe 
eutrophication and algal blooms in the mid-late 1990s. Notably, algal 
blooms occur frequently in Hongfeng Lake even though external 
phosphorus loading is well controlled in recent decades (Ma et al., 
2022), presumably owing to the internal phosphorus loading released 
from sediments.

Aha Lake, constructed or initially impounded in 1960, is a typical 
artificial lake and situated in the suburb of Guiyang City, the capital of 
Guizhou Province (Chen et  al., 2015). Aha Lake shows a total 
watershed area of 190 km2 and a capacity of 542 million m3 and is 
mainly recharged by five tributaries such as the Youyu, Baiyan, 
Caichong, Lannigou and Sha Rivers (Ni et al., 2021). Notably, it covers 
a surface area of 4.5 km2 and has a maximum water depth of 26 m 
(Chen et al., 2015). Aha Lake is a P-limited and deep plateau lake (Liu 
et  al., 2019), with total P concentrations ranging from 0.022 to 
0.205 mg L−1 and an average of 0.046 mg L−1 (Wang et  al., 2021b). 
Owing to the aggravation of anoxia in the hypolimnion, large amounts 
of pollutants like phosphorus have been released from the sediments 
(Lan et al., 2017). Such phosphorus can broadly induce algal blooms 
and thereby endanger the water quality of this lake (Han et al., 2018).

As artificial karst lakes, both Hongfeng and Aha Lakes have 
frequently experienced severe eutrophication, thereby providing an 
ideal setting to study P fractions in sediments. Based on the profile 
change of sediment P, sediment core can effectively reflect the 
historical activities and human disturbance of a lake. Given that 
suspended particles form sediment profiles through sedimentation, 
large amounts of water P are buried in the sediments. Meanwhile, 
microbes ingest the nutrients such as phosphorus from the sediment 
to sustain growth. Using a gravitational sampler and a polyethylene 
tube, we obtained two sediment cores (i.e., HF1 and AH7, Figure 1) 
of 62 and 60 cm lengths from Hongfeng and Aha Lakes, respectively. 
With water depths of 15 and 22 m, HF1 and AH7 were collected in 
April and June 2022, respectively. The two cores were divided into 
2 cm-long sediment samples in situ. Each sample was thoroughly 
stirred and homogenized, and then placed in two 20 mL sterile bottles. 
To avoid cross-contamination, one sterilized spoon is used for each 
sample when stirring. Notably, such samples must be transferred to 
laboratory at −20°C within an hour. For the 61 obtained samples, one 
bottle was stored at −80°C for biological analysis, and the other was 
freeze-dried and then stored at −20°C for physicochemical analysis.

Phosphorus fractions

The P fractions were measured by Psenner’s sequential extraction 
scheme as modified by Hupfer et al. (1995). This scheme has been 
widely used in the field of lakes to study the P fractions in sediments 
and provides a theoretical basis for evaluating the endogenous release 
of P cycling. It generally divides sediment P into five fractions, that is, 
loosely adsorbed P (NH4Cl-P), reductant-soluble P (BD-P), metal 
oxide-bound P (NaOH-P), calcium-bound P (HCl-P) and residual P 
(Res-P). BD-P refers to iron-bound P and NaOH-P indicates 
aluminum-bound P. It should be noted that the whole procedure was 
conducted with 0.20 g freeze-dried sediment for each sample. Briefly, 
such sediment was sequentially extracted with 1 M NH4Cl for 0.5 h, 
0.11 M NaHCO3/Na2S2O4 for 1 h, 1 M NaOH for 16 h and 0.5 M HCl 
for 16 h on a thermostatic shaker (220 r min−1). After which, all the 
extracts were centrifuged at 4000 r min−1 for 15 min. Notably, these 
extracts must be filtered through a 0.45 μm polyethersulfone (PES) 
membrane (Jinteng, China) and then transferred to a 25 mL 
colorimetric tube. More importantly, when such extract with NaOH 
or HCl was diluted to 22 mL, its pH must be adjusted to neutral before 
determining the content of P fraction. Furthermore, these final 
residues were collected, burned at 500°C for 2 h and then shaken with 
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1 M HCl for 16 h to obtain the supernatant after centrifugation and 
filtration. Subsequently, the amount of PO4

3− was quantified with the 
molybdate blue method (Murphy and Riley, 1962).

Such P fractions contain three forms: organic (Po), inorganic (Pi) 
and total P (TP). Based on the extraction procedure above, we directly 
determined the loosely adsorbed Pi (NH4Cl-Pi), reductant-soluble Pi 
(BD-Pi), metal oxide-bound Pi (NaOH-Pi), calcium-bound Pi 
(HCl-Pi) and residual TP (Res-TP). Meanwhile, each extract was 
digested with 50 g L−1 K2S2O8 at 120°C for 0.5 h to obtain their 
corresponding TP, that is, NH4Cl-TP, BD-TP, NaOH-TP and 
HCl-TP. Then, organic P fractions NH4Cl-Po, BD-Po, NaOH-Po and 
HCl-Po were calculated according to the difference between TP and 
Pi. Similarly, we obtained sediment total phosphorus (STP) based on 
the sum of the above total P fractions.

DNA sequencing and community analyses

Total DNA from 0.30 g sediment sample was extracted in triplicate 
with the MagaBio Soil/Feces Genomic DNA Purification Kit (Bioer, 
Hangzhou, China) based on the manufacturer’s protocol. The DNA 
purity or concentrations were determined by spectrophotometry 
(NanoDrop One, United States). Then, the three DNA samples are 
thoroughly mixed before the polymerase chain reaction (PCR). 

To amplify the V4 regions of the bacterial and archaeal 
16S rRNA gene, we  selected the universal primer pairs 
515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R 
(5′-GGACTACNVGGGTWTCTAAT-3′) to perform the PCR (Apprill 
et  al., 2015; Parada et  al., 2016). The reaction conditions were as 
follows: 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 52°C 
for 30 s and 72°C for 30 s, all followed by a final elongation at 72°C for 
10 min and termination of the reaction at 4°C. These PCR products 
were mixed at an equal density ratio and then purified with 
E.Z.N.A. Gel Extraction Kit (Omega, United States). Sequencing was 
conducted on the Illumina Nova6000 platform (Illumina Inc., CA, 
United States) to generate 250 bp paired-end reads.

For the raw data, the barcode sequence was separated and then 
removed from both ends of the sequence through the R-script written 
by Liu et al. (2021). According to the primer sequence, the reverse 
sequence was transposed to the forward direction. Such sequences 
were then processed with a pipeline combining USEARCH 11.0 and 
QIIME2. The high-quality reads were screened with the default values 
in USEARCH, and then binned into amplicon sequence variants 
(ASVs) after denoising by unoise3 (Edgar and Flyvbjerg, 2015). The 
taxonomic identification of ASVs for the sequences was assigned 
using the Ribosomal Database Project (RDP; http://rdp.cme.msu.
edu/) classifier algorithm with a confidence threshold of 97%, and the 
feature table was generated for community analysis. The above 

FIGURE 1

Study area and sampling location.
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analyses were generally assisted by Liu’s script (Liu et al., 2021). Based 
on the frequency of the minimum reads, bacterial and archaeal 
communities were rarefied at 49,000 and 100 sequences for Hongfeng 
Lake and 100,000 and 400 sequences for Aha Lake, respectively. These 
sequencing data have been deposited in the NCBI Sequence Read 
Achieve (SRA) under accession number PRJNA885467.

Statistical analyses

We first calculated the Sørensen dissimilarity index to indicate 
total beta diversity and decomposed it into species turnover and 
nestedness using package “betapart” in R (Baselga and Orme, 2012). 
According to Baselga’s framework, species turnover and nestedness 
were employed with Simpson and nestedness coefficients, respectively. 
The sediment depth distances between the samples were then 
computed using the Euclidean distance. Subsequently, we examined 
the sediment-depth patterns for bacterial and archaeal beta diversity 
in both lakes. Such relationships were modeled with linear or 
quadratic models, and the significance was estimated by Mantel test 
(9,999 permutations). Moreover, for these P fractions, we  also 
investigated the variation of organic, inorganic and total P fractions 
along sediment depth in both lakes.

Second, to investigate the influence of sediment P forms on 
microbial community compositions, we  performed Spearman 
correlation analysis for the relative abundance of the top 30 bacterial 
genera or top 7 archaeal genera and P fractions. Such relationships 
were then clustered using an unweighted pair group method with 
arithmetic mean (UPGMA) on Euclidean distances. Furthermore, 
the Mantel test (Mantel, 1967) was conducted for bacteria and 
archaea to reveal the relationships between beta diversity and each P 
fraction. In addition, we also applied the Mantel test to examine such 
associations among bacteria and archaea in terms of beta diversity 
components, and conducted linear regressions to visualize 
their trends.

Third, to exclude the strong collinearity between all P fractions, 
we applied the varclus procedure of the Hmisc R package to detect 
the redundancy of the variables (Wang X.-B. et al., 2017). Notably, 
only one variable was preserved when a high correlation (Spearman 
ρ2 > 0.8) was observed between these P fractions. Hence, as shown 
in Supplementary Figure S5, we  removed NH4Cl-Po, HCl-TP, 
NaOH-TP and BD-Pi from the datasets of Hongfeng and Aha Lakes. 
And then, using the MRM() function of the ecodist R package 
(Goslee and Urban, 2007), we performed multiple regression on 
distance matrices (MRM) (Lichstein, 2007) to quantify such 
association among beta diversity components and all P fractions. For 
such P fractions, the influence of multicollinearity must be excluded 
before applying MRM.

Finally, we  conducted variation partitioning analysis (VPA) 
(Anderson and Cribble, 1998) to identify the relative explanatory 
power of organic, inorganic and total P fractions and their interaction 
on variation in total beta diversity and its components. For the two 
microbial taxonomic groups, forward selection (9,999 permutations) 
against such biological characteristic data was performed to select the 
significant variables before running VPA. All of the above analyses 
were implemented in R V4.2.1 with packages vegan V2.5-5 (Oksanen 
et  al., 2013), betapart V1.5.1 (Baselga et  al., 2018), ecodist V2.0.1 
(Goslee and Urban, 2007) and Hmisc (Harrell, 2019).

Results

Vertical variation of bacterial or archaeal 
beta diversity and P fractions

Relationship among sediment depth and beta diversity was 
generally significant for bacteria or archaea in both lakes, as 
determined by F-test (Figure 2). For total beta diversity, bacteria or 
archaea had a significant upward trend toward deeper sediment layers. 
Compared to bacteria (HF: slope = 0.0009, AH: slope = 0.0009), 
archaea showed faster variation for total beta diversity in Hongfeng 
and Aha Lakes, with slopes of 0.0038 and 0.0021, respectively 
(Figures  2A,D and Supplementary Table S1). Similarly, archaea 
changed faster for species turnover than bacteria in Hongfeng Lake, 
with slopes of 0.0039 and 0.0008, respectively (Figure  2B and 
Supplementary Table S1). Significant sediment-depth pattern of 
species turnover was also observed in Aha Lake, but the rates of 
bacterial and archaeal changes were similar, with slopes of 0.0011 and 
0.0012, respectively (Figure 2E and Supplementary Table S1). For 
species nestedness (differences in species richness), bacteria showed a 
significant positive relationship with sediment depth in Hongfeng 
Lake (Figure 2C), while archaea had an increasing (p < 0.05) depth-
related pattern in Aha Lake (Figure  2F). Additionally, for alpha 
diversity, bacteria and archaea generally showed significant (p < 0.05) 
U-shaped or hump-shaped patterns along sediment-depth in both 
lakes (Supplementary Figure S6). In Hongfeng Lake, bacterial richness 
increased first and then decreased with sediment depth, while archaeal 
richness increased exponentially (Supplementary Figures S6A,D). For 
richness, evenness and Simpson diversity, whilst bacteria had 
significant (p < 0.05) depth-related patterns, there was little variation 
in Hongfeng Lake (Supplementary Figures S6A–C). Moreover, 
for evenness and Simpson diversity, bacteria decreased rapidly 
along sediment depth, while archaea increased slowly 
(Supplementary Figures S6B,C,E,F). Positive correlations among 
bacteria and archaea in terms of total beta diversity and its components 
were significantly assessed using Mantel test. For total beta diversity, 
bacteria and archaea showed the strongest cross-taxon congruence 
(Hongfeng: Mantel r = 0.57, p < 0.001; Aha: Mantel r = 0.75, p < 0.001, 
Figures  3A,D). Additionally, for species turnover, bacteria were 
significantly positively correlated with archaea (Hongfeng: Mantel 
r = 0.49, p < 0.001; Aha: Mantel r = 0.49, p < 0.001, Figures  3B,E). 
Notably, for species nestedness, bacteria had a high significant positive 
correlation (Mantel r = 0.49, p < 0.001) with archaea in Aha Lake, while 
weak association (Mantel r = 0.07, p > 0.05) in Hongfeng Lake 
(Figures 3C,F).

Generally, the content profiles of P fractions indicated that each 
P form had a decreasing trend toward deep sediments 
(Supplementary Figure S1). For total P fractions, BD-TP was relatively 
stable and declined from 264.79 μg g−1 at 0–2 cm to 110.19 μg g−1 at 
60–62 cm depth in Hongfeng Lake, while it decreased sharply 
with sediment depth in 24–26 cm layers in Aha Lake 
(Supplementary Figures S1B,F). In addition, such decreasing trend 
was observed for NH4Cl-TP in Hongfeng and Aha Lakes, with 
ranges of 3.44–27.53 and 1.59–35.14 μg g−1, respectively 
(Supplementary Figures S1A,E). For Pi fractions, NaOH-Pi first 
increased greatly with depth in the 0–26 cm layers and then declined 
rapidly at depths greater than 46 cm in Hongfeng Lake, whereas it was 
relatively low (ranged at 138.15–838.55 μg g−1) in the 12–32 cm layers 
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and had a general increasing trend in Aha Lake 
(Supplementary Figures S1C,G). Conversely, HCl-Pi declined rapidly 
with increasing sediment in Hongfeng Lake, and first declined greatly 
and then increased slightly in Aha Lake (Supplementary Figures S1D,H). 
For Po fractions, BD-Po showed a decreasing trend and declined 
from 124.35 μg g−1 at 0–2 cm to 8.37 μg g−1 at a 52–54 cm depth in 
Hongfeng Lake, while it changed slightly below 10 cm depth and then 
decreased sharply at depths greater than 12 cm in Aha Lake 
(Supplementary Figures S1B,F). Additionally, for NH4Cl-P, BD-P, 
NaOH-P and HCl-P, the difference in organic (i.e., NH4Cl-Po, BD-Po, 
NaOH-Po and HCl-Po), inorganic (NH4Cl-Pi, BD-Pi, NaOH-Pi and 
HCl-Pi) and total P (NH4Cl-TP, BD-TP, NaOH-TP and HCl-TP) 
forms was significantly (p < 0.05) observed between the two lakes 
(Supplementary Figure S2).

Linkages of microbial compositions and 
beta diversity with P fractions

Based on the Spearman correlation, strong association between 
bacterial or archaeal composition and P fractions was observed in 
both lakes (Figure  4; Supplementary Figure S3). For bacterial 
compositions, the total or inorganic P fractions such as NH4Cl-TP, 
NH4Cl-Pi, HCl-TP, and HCl-Pi had strong (p < 0.05) positive 

correlations with the dominant genera such as Lentimicrobium and 
Saccharicrinis, and significant (p < 0.05) negative correlations with 
other dominant genera like Dethiosulfatarculus and Archangium in 
both lakes (Figure 4). Additionally, organic P fractions such as BD-Po, 
NaOH-Po and NH4Cl-Po were strongly correlated with such dominant 
genera while HCl-Po showed weak correlations in Hongfeng Lake 
(Figure  4A). Similarly, there was a weak and nonsignificant 
relationship between HCl-Po and bacterial genera in Aha Lake 
(Figure 4B). Generally, compared to organic P fractions, the total or 
inorganic P fractions had stronger correlations with bacterial 
compositions in Aha Lake (Figure 4B). For archaeal compositions, 
Methanothermobacter and Methanosalsum are the dominant genera 
governing the variation of communities along a sediment depth 
gradient. As a mesophilic Fe(III)-reducing microorganisms, 
Methanothermobacter can couple oxidation of organic matters (e.g., 
Po) with the reduction of structural iron. Methanosalsum commonly 
inhabit the hypersaline alkaline lakes, and are the obligately anaerobic 
high salt-tolerant and alkaliphilic euryarchaea. Methanosalsum can 
regulate or provide an alkaline environment to promote the 
combination of Fe, Al, and Ca ions with phosphate to form insoluble 
P fractions. In Hongfeng Lake, the total or inorganic P fractions such 
as BD-TP, BD-Pi, NH4Cl-TP, NH4Cl-Pi, HCl-TP and HCl-Pi were 
positively correlated with Methanothermobacter and Methanosalsum, 
while negatively correlated with Thermofilum and Thermogladius 

FIGURE 2

Sediment-depth patterns of bacterial and archaeal beta diversity in Hongfeng Lake (A–C) and Aha Lake (D–F). The solid line indicates a significant 
relationship. More details for these models can be observed in Supplementary Table S1.
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(Supplementary Figure S3A). Moreover, BD-Po and NaOH-Po 
had strong correlations with the top  7 genera in Hongfeng Lake, 
whereas HCl-Po and NH4Cl-Po showed weak correlations 
(Supplementary Figure S3A). In Aha Lake, Methanothermobacter was 
positively correlated with total or inorganic P fractions, including 
HCl-TP, BD-TP, NH4Cl-TP, HCl-Pi, BD-Pi and NH4Cl-Pi, and 
negatively correlated with NaOH-TP and NaOH-Pi 
(Supplementary Figure S3B). Conversely, Methanosalsum showed 
negative correlations with HCl-TP, BD-TP, NH4Cl-TP, HCl-Pi, BD-Pi, 
and NH4Cl-Pi, whereas it was positively correlated with NaOH-TP 
and NaOH-Pi (Supplementary Figure S3B).

Furthermore, for both microbial taxa, Mantel test indicated that 
total beta diversity and its components also had strong correlations 
with P fractions (Supplementary Figure S4). For bacteria, total beta 
diversity or turnover were positively correlated with NH4Cl-Pi (Mantel 
r = 0.43 and 0.32) and BD-Po (Mantel r = 0.42 and 0.35) in Hongfeng 
Lake, and with NH4Cl-Pi (Mantel r = 0.46 and 0.50), BD-TP (Mantel 
r = 0.42 and 0.55) and HCl-Pi (Mantel r = 0.51 and 0.46) in Aha Lake 
(Supplementary Figure S4). Note that the nestedness component had 
strong correlations with BD-TP (Mantel r = 0.47) and BD-Pi (Mantel 
r = 0.52) in Hongfeng Lake (Supplementary Figure S4). For archaea, 
the total beta diversity or turnover showed significant positive 
correlations with NH4Cl-Pi (Mantel r = 0.44 and 0.38), BD-TP (Mantel 
r = 0.38 and 0.40), HCl-Pi (Mantel r = 0.36 and 0.40) and Res-TP 
(Mantel r = 0.40 and 0.44) in Hongfeng Lake, and with BD-TP (Mantel 
r = 0.44 and 0.53), NaOH-Pi (Mantel r = 0.47 and 0.46) and HCl-Pi 

(Mantel r = 0.49 and 0.48) in Aha Lake (Supplementary Figure S4). 
Collectively, for bacteria and archaea, both total beta diversity and 
species turnover are strongly correlated with P fractions.

Effects of P fractions on bacterial and 
archaeal beta diversity

Based on the MRM (multiple regression on distance matrices) 
analyses, the importance of each P fraction to beta diversity varied 
across microbial taxa (Figure 5). For bacteria, compared to Aha Lake, 
NaOH-Pi and sediment total P contributed the relatively larger linear 
coefficient (i.e., effect size) to explain total beta diversity (linear 
coefficient = 0.47 and − 0.62), species turnover (linear coefficient = 0.72 
and − 1.00) and nestedness (linear coefficient = −0.37 and 0.57, 
Figure 5) in Hongfeng Lake. Conversely, there was nonsignificant 
independent influence among total beta diversity and such P fractions 
in Aha Lake. Moreover, BD-TP was the most important driver of 
species turnover and nestedness in Aha Lake, with linear coefficients 
of 0.45 and −0.49, respectively (Figure  5). For archaea, BD-TP, 
NaOH-Pi and sediment total P showed high relative importance in 
explaining the total beta diversity (linear coefficient = 0.54, 0.39 and 
−0.72) and turnover component (linear coefficient = 0.58, 0.42 and 
−0.75) in Hongfeng Lake (Figure 5). Inconsistently, archaeal total beta 
diversity was primarily affected by HCl-Pi (linear coefficient = 0.34, 
p < 0.05) in Aha Lake, while only BD-TP (linear coefficient = 0.33, 

FIGURE 3

Correlation between bacterial and archaeal beta diversity in Hongfeng Lake (A–C) and Aha Lake (D–F). The solid line indicates significant relationship. 
*p  ≤  0.05; **p  <  0.01; ***p  <  0.001.
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p < 0.05) constrained the turnover component. Notably, for archaea, P 
fractions had no independent influence on species nestedness in both 
lakes (p > 0.05, Figure 5).

In the VPAs, for bacteria or archaea, total beta diversity (R2 = 0.12 
and 0.11, respectively) and turnover component (R2 = 0.15 and 0.15, 
respectively) were mostly explained by the joint effects of the-Po 
fractions, Pi fractions and TP fractions in Hongfeng Lake (Figure 6A); 
however, in Aha Lake, the Pi fractions and TP fractions jointly 
accounted for 16% and 25% of variations in the total beta diversity, 
while 20% and 47% of variation in the turnover component 
(Figure 6B). Similarly, for bacteria, the joint effects of the Pi fractions 
and TP fractions explained 40% of the variation in the nestedness 
component in Hongfeng Lake (Figure  6A). For beta diversity 
components, compared to Po fractions, the Pi fractions showed a 
greater pure effect on bacteria, while the pure effect of Po fractions on 
archaea was stronger than that on bacteria (Figure 6).

Discussion

Unraveling the mechanisms underlying spatial and temporal 
variations in biodiversity has long been a central goal in ecology (Peters 
et al., 2019; Zhao et al., 2019). It has long been recognized that species 
turnover (i.e., species replacement) and nestedness (i.e., differences in 
species richness) partitioned by total beta diversity can underpin the 
processes shaping community structures (Zhang et al., 2020; Marta 

et al., 2021). For microbial succession, previous studies have mostly 
focused on how phosphate (i.e., PO4

3−) or total P affects community 
variation. Much less is known, however, about the importance of P 
fractions to beta diversity components. To our knowledge, this study 
represents the first attempt to investigate how P fractions affect 
microbial total beta diversity and their components. We examined the 
variations in bacterial and archaeal beta diversity and their components 
along sediment depth, and further identified the relative importance of 
organic, inorganic and total P fractions to beta diversity. We found that 
(1) both bacteria and archaea had significant depth-related patterns in 
total beta diversity, turnover or nestedness, (2) there was taxonomic 
dependency among bacteria and archaea for beta diversity patterns 
along sediment depth, (3) the importance of each P fraction (i.e., 
NH4Cl-Pi, BD-Pi, NaOH-Pi, HCl-Pi, NH4Cl-Po, BD-Po, NaOH-Po, 
HCl-Po, NH4Cl-TP, BD-TP, NaOH-TP, HCl-TP and Res-TP) to total 
beta diversity or species turnover varied with microbial taxonomic 
groups, and (4) Pi fractions have higher explanation than Po fractions 
for bacterial beta diversity, while archaeal total beta diversity or turnover 
component are well explained by Po fractions.

Species turnover is the most important component contributing 
to total beta diversity and has been examined extensively in aquatic 
ecosystems (Lima et al., 2020). In this study, the total beta diversity or 
species turnover of bacteria and archaea increased consistently along 
sediment depth (Figures  2A,B,D,E), largely consolidating the 
predominance of species turnover. Such patterns exhibited a similar 
trend toward deep sediments, which aligns with the general pattern of 

FIGURE 4

Cluster analysis of bacterial communities and P fractions at the genus level in Hongfeng Lake (A) and Aha Lake (B). The heatmaps show the Spearman 
correlationship between the relative abundance of the top 30 genera and P fractions. Red denotes a positive relationship and blue indicates a negative 
correlation. ***p  <  0.001, **p  <  0.01, *p  <  0.05.
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FIGURE 5

Effects of phosphorus fractions on bacterial and archaeal beta diversity. The P fractions include organic, inorganic and total P fractions. Significant 
relationships are visualized with squares showing numerical value. Color and value indicate the linear coefficient.

FIGURE 6

Relative importance of organic, inorganic and total P fractions in explaining variation of bacterial and archaeal beta diversity in Hongfeng Lake (A) and 
Aha Lake (B). Variation partition analysis was performed to reveal the pure and joint effects of organic (Po), inorganic (Pi) and total P (TP) fractions on 
bacterial and archaeal beta diversity. The selected variables are shown in Supplementary Table S2. Statistical significance was evaluated using the 
Monte Carlo permutation test (9,999, p  <  0.01).
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species composition (Rooney and Azeria, 2015), where cross-taxon 
congruence (i.e., parallel diversity patterns among different taxa) 
happens if different biological groups are spatially covary in alpha or 
beta diversity. As expected, bacteria showed significant positive 
correlation (i.e., indicating parallel patterns between bacteria and 
archaea regarding total beta diversity and turnover) with archaea in 
terms of total beta diversity and turnover (Figures 3A,B,D,E), which 
is consistent with Yuan et  al. (2022) and further underpins the 
taxonomical dependency between bacteria and archaea. More 
interestingly, such congruence indicates parallel patterns between 
both microbial taxa, which may be affected by similar processes like 
environmental selection (Shade et al., 2018). As previously reported 
(Specziár et  al., 2018), the mechanisms responsible for species 
turnover are primarily triggered by environmental filtering, species 
competition or historical events (e.g., dispersal limitation). The 
intensity of selection may thus be  related to environmental 
heterogeneity of sediment P fractions (Supplementary Figures S2, S4), 
which is supported by several studies addressing the importance of 
environmental selection on microbial communities (Yuan et al., 2021).

For bacteria or archaea, total beta diversity is generally 
predominated by species turnover and nestedness (Figure 2), but the 
species turnover explains a greater proportion of beta diversity than 
nestedness (Supplementary Table S1). Namely, turnover component 
contributes largely to total beta diversity, whereas nestedness 
component plays a smaller role, which is in line with previous studies 
on pond communities (Hill et  al., 2017) and marine benthos 
(Bevilacqua and Terlizzi, 2020). In pond habitats, for 
macroinvertebrate, total beta diversity almost entirely reflects patterns 
of species turnover rather than nestedness. Likewise, for marine 
benthos, the compositional beta diversity is mainly due to species 
turnover, with a negligible contribution of nestedness. Species 
nestedness (i.e., differences in species richness caused by species gains 
or losses) exerts a weak influence on total beta diversity but can allow 
us to explicitly link species gains or losses to the mechanisms 
underlying compositional changes (Marta et  al., 2021). For the 
nestedness component, our findings revealed a significant increasing 
depth-related pattern for bacteria in Hongfeng Lake and for archaea 
in Aha Lake (Figures 2C,F). The reasons for the different patterns of 
bacteria and archaea between the two lakes are manifold, among 
which is that nestedness differences stem mainly from species 
thinning or other ecological processes like human disturbance 
(Legendre, 2014). It is worth noting that species thinning may 
be related to intraspecific competition (i.e., a competition between 
individuals from the same species). Generally, competition occurs 
when the environmental capability supplying resources fails to meet 
the biological requirement, causing the organisms to interfere with 
each other. Intraspecific competition largely constrains the growth of 
organisms in populations, thereby resulting in species gain or loss (i.e., 
species nestedness). More specifically, intraspecific competition can 
lead to self-thinning, in which less-capable individuals die while 
more-competitive individuals survive (Begon et  al., 1990). Our 
findings reflected that intraspecific competition affects the nestedness 
component through species thinning and thereby govern community 
composition, which is supported by strong associations between the 
top  30 bacterial genera or top  7 archaeal genera and P fractions 
(Figure  4; Supplementary Figure S3). For instance, Geofilum and 
Fulvivirga show significant positive correlations with BD-Pi, BD-TP, 
NH4Cl-TP, NH4Cl-Pi, BD-Po, HCl-TP, HCl-Pi, NaOH-TP and 

NaOH-Pi in Hongfeng Lake, implying that the two microbes may 
compete within the species for the same nutrients. Although bacteria 
had no significant depth-related pattern for nestedness in Aha Lake, 
it is not difficult to comprehend that intraspecific competition occurs 
within bacterial communities living in the P-limited habitat 
(Figure 4B).

Beta diversity is substantially governed by species pool (i.e., the 
set of potential species coexisting in a target community in a certain 
region) and could be  constrained by local environmental factors. 
Previous studies have shown that environmental selection is the main 
ecological process in driving the biogeographic patterns of biodiversity 
(Wang J. et al., 2017). In our study, the decreasing trend of P fractions 
along sediment depth was generally found in NH4Cl-P, BD-P, NaOH-P 
or HCl-P (Supplementary Figure S1) and there existed significant 
differences between the two lakes regarding such P fractions 
(Supplementary Figure S2), indicating strong environmental 
heterogeneity between Hongfeng and Aha Lakes. Environmental 
heterogeneity can effectively determine the ecological processes in 
controlling microbial community variation in freshwater ecosystems 
(Huber et al., 2020). In particular, strong heterogeneous selection (i.e., 
selection by environmental heterogeneity), limiting the biological 
growth to produce community variation (i.e., beta diversity), can filter 
species from the species pool to increase or promote beta diversity 
(Zhang et al., 2020). For bacteria or archaea, we observed that total 
beta diversity and turnover showed strong correlations with 
P fractions such as NH4Cl-Pi and BD-Po in Hongfeng Lake, and 
with P fractions like BD-TP and HCl-Pi in Aha Lake 
(Supplementary Figure S4), largely confirming that P fractions have 
profound effects on biodiversity in P-limited lakes. Further, the result 
of the MRM analyses suggested that, environmental distance of P 
fractions such as NaOH-Pi, BD-TP and HCl-Pi can individually affect 
total beta diversity or species turnover regarding both microbial taxa 
(Figure 5), confirming that environmental selection has a dominant 
influence on the mechanisms underlying variation in bacterial or 
archaeal communities. As such, the depth-decay patterns of bacterial 
and archaeal beta diversity may be  mainly attributed to the 
environmental selection.

Environmental factors can directly drive the variation in total 
beta diversity and also alter it by affecting species turnover and 
nestedness, thereby exerting a profound influence on the maintenance 
of biodiversity in aquatic or terrestrial ecosystems (Martiny et al., 
2011). Thus, our findings further revealed the pure and joint effects 
of the organic, inorganic and total P fractions on bacterial and 
archaeal beta diversity. Generally, such P fractions had high 
explanations for bacterial or archaeal beta diversity in Hongfeng and 
Aha Lakes. Especially, the joint effects of inorganic and total P 
fractions could explain a great proportion of total beta diversity or its 
components (Figure 6). These results, together with those reported 
in previous studies (Watson et al., 2018; Pu et al., 2020; Yin et al., 
2022), collectively indicate a close link between microbial community 
variation and P fractions, which is interesting but rarely reported in 
aquatic ecosystems. Moreover, for the pure effect, we found that the 
Pi fractions had a higher explanation than Po fractions for bacterial 
beta diversity (Figure 6). As an essential component of nucleic acids, 
lipids or storage energy molecules, Pi can substantially influence the 
shaping of microbial community structure and ecological patterns or 
processes (Zheng et al., 2021). As such, this finding largely stresses 
the importance of Pi in shaping bacterial community structures, 
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which is concordant with previous findings on aquatic bacteria (Yuan 
et al., 2022) or phytoplankton (Guo et al., 2022). For example, in less 
eutrophic lowland streams, changes in soluble reactive phosphorus 
(i.e., Pi) between sites are the key driver homogenizing the total 
β-diversity of phytoplankton (Frau et al., 2023). Admittedly, Pi is an 
indispensable nutrient triggering the growth of aquatic 
microorganisms and has been widely reported in previous literature 
(Carvalho et al., 2011). More intriguingly, for total beta diversity or 
species turnover, we found that Po fractions had a higher explanation 
for archaea than bacteria (Figure  6), presumably owing to the 
anaerobic biodegradation of Euryarchaeota. Recent studies have 
suggested that sediment aeration can increase the content of 
reductant-soluble phosphorus fractions (Fe/Al-P) and promote the 
mineralization of organic phosphorus to the labile form (Dieter et al., 
2015). In fact, due to the lack of oxygen content, bacterial 
communities are gradually dominated by anaerobic reductive 
bacteria toward deep sediments (Fonseca et al., 2022). In our study, 
Euryarchaeota is the dominant phylum of the archaeal community 
and contains large amounts of anaerobic methane oxidizing archaea 
such as Methanothermobacter and Methanosalsum. More intriguingly, 
Methanothermobacter was significantly (p < 0.05) negatively 
correlated with NaOH-Po in Hongfeng Lake, while Methanosalsum 
had significant (p < 0.05) negative correlation with NaOH-Po and 
BD-Po in Aha Lake (Supplementary Figure S3), indicating obvious 
differences in the Po mineralizing archaea between the two lakes. 
Such oxidizing archaea can completely mineralize organic matters 
like Po fractions to inorganic form under anaerobic conditions, 
wherein inorganic P can be well absorbed by archaea to promote their 
body growth (Baker et  al., 2020). Furthermore, for bacteria and 
archaea, such effects including pure and joint effects, also indicated 
that P fractions could influence total beta diversity by driving its 
turnover component, reflecting the predominance of species turnover 
by environmental or spatial filters. Taken together, these findings 
emphasize the importance of P fractions to variations in bacterial and 
archaeal communities and have important implications (e.g., 
maintaining biodiversity by regulating nutrients like P based on the 
properties of P fractions) for how we protect biological diversity in 
aquatic ecosystems.

Nevertheless, there are two caveats to the interpretation of our 
studies. First, for bacteria or archaea, species nestedness may 
be governed by other ecological processes in Aha Lake. As previously 
reported (Rapacciuolo et al., 2019), strong Mantel correlation between 
bacteria and archaea regarding nestedness component, indicates that 
their parallel patterns may be driven by similar processes in Aha Lake 
(Figure 3F). Surprisingly, P fractions show a low explanation (i.e., P 
sources were abundant in sediments without limiting species gain and 
loss) for species nestedness in Aha Lake (Figures 5, 6), implying that 
their depth-related patterns may not be determined by the selection 
of P fractions, but may be influenced by species interaction or other 
environmental factors. Consistently, recent studies have suggested that 
species nestedness shows complex nonlinear relationships with 
extirpation and colonization (Lu et al., 2019), which largely determines 
whether beta diversity increases or decreases (Tatsumi et al., 2020). 
Therefore, for such unique species nestedness, extirpation and 
colonization considered in future theoretical works may better explain 
such biogeographic patterns in community variation. Note that both 
species turnover or nestedness and extirpation or colonization, can 
largely reveal the underlying mechanisms of bacterial and archaeal 
succession, thereby enhancing our understanding of the distribution 

of microbial communities and providing direct evidence for studying 
the function and stability of lake ecosystems.

Second, this study primarily focused on the environmental 
selection imposed by P fractions for microbial community variation, 
without considering the influence of stochastic ecological processes. 
It is broadly recognized that community assembly is simultaneously 
governed by deterministic (e.g., species-environment associations and 
habitat filtering) and stochastic (e.g., ecological drift and dispersal 
limitation) processes (Wang et al., 2013). Ecologically, deterministic 
selection by specific environmental variables is generally pivotal, 
although in some cases, stochastic or neutral processes may dominate 
(Stegen et al., 2012). For instance, in the Shenzhen River-Bay system, 
South China, environmental selection such as salinity and water 
temperature are pronounced for governing bacterial and archaeal 
community composition and assembly processes (Wang Y. et  al., 
2020). Likewise, such major role of deterministic processes has also 
been observed in soils (Moroenyane et al., 2016) and rivers (Vilmi 
et al., 2020). Similarly, phosphorus fractions contain large amounts of 
organic or inorganic P, providing essential nutrients for microbial 
growth (Zheng et al., 2021). Such nutrients can alter even biodiversity 
and its relationship with temperature in large-scale field experiments 
(Wang et al., 2016b). Thus, as an environmental filtering, P fractions 
can deterministically govern bacterial and archaeal community 
variation. Especially in mesotrophic lakes, controlling endogenous 
phosphorus release through community response of sediment 
microbes can effectively improve lake water quality, thereby 
strengthening lake conservation and management. Briefly, our study 
points to general rules controlling the relative contribution of species 
turnover and nestedness regarding bacteria and archaea, and we also 
encourage further works to complement such results by considering 
more ecological processes like deterministic and stochastic processes.

Conclusion

In summary, our findings elucidated the underlying mechanisms 
of bacterial or archaeal communities along sediment depth and 
provided ecological insights into how eutrophication poses a threat to 
microbial diversity. This study for the first time revealed the 
importance of P fractions to the mechanism underlying microbial 
total beta diversity in aquatic ecosystems. For bacteria and archaea, 
we found significant increasing depth-related patterns in total beta 
diversity, species turnover or nestedness. Intriguingly, bacteria showed 
significant parallel patterns with archaea regarding total beta diversity 
and species turnover, which is largely supported by similar processes 
like environmental selection. For both microbial taxa, total beta 
diversity and species turnover were primarily constrained by NaOH-Pi 
and STP in Hongfeng Lake, while largely affected by BD-TP or HCl-Pi 
in Aha Lake. Moreover, NaOH-Pi and sediment total phosphorus can 
influence bacterial total beta diversity by driving species nestedness in 
Hongfeng Lake. The joint effects of Po fractions, Pi fractions and TP 
fractions indicated that the P fractions are important for bacterial and 
archaeal beta diversity. Compared to Po fractions, Pi fractions have 
greater pure effects on bacterial beta diversity. Meanwhile, Po fractions 
show a higher explanation for archaeal beta diversity than bacteria. To 
date, both partitioning beta diversity and P fractions are pervasive 
topics in ecology or environmental science, but they are rarely coupled 
to reveal the biological effects in the P cycle or the effects of the P 
source on biodiversity conservation. In fact, sediment microbes and 
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P fractions determine whether the trophic state of the lake will 
transition from mesotrophic to eutrophication, and have crucial roles 
in the biogeochemical process of lake P cycling. Further studies should 
be encouraged to investigate the associations between P fractions and 
more taxonomic groups like fungi and algae in aquatic ecosystems 
with different trophic states (e.g., eutrophic and oligotrophic).
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University, Beijing, China, 2Shandong Provincial Key Laboratory of Applied Microbiology, Ecology
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River–lake ecosystems are indispensable hubs for water transfers and flow

regulation engineering, which have frequent and complex artificial hydrological

regulation processes, and the water quality is often unstable. Microorganisms

usually a�ect these systems by driving the nutrient cycling process. Thus,

understanding the key biochemical rate-limiting steps under highly regulated

conditions was critical for the water quality stability of river–lake ecosystems.

This study investigated how the key microorganisms and genes involving

nitrogen and phosphorus cycling contributed to the stability of water by

combining 16S rRNA and metagenomic sequencing using the Dongping

river–lake system as the case study. The results showed that nitrogen and

phosphorus concentrations were significantly lower in lake zones than in

river inflow and outflow zones (p < 0.05). Pseudomonas, Acinetobacter, and

Microbacterium were the key microorganisms associated with nitrate and

phosphate removal. Thesemicroorganisms contributed to key genes that promote

denitrification (nirB/narG/narH/nasA) and phosphorus absorption and transport

(pstA/pstB/pstC/pstS). Partial least squares path modeling (PLS-PM) revealed that

environmental factors (especially flow velocity and COD concentration) have a

significant negative e�ect on the key microbial abundance (p < 0.001). Our study

provides theoretical support for the e�ectivemanagement and protection ofwater

transfer and the regulation function of the river–lake system.

KEYWORDS

river-lake ecosystems, nutrient cycling process, biochemical rate-limiting steps, key

microorganisms, key genes

1. Introduction

As the most widely distributed ancient community on Earth, microorganisms are

characterized by rich species diversity, sensitive responses to environmental cues, and diverse

functions (Banerjee et al., 2018). The degradation of pollutants by microorganisms and

the biotransformation of nutrients in freshwater systems often drive the system’s material

circulation and energy flows, thereby contributing to the system’s health and stability (Reid

et al., 2019; Wu et al., 2021). Microorganisms control geochemical processes in interbasin
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water transfer and play an irreplaceable role in indicating water

quality (Chung et al., 2020; Zhang et al., 2021). Restoring

and maintaining a good water microecosystem can promote

the improvement of water self-purification capacity, which is

conducive to the restoration and improvement of the water

ecological environment (Deng et al., 2023). The complex

biogeochemical nutrient cycles usually involve multiple steps

(Lammel et al., 2015; Zheng et al., 2018; Sankar et al., 2019), in

which the functional genes serve as an important medium for

the function of microorganisms and can be an important basis

for evaluating the functional potential of microbial communities

(Djemiel et al., 2022). Wang et al. (2020a) found that in

groundwater contaminated with As, Proteobacteria can contribute

to the expression of As efflux genes arsB and acr3 to enable

microorganisms to display detoxification strategies to pump As

out of cells and improve water quality. Wan et al. (2023) have

confirmed that in the freshwater system that accepts the addition

of foreign organic matter, core microorganisms (e.g., Rhizobia)

can promote changes in primary productivity by altering the

abundance of N2-fixation genes, resulting in a healthier and more

sustainable freshwater system. In addition, a recent study found

that microorganisms can regulate endogenous phosphorus release

pollution in natural water bodies through functional genes (ppk)

that contribute to phosphorus transformation (Zhuo et al., 2023).

Hence, understanding the microbial community’s composition and

functional genes is essential to maintaining the water quality and

stability of freshwater ecosystems.

River–lake systems contribute greatly to flood control and

storage, water conservation, species conservation, and biodiversity

maintenance (Huang et al., 2021; Fernanda et al., 2022). However,

the hydrological conditions in river–lake systems were complex,

and especially during the period of regulation, flow shocks often led

to unstable water quality states (Yang et al., 2017). It is imperative

to maintain the water quality and stability of river–lake systems.

Many studies have shown that the concentrations of nitrogen

and phosphorus are the limiting factors for the water quality

stability in river–lake systems (Wang et al., 2020b; Yu et al., 2023).

Furthermore, nitrogen and phosphorus are the basic nutrients in

the energy flow and material cycle of aquatic ecosystems, and too

much or too little would disrupt the ecosystem balance (Zhang

et al., 2017; Liang et al., 2021).

Previous studies have found that changes in hydrological

conditions (rapid flow, etc.) were critical to shaping the dynamics

of freshwater ecosystems (Wiens, 2002; McCluney et al., 2014).

Hydrological changes have also been shown to be a major driver

for the assembly process of freshwater microbial community

aggregation processes and community structure (Pablo Nino-

Garcia et al., 2016). Isabwe et al. (2018) also confirmed that

the aggregation process of bacterial communities was affected

by different hydrological conditions. In the dry season with a

low flow rate, the aggregation pattern of bacterial communities

was a deterministic process, while in the rainy season with a

high flow rate, the bacterial communities were controlled by

both stochastic and deterministic processes. In addition, Zhang

et al. (2022) found that changes in surface hydrological conditions

can lead to differences in microbial community structure and

dominant groups, such as the increase of Actinobacteria due

to low water volume, thus affecting the metabolic activity of

microbial communities. Complex hydrological conditions can also

affect the composition and potential functional trends of microbial

communities (Cheng et al., 2019). Arnon et al. (2007) found

that the high flow rate conditions can promote the transfer

of chemical substances between water and sediment, provide

nutrients for microorganisms, and promote the denitrification

process. While the study of Hui et al. (2021) showed that the

specific low flow velocity conditions in the flow intersection area

would enrich the microorganisms that converted with nitrogen,

and these microorganisms could provide nap and narG genes

to effectively promote nitrate removal. Additionally, lakes and

rivers have different environmental characteristics, such as organic

matter content and pH, which affect the status of certain microbial

communities that perform specific functions and consequently

affect the stability of water quality (Ren et al., 2017; Tang C. et al.,

2020; Crevecoeur et al., 2023). These studies have explored the

contribution of microorganisms to the stability of water quality

in rivers and lakes and the influence of environmental factors on

microbial communities. However, there are still limitations. The

key rate-limiting steps for water quality stability in the microbial-

driven biochemical cycle are not clear, the ideal microbial

communities and genes to improve water quality stability are

still unrevealed, and how to promote the formation of these

microbial communities and genes through artificial regulation is

still not conclusive. These defects are undoubtedly unfavorable to

the guidance of water transfer and regulation projects in river–

lake systems.

In this study, we surveyed four zones with different

hydrological conditions in the Dongping river–lake system. As an

important hub of the South-to-North Water Diversion Project,

Dongping Lake not only serves the function of water resource

regulation but also provides potential drinking water for Beijing

and Tianjin. Hence, it is imperative to ensure the water quality

stability of the river–lake systems during the regulation period.

Our study aimed to (1) identify the differences in physical and

chemical properties in different zones of the river–lake system; (2)

explore the spatial changes of microbial communities in different

zones of the river–lake system; (3) investigate the key biochemical

rate-limiting steps of the nitrogen and phosphorus cycles; (4)

identify the contribution of key microorganisms and genes to the

rate-limiting steps; and (5) determine the environmental variables

affecting key microorganisms and genes. Our study will provide

suggestions for the coordination of regulation and water quality

stability from the perspective of microorganisms and support the

long-term sustainable development of river–lake systems.

2. Materials and methods

2.1. Study area and sample collection

Dongping Lake is an important hub of the world’s largest

artificial water conservancy project, China’s South-to-North Water

Diversion Project. It receives its primary inflow from the Dawen

River in the east and discharges water to the Yellow River through

the two manmade Chenshankou and Qinghemen sluice gates in
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FIGURE 1

Location map of sampling sites. DR, Dawen River inflow zone; LC, lake center zone; AZ, aquaculture zone; YR, Yellow River outflow zone.

the north (Figure 1), with a high frequency of regulation (e.g.,

flow releases and storage). It is a typical river–lake transition area

with complex hydrological conditions and drastic changes in water

quality (Chen et al., 2014). Especially when the floodwas discharged

by these artificial gate dams, the huge impact of water flow led to an

unstable sedimentary environment and fluctuating water quality.

Based on the strategic position and functional zoning, we

divided this lake–river system into four zones: the Dawen River

inflow zone (the main inflow river of the lake, DR), the lake

center zone (natural ecological protection center area, LC), the

aquaculture zone (there are artificial release and naturally raised

fish, AZ), and the Yellow River outflow zone (transferring water

storage through the sluice gate and providing drinking water

source area, YR). The samples were collected in July 2022, during

which Dongping Lake is in the artificial flood discharge and

regulation period. At each sampling site, we collected five water

samples and five sediment samples with triplicate samplings. We

collected 1.0-L water samples at a depth of 0.5m in polyethylene

bottles and collected sediment source samples to a depth of

5 cm with a Peterson mud sampler (TC-600BD, Qingdao, China).

Samples used to determine physical and chemical properties were

immediately sent to a laboratory for testing. Water samples for

microbial determination were immediately filtered, and the filter

membranes were securely placed at −80◦C. Sediment samples

were securely placed at −80◦C for <48 h until we could extract

microbial determination.

Frontiers inMicrobiology 03 frontiersin.org24

https://doi.org/10.3389/fmicb.2023.1258659
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Ding et al. 10.3389/fmicb.2023.1258659

2.2. Measurement of physicochemical
parameters

We measured the water temperature (T), dissolved oxygen

(DO), pH, specific conductance of the water (SPC), and the

oxidation–reduction potential (ORP) at the study sites using a

HACH HQ30d portable measuring instrument (HACH, Loveland,

CO, USA). We measured the flow velocity (V) using a Doppler

current meter (SF-6526J-21, Beijing, China). We measured the

water’s transparency (SD) using a Secchi disk in situ. For

the chemical properties, we measured the chemical oxygen

demand (COD), total nitrogen (TN), ammonia nitrogen (NH+

4 -

N), nitrate nitrogen (NO−

3 -N), nitrite nitrogen (NO−

2 -N), total

phosphorus (TP), and phosphate (PO3−
4 ) values according to

the standard methods defined by China’s Ministry of Ecology

and Environment (Supplementary Table S1). We measured all

environmental parameters three times to mitigate random

measurement errors, and we used the average value to represent

each sample in our subsequent analyses. All environmental

parameters that required laboratory testing were measured within

48 h.

2.3. Microbial sequencing and analysis

Microbial bacterial 16s rRNA and metagenomic sequencing

were conducted in our study. The 16s rRNA data were

used for microbial community structure-related analysis, while

metagenomic data were used for microbial gene abundance and key

biochemical step analysis. The relevant sequencing processes and

analysis methods are shown in the Supplementary Text description

of the microbial 16S rRNA and metagenomic sequencing. Our

sequencing data has been uploaded to the National Center

for Biotechnology Information (NCBL) database. The accession

number is SRP457080.

2.4. Statistical analyses

The data were analyzed using the SPSS software, version

22.0 (https://www.ibm.com/spss). We used a one-way analysis of

variance (ANOVA) with location as the level to test for significant

differences. Where the ANOVA results were significant, we used

least-significant difference (LSD) tests to identify pairs of values

that differed significantly, with significance defined as p < 0.05.

The independent sample t-tests were used for significant differences

in topological values for the empirical and random networks (for

specific analysis, see Supplementary Text description of the data

analysis tools and methods).

3. Results

3.1. Physical and chemical properties

In the water column (Table 1), the nutrient concentrations of

nitrogen (TN, NH+

4 -N, and NO−

3 -N) and phosphorus (TP and

PO3−
4 ), which were major pollutants in the water environment

(Dong et al., 2021), showed the order of YR > DR > AZ > LC.

In particular, the values of NH+

4 -N, NO
−

3 -N, TP, PO
3−
4 in the YR

and DR zones were significantly higher than those of AZ and LC

(p < 0.05). The concentration of COD also showed significant

differences (p< 0.05), with the highest concentration in YR (19.0±

3.16), followed by DR (17.8± 1.17), AZ (16.0± 1.40), and LC (15.0

± 2.00). In addition, although the flow velocity values did not show

significant differences in different zones, they also showed a higher

trend in the YR and DR. These results showed that the water quality

in the lake zone was significantly better than that in the zones

where rivers flow in and out (especially in the zones with artificially

constructed gates and dams) during the regulation period of the

river–lake system. In sediments, the concentration of nitrogen and

phosphorus varies in different zones, but the difference was not

significant. The COD content (0.58± 0.10 mg/g) was highest in the

YR, by 0.02, 0.08, and 0.26 mg/g compared with the other zones,

but the difference was only significant for the DR.

It was worth noting that the TN was strongly and significantly

correlated with NO−

3 -N concentration (R = 0.72, p < 0.01),

as well as TP and PO3−
4 concentration (R = 0.86, p < 0.01)

(Supplementary Figure S1). Therefore, the regulation of nitrate and

phosphate concentrations was the key to maintaining the steady

state of water quality during regulation in this study, andmicrobial-

mediated pathways related to nitrate and phosphate should also be

a major focus of this study.

3.2. Microbial community structure and
composition

Hierarchical clustering and PCoA results showed that all

samples in our study can be well classified and clustered into three

categories: zones where rivers flow in and out (DRW and YRW),

lakes (LCW and AZW), and sediments (DRS, LCS, AZS, and YRS)

(Figure 2A; Supplementary Figure S2). In this study, these three

categories were defined as river–water, lake–water, and sediment.

ANOSIM results showed significant differences (R = 0.669, p

= 0.0001) among these three groups (Supplementary Figure S3),

which implied the clustering was reasonable and reliable (Shang

et al., 2023). Based on this result, the composition and structure of

the microbial community were analyzed (Figure 2B). Their values

are shown in Supplementary Table S2.

At the phylum level, there were significant differences in

the relative abundance of the dominant microorganisms in the

river, lake, and sediment (p < 0.05). The relative abundance

of Proteobacteria (47.9 ± 5.4%, mean ± SD; 40.9 ± 5.1%),

Actinobacteriota (16.6± 3.3%; 20.2± 3.3%), and Firmicutes (8.3±

3.3%; 18.2± 3.3%) in rivers and lakes was significantly higher than

that in sediments (p < 0.05), with percentages of 1.5 and 1.3, 3.6

and 4.4, and 1.5 and 3.3 times those in the sediment, respectively.

In the sediment, the relative abundances of Chloroflexi (12.0 ±

3.3%), Desulfobacterota (6.3 ± 0.8%), and Acidobacteriota (7.1 ±

2.3%) were significantly higher than those in rivers and lakes (p <

0.05), with abundances of 9.7 and 11.2%, 5.3 and 5.9%, and 4.5 and

6.7%, respectively.

At the genus level, hgcI_clade, Pseudomonas,

Comamonadaceae, Acinetobacter, Hydrogenophaga, and
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TABLE 1 Analysis of the physical and chemical properties of water and sediment in the study area.

Samples Indicators Location

DR LC AZ YR

Water SD (cm) 44.800± 2.79b 81.200± 12.54a 62.200± 14.60b 44.800± 3.66b

T (◦C) 27.540± 0.27c 28.380± 0.07b 27.100± 0.06c 30.640± 0.82a

DO (mg/L) 5.206± 0.69b 5.588± 0.39b 7.838± 1.07a 5.088± 0.64b

SPC (us/cm−1) 722.800± 10.13b 1,006.000± 100.94a 1,066.200± 66.41a 999.600± 29.23a

ORP (mV) 134.780± 2.78a 127.600± 9.73a 112.080± 5.75b 128.060± 8.00a

pH 8.566± 0.23a 8.534± 0.13a 8.752± 0.16a 8.524± 0.07a

V (m/s) 0.338± 0.06a 0.280± 0.05a 0.294± 0.05a 0.364± 0.09a

D (m) 2.060± 0.56a 1.580± 0.36ab 1.860± 0.31a 1.070± 0.20b

COD (mg/L) 17.800± 1.17ab 15.000± 2.00b 16.000± 1.40ab 19.000± 3.16a

TN (mg/L) 1.924± 0.49a 1.810± 0.45a 1.908± 0.50a 2.224± 0.47a

NH+

4 -N (mg/L) 0.146± 0.09a 0.079± 0.06a 0.110± 0.02a 0.366± 0.04a

NO−

3 -N (mg/L) 0.229± 0.04a 0.1080± 0.05b 0.120± 0.07b 0.350± 0.04a

NO−

2 -N (mg/L) 0.030± 0.02a 0.0180± 0.01a 0.025± 0.02a 0.017± 0.01a

TP (mg/L) 0.124± 0.04a 0.096± 0.05b 0.088± 0.04b 0.172± 0.06a

PO3−
4 (mg/L) 0.068± 0.04a 0.056± 0.03b 0.042± 0.02b 0.082± 0.05a

Sediment COD (mg/g) 0.322± 0.08b 0.500± 0.12a 0.564± 0.11a 0.584± 0.10a

TN (mg/g) 1.444± 0.19a 1.310± 0.26a 1.204± 0.13a 0.848± 0.09a

NH+

4 -N (mg/g) 0.424± 0.06a 0.409± 0.09ab 0.331± 0.02ab 0.207± 0.03c

NO−

3 -N (mg/g) 0.172± 0.05a 0.161± 0.06a 0.162± 0.05a 0.193± 0.02a

NO−

2 -N (mg/g) 0.036± 0.01a 0.037± 0.01a 0.040± 0.01a 0.039± 0.01a

TP (mg/g) 0.284± 0.09a 0.276± 0.04a 0.330± 0.05a 0.268± 0.06a

PO3−
4 (mg/g) 0.208± 0.06a 0.206± 0.03a 0.198± 0.02a 0.192± 0.02a

Values are mean± SD. Different letters (a, b, and c) represent significant differences (p < 0.05) among sampling sites.

FIGURE 2

Microbial community structure and composition in the Dongping river-lake system. (A) microbial community hierarchical clustering; (B) dominant

microorganisms at the genus levels in river water, lake water, and sediment. W and S stand for water column and sediment, respectively. Genera that

could not be defined were traced back to the family and order level.
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Exiguobacterium had a higher relative abundance in river water

and lake water, but their abundances in the sediment were <1%.

However, Thiobacillus, Anaerolineaceae, and Steroidobacteraceae

had a high abundance (>2.0%) in the sediment but were rarely

detected in the river and lake. The abundance of Arenimonas was

significantly higher in the lake water (5.3 ± 1.3%) (p < 0.05), 4.7

and 5.0% more than in the river water and sediment, respectively.

The Pseudomonas abundance was significantly greater in the lake

water (4.7 ± 1.3%), followed by the river water (2.2 ± 0.6%)

and sediment (0.5 ± 0.1%) (p < 0.05). The relative abundance

of Comamonadaceae in the river water (4.7 ± 2.2%) was slightly

higher than in the other zones (p < 0.05). The Acinetobacter

relative abundance was 9.3 ± 2.7% in the lake water, which was 5

and 9.3% higher than in the river water and the sediment zone,

respectively (p < 0.05). In addition, the relative abundance of

Exiguobacterium in the lake-water zone reached 12.1 ± 3.6%,

which was significantly higher than in the river water (3.9 ± 0.8%)

and sediment (0.1± 0.0%) (p < 0.05).

Table 2 summarizes the characteristics of microbial molecular

ecological networks. The microbial molecular ecological network

constructed by our research was scientific and reasonable (see

Supplementary Text description of the topological characteristics

of the molecular ecological network). All ecological networks were

dominated by positive correlations, with values ranging from 75.4

to 83.2% (Figure 3; Supplementary Table S3). It is worth noting

that there was a significant difference among the results of average

path length (p < 0.05), and the order was as follows: lake water

(8.392) > river water (6.432) > sediment (6.077). The modularity

ofmicrobial communities showed significant differences (p< 0.05),

and the order was lake water (0.728) > river water (0.726) >

sediment (0.635). The keystone taxa can be used as indicators of the

microbial community (Banerjee et al., 2018), and the keystone taxa

were identified in this study (Supplementary Table S4; Figure 3).

3.3. Nitrogen and phosphorus metabolic
pathways driven by key microbial
communities and genes

The specific functions of microbial communities (such as

nitrogen and phosphorus conversion) were closely related to

metabolic pathways (Xiong et al., 2023). The results showed that

the KO pathway (Supplementary Figures S4, S5) involved in the

nitrogen and phosphorus cycle was highly expressed in lake water.

Microbial functional genes were crucial for the transformation

of nutrients (Li et al., 2022) to identify the genes that play key

roles in the pathway of this river–lake system, we analyzed the

expression levels of genes related to nitrogen and phosphorus

pathways (Supplementary Figure S6) and the contribution of key

genes (Figure 4). The results showed that the nirB (3.6%), narG

(5.5%), narH (2.5%), and nasA (2.8%) genes related to the nitrate

cycle and the ppk (6.5%), pstA (4.3%), pstB (4.2%), pstC (4.4%),

and pstS (6.4%) genes related to the phosphate cycle were highly

expressed in all samples (Supplementary Figure S6), and most

(nitrate: nirB/narG/narH/nasA; phosphorus: pstA/pstB/pstC/pstS)

were expressed significantly higher in the lake water than in
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the river water and sediment (Figure 4). These genes are closely

related to nitrate reduction, phosphate absorption, and transport

(Yu et al., 2018; Li et al., 2023; Liu et al., 2023). On this

basis, the main microorganisms contributing these genes with

high expression in lakes were identified in this study through

the combination of species annotation and gene abundance

calculation (Supplementary Figure S7; the detailed descriptions

are shown in the Supplementary Text description of the analysis

of key microorganisms contributing nitrogen and phosphorus

genes). The results showed that Pseudomonas, Acinetobacter,

Nocardioides, Microbacterium, Agromyces, and Aeromonas had

a relatively high contribution of genes involved in the nitrate-

phosphate cycle, especially in lake water. These microorganisms

were defined as the key microorganisms that we should focus on

in our study.

3.4. The influencing factors of nitrate and
phosphate concentration

The results showed that there was a significant positive

correlation between the abundance of key microbial abundance

and the genes promoting nitrogen reduction (0.836, p < 0.001)

and phosphorus absorption and transport (0.873, p <0.001,

Figure 5). The effect of key gene abundance on nitrogen

(−0.898, p < 0.001) and phosphorus (−0.242, p < 0.001)

concentration showed a highly significant negative trend. The

environmental factors showed strong positive effects on the

concentrations of nitrogen (0.697) and phosphorus (0.333),

and the effect on nitrogen was significant (p < 0.05). There

was a significant negative effect (−0.648, p < 0.001) of

environmental factors on the abundance of key microbial

species. In the environmental factors, the factor load of V

(0.727) and COD concentration (0.839) was obviously high

and significant (p < 0.001), and showed strong significant

positive correlations with the concentrations of nitrate and

phosphate and negative correlations with key microbial abundance

(Supplementary Table S5), respectively.

4. Discussion

This study revealed the key rate-limiting steps of microbial-

mediated nitrogen and phosphorus cycling in a highly regulated

river–lake system. Our original goals were confirmed. Specifically,

we found that the concentration of nitrogen and phosphorus

in lake water was significantly lower than that in river water;

that is, the water quality was more stable. In addition, the

stability of the microbial community and the abundance of

key microorganisms associated with nitrogen and phosphorus

conversion were higher in lake water. Key microorganisms and

genes-driven denitrification and phosphorus absorption/transport

processes become key biochemical rate-limiting steps. COD

concentration and flow velocity were the most important

environmental variables that affect key microorganisms

and genes.

4.1. E�ects of physicochemical
characteristics on microbial communities
in di�erent zones

Our study has revealed that flow velocity and COD

concentration in river water were obviously higher than in

lake water. In the Dongping river–lake system, the water surface

in the lake zone was wide and the flow velocity was relatively slow

(Liu et al., 2022), while in the inflow area, the water surface was

narrow and the flow velocity was fast (Liu et al., 2016). During

the regulation period, there was often a huge water impact, which

undoubtedly increased the flow velocity in the outflow area (Zhang

et al., 2012). The Dawen River mainly passes through rural areas,

and organic matter in soil, farm compost, and decaying plants

will enter the river with rainwater and irrigation water, resulting

in a high COD concentration (Lv et al., 2018). In addition, some

of the pollutants generated by human activities were discharged

into the river and accumulated at the gates. When the flood

was discharged, the gates were opened, and the pollutants were

released along with the flow (Piirsoo et al., 2018; Watkins et al.,

2019). This may also lead to higher COD concentration in the

outflow zones.

We found that high flow velocity in river water zones has

negative effects on the stability of microbial communities. In

lake water zones with relatively low flow velocity, the microbial

network has the longest path length, which suggests that when

the environment is disturbed (e.g., through water inflows or

releases), the response rate is the slowest for microorganisms

in the lake zone, and the impact of environmental disturbance

will not spread quickly to the whole microbial molecular

ecological network (Jeanbille et al., 2016). The modularity of

the microbial community in the lake water was the highest,

which was similar to the study of Khu et al. (2023), who found

that the low flow velocity conditions were more conducive to

microbial growth and formed a higher degree of modularity.

The high degree of modularity indicated that the function of

the microbial community was more complex, and the microbial

community has a strong ability to resist environmental stress

(Feng et al., 2017). In addition, the numerous positive correlations

in lake water represented that microorganisms were more

inclined toward cooperative relationships, which promoted the

stability of microbial communities (Layeghifard et al., 2017).

The influence of higher flow velocity and COD concentration

on the abundance of key microorganisms was negative in our

study. When the water flow velocity increased, the desorption

force generated by flow shear reduced the adsorption of

microorganisms to suspended matter in the water, inhibiting the

formation of biofilm (Tian et al., 2017). High COD concentration

indicated that the water accepts more organic pollutants, and

the biodegradation of these organic substances will consume DO

(Liu et al., 2021). Most of the key microorganisms found in

our study were aerobic denitrifying bacteria and phosphorus-

accumulating organisms (PAOs), which need DO for their

own reproduction (Zhao et al., 2022; Shen et al., 2023), so

high COD concentration will inhibit the abundance of these

key microorganisms.
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FIGURE 3

Topological networks of the river water, lake water, and sediment. N is the number of network nodes; L is the number of network edges. The blue

edges represent positive connections, and the green edges represent negative connections. Modules I to VIII represent di�erent aggregation

modules. The microorganisms labeled with operational taxonomy unit (OTU) numbers are the keystone taxa.

4.2. The rate-limiting steps in
microorganism-mediated nitrogen and
phosphorus cycles

We found that total nitrogen and total phosphorus

concentrations depend on NO−

3 -N and PO3−
4 concentrations

in the water column. Therefore, we conclude that controlling

NO−

3 -N and PO3−
4 concentrations was the key to maintaining

water quality stability during water regulation. Previous studies

have also confirmed our findings about nitrate nitrogen and

phosphate, which are often used as key indicators in water

quality monitoring to judge the deterioration of water quality

for subsequent control (Rashid and Romshoo, 2013; Bhurtun

et al., 2019). Hence, microorganism-mediated steps that can affect

nitrate and phosphate conversion become the focus of this study,

which may also be a key step in water quality stability during

water regulation.

We found that Pseudomonas, Acinetobacter, and

Microbacteriumwere dominant and keystone taxa in the lake-water

(Figures 2, 3) zones. The dominant microorganisms with high

biomass can affect some broad community processes, and rare

keystone taxa are more visible in narrower processes; they are the

drivers of microbial community structure and function, such as

a particular one in the nitrogen and phosphorus cycles (Banerjee

et al., 2018). In addition, we found that Pseudomonas mainly

contributes nirB, narG, and narH genes, while Acinetobacter

can contribute nirB, pstB, pstC, and pstS genes. Microbacterium

contributed the nasA, pstA, and pstB genes. For the nitrogen

cycle, nirB is the gene corresponding to the nitrite assimilation

reductase, narG/narH corresponds to denitrification, and nasA

corresponds to nitrate assimilation reduction (Wang et al., 2018).

For the phosphorus cycle, pstA, pstB, pstC, and pstS were the

corresponding genes for phosphate absorption and transport,

and these were the key to the function of PAOs (Singleton

et al., 2021). In addition, previous studies have confirmed our

findings: Pseudomoas was confirmed to be aerobic denitrifying

bacteria (Shen et al., 2023), and the presence of Pseudomonas and

Acinetobacter can accelerate the rate of nitrate reduction in sewage

(Hu et al., 2022; Xiao et al., 2023). Pseudomonas and Acinetobacter

are typical PAOs, that can realize excessive phosphate absorption

through the aerobic phosphorus absorption process (He et al.,

2020).Microbacterium was found to be denitrifying bacteria (Tang

et al., 2023) and have good phosphorus removal potential (Wang

et al., 2016). Hence, these microorganisms contribute significantly

to the lower nitrogen and phosphorus concentrations in the lake

zone. Hence, these dominant and keystone taxa may dominate the

denitrification, phosphate absorption, and transport pathways to

become key rate-limiting steps for water quality stabilization in

this river–lake system.

4.3. Analysis of key factors a�ecting
nitrogen and phosphorus concentration
and water quality improvement strategies

We found that the inhibition of key genes on nitrogen and

phosphorus concentrations was significant. This also showed

that the key genes defined in this study can indeed promote

the processes of denitrification and phosphorus absorption and
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FIGURE 4

The proportion of (A) nitrogen and (B) phosphorus cycling-related genes expressed in river water, lake water, and sediment in each pathway.
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FIGURE 5

The relationship and influence of environmental factors, key microbial abundance, nitrogen/phosphorus cycling gene abundance, and

nitrogen/phosphorus concentrations are shown by partial least squares path modeling (PLS-PM) in the water. GOF, Goodness-of-Fit (0.67 indicates a

good fit). The black line represents the positive correlation, the red line represents the negative correlation, and the thickness of the line represents

the size of the path coe�cient (value range 0–1). *p < 0.05, ***p < 0.001.

transport. In addition, the increase in the abundance of key

microorganisms was significantly beneficial to the abundance

of nitrogen and phosphorus genes. These further confirmed

the importance of microorganism-mediated denitrification,

phosphorus absorption, and transport pathways for water

quality stability. However, we found that high flow velocity

and COD concentration may not be conducive to the stability

of water quality during the regulation period. Hydrological

disturbance, especially the increase in flow velocity, will cause

the exchange of sediments and water in shallow lakes (Tang X.

et al., 2020; Luo et al., 2022), resulting in the release of nitrogen

and phosphorus from the sediments, which further increases

the concentration of pollutants in the water phase (Huang

et al., 2015; Peng et al., 2021). The higher COD concentration

may be unfavorable to the propagation of aerobic denitrifying

microorganisms and PAOs (as mentioned in Section 4.1),

resulting in higher nitrogen and phosphorus concentrations

in water.

In summary, in this study, maintaining the abundance of key

microorganisms (especially the dominant and keystone taxa) and

controlling the regulation flow as well as the concentration of

pollutants accepted by the water body were crucial to maintaining

the stability of water quality during hydrological regulation. Based

on this, important strategies were proposed to protect water

quality in this study (Figure 6A). On the scale of hydrological

regulation, we suggest adopting the mode of cross-peak flood

regulation to reduce the kinetic energy of flow to a certain

extent and weaken the exchange between water and sediment.

In terms of the water quality supervision scale of the accepted

water bodies, we suggest increasing the monitoring of the incoming

water quality of the Dawen River, removing the sewage behavior

along the river, and regularly cleaning up the plant spoilage

litter in the river to reduce the organic matter content. On

the scale of the microbial community, we propose to add key

microbial complex agents containing Pseudomonas, Acinetobacter,

and Microbacterium in the inflow and outflow zones during the

regulation period. Through the above strategies, the ideal microbial

community gene function model was finally achieved (Figure 6B).

It can promote nitrogen and phosphorus removal tomaintain water

quality stability.
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FIGURE 6

(A) Water quality stability improvement strategies and (B) ideal microbial community gene function model.

5. Conclusion

In this study, we have revealed the important influence of

microorganisms on water quality stability in a highly regulated

river–lake system using the Dongping river–lake system as the

case study. The lake zones showed better water quality compared

with the discharge and inflow zones. In sediments, there was no

significant difference in nitrogen and phosphorus concentrations.

Denitrification and phosphorus absorption and transport mediated

by key microorganisms were key rate-limiting steps for water

quality stability. Pseudomonas, Acinetobacter, and Microbacterium

have the most important effects on denitrification, phosphorus

absorption, and transport steps. The increase in flow velocity and

nutrient load was unfavorable to key microbial abundance. This

study will help us ensure the quality and health of water during the

process of water transfers and flow regulation engineering.
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Although the enrichment of resistance genes in soil has been explored in recent 
years, there are still some key questions to be addressed regarding the variation 
of ARG composition in soil with different fertilization treatments, such as the 
core ARGs in soil after different fertilization treatments, the correlation between 
ARGs and bacterial taxa, etc. For soils after different fertilization treatments, 
the distribution and combination of ARG in three typical fertilization methods 
(organic fertilizer alone, chemical fertilizer alone, and conventional fertilizer) 
and non-fertilized soils were investigated in this study using high-throughput 
fluorescence quantitative PCR (HT-qPCR) technique. The application of organic 
fertilizers significantly increased the abundance and quantity of ARGs and their 
subtypes in the soil compared to the non-fertilized soil, where sul1 was the ARGs 
specific to organic fertilizers alone and in higher abundance. The conventional 
fertilizer application also showed significant enrichment of ARGs, which indicated 
that manure addition often had a more decisive effect on ARGs in soil than 
chemical fertilizers, and three bacteria, Pseudonocardia, Irregularibacter, and 
Castllaniella, were the key bacteria affecting ARG changes in soil after fertilization. 
In addition, nutrient factors and heavy metals also affect the distribution of ARGs 
in soil and are positively correlated. This paper reveals the possible reasons for 
the increase in the number of total soil ARGs and their relative abundance under 
different fertilization treatments, which has positive implications for controlling 
the transmission of ARGs through the soil-human pathway.

KEYWORDS

soil properties, antibiotic resistance genes, bacterial community, fertilization, horizontal 
gene transfer

1. Introduction

Antibiotics were first discovered in the 1920s and are widely used to fight bacterial diseases 
because of their killing or immunosuppressive effects on pathogens (Sarmah et al., 2006; Olesen 
et al., 2018). Antibiotics are used not only to treat various infectious diseases, but also to ensure 
medical safety. However, the long-term use of antibiotics can make a large number of disease-
causing bacteria resistant to antibiotics, which poses a serious threat to human public health 
safety, and because the large-scale unregulated use of antibiotics generates important selection 
pressure for drug-resistant bacteria, making the bacteria in the environment resistant or even 
multi-drug resistant, causing a series of environmental problems (Zhou et al., 2013; Zhi et al., 
2019). It was reported that livestock accounted for 52% of the 196,000 tons of antibiotics used 
in China, with non-medical use accounting for 70% of all veterinary use (Liu et al., 2022). Due 
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to the slow absorption and low degradation rate of antibiotics in 
animals, only 10% can be absorbed and utilized, and most of the 
antibiotics used in excess will be excreted in their original form or 
metabolites through urine or feces, and then enter the water, soil and 
air, causing environmental pollution (Karci and Balcioglu, 2009; 
Zhang et  al., 2015). The sources of ARGs include both intrinsic 
resistance and exogenous inputs (Boxall et al., 2006). Among them, an 
important source of ARGs production in soil is exogenous input. The 
main use of antibiotics as drugs to treat infections caused by pathogens 
is to protect human health and promote the healthy development of 
animal husbandry (Lillenberg et al., 2010), but excessive use is not 
only not absorbed and utilized by humans and farm animals, but also 
excreted out of the body with manure and eventually into the 
environment. Antibiotics in the environment can put stronger 
selection pressure on indigenous microorganisms, leading to the 
development of antibiotic resistance (Karkman et  al., 2019; Xu 
et al., 2022).

Antibiotic resistance genes (ARGs) are genetic elements carried 
by microorganisms that cause them to develop resistance to target 
antibiotics (Fu et al., 2022). They are persistent and are the source of 
bacterial drug resistance. After the death of microbial strains carrying 
ARGs, the DNA carrying ARGs is released into the environment and 
persists for a long time under the protection of deoxyribonuclease 
(DNAse). Eventually, this exposed DNA in the environment can 
be transferred into other microbial strains at the genetic level (Hill and 
Top, 1998). ARGs are difficult to disappear once they are produced, 
and even if antibiotic selective pressure disappears, ARGs will still 
persist in microbial populations (Crecchio et al., 2005). While soil is 
considered as a huge reservoir of ARGs in the natural environment, 
human activities such as irrigation with reclaimed water and manure 
application have greatly increased the antibiotic resistance of soil 
(Salyers and Amábile-Cuevas, 1997; Mustafa and Scholz, 2011), but 
soil antibiotic residues accumulate day by day due to irrigation with 
antibiotic-containing wastewater and continuous input of livestock 
manure as organic fertilizer to farmland (Yang et al., 2017). During 
vegetable cultivation, large amounts of animal manure are also applied 
to improve soil fertility and yield. Numerous studies have shown that 
manure application not only inputs exogenous ARGs to the soil, but 
also promotes the proliferation of indigenous drug-resistant bacteria, 
thus causing enrichment of ARGs in the soil (Pruden et al., 2006; Gao 
et al., 2018; Apreja et al., 2022). The application of livestock manure 
and organic fertilizers is not only the most important way for 
antibiotics to enter the soil, but also an important source of ARGs 
contamination in the soil environment (Xiong et  al., 2018). 
Application of organic manure to agricultural soils did lead to a 
significant increase in the level of microbial antibiotic resistance in the 
soil (Heuer et al., 2011a). Marti conducted various microscopic and 
field experiments on agricultural soils to which pig manure, chicken 
manure, and cow manure were applied and found that the application 
of all three manures resulted in a significant increase in the abundance 
of ARGs in the soil (Marti et al., 2013). Schmitt found that tetracycline 
ARGs (tetT, tetW, tetZ) were commonly present in swine manure and 
soil, while tetY, tetS, tetC, tetQ, tetH were also introduced into the soil 
by manure application (Schmitt et al., 2006). Tang studied rice fields 
with long-term application of organic fertilizers in the past decades 
and found that long-term application of organic fertilizers significantly 
increased the abundance of ARGs in farm soils (Tang et al., 2015). 
Heuer found that application of manure containing sulfa drugs 
significantly increased the abundance of sul2 (Heuer et al., 2011b). 

Ross and Topp’s study also showed that application of cow manure 
increased the resistance of ARGs in bacteria (Ross and Topp, 2015). 
Wu detected high levels of tetracycline-based ARGs in soil near pig 
farms (Wu et al., 2010). All of the above findings suggest that the 
application of livestock manure and organic fertilizers is not only the 
most important way for antibiotics to enter the soil, but also an 
important source of ARGs contamination in the soil environment.

In this study, we set up an inorganic fertilizer group, an organic 
fertilizer group and an additional conventional fertilizer group 
(organic fertilizer mixed with inorganic fertilizer) to compare with the 
control group. High-throughput fluorescence quantitative PCR 
(HT-qPCR) was used to analyze ARGs in different treatment groups 
to assess the similarities and differences of total and core ARGs in 
different treatment groups, and also to determine the bacterial 
communities and physicochemical properties affecting the 
composition of ARGs in soil. This result will help to reduce the 
enrichment of ARGs during fertilization and has positive implications 
for explaining the mechanism.

2. Materials and methods

2.1. Experimental design

In this study, samples were collected from a vegetable base in 
Daxing District, Beijing (N39。66′, E116。57′), and a greenhouse 
with an area of 488  m2 (61 m × 8 m) was selected for a long-term 
locational trial of eggplant-sweet pepper rotation. The greenhouse was 
started in spring 2009 with four different fertilizer treatments as: no 
fertilizer (CK), chemical fertilizer alone (IF), organic fertilizer alone 
(OF), and conventional fertilizer (MF) (organic fertilizer mixed with 
chemical fertilizer).

Organic fertilizer is produced by a large commercial organic 
fertilizer factory in Beijing, the main raw materials are chicken manure 
and edible bacteria bran, which are powdered substances made by high 
temperature aerobic fermentation. Three plots were set up for each 
treatment, for a total of 12 plots. A 50 cm deep partition was set up 
between each treatment, separated by plastic film to avoid interference 
between different treatments (Rambaut et al., 2022). The greenhouse 
grows two crops of vegetables per year, with the eggplant season 
running from February to July and the bell pepper season running from 
August to January. One fertilization treatment was applied before each 
vegetable crop, setting the control group as no fertilizer (CK), the 
fertilizer alone group (IF) with 0.04 kg/m2 of urea, 0.05 kg/m2 of 
diammonium phosphate and 0.03 kg/m2 of potassium sulfate, the 
organic fertilizer alone group (OF) with 2.38 kg/m2 (commercial organic 
fertilizer), and the conventional fertilizer group (MF) with a compound 
fertilizer (N, P and K content of 20, 10 and 15%, respectively) 0.06 kg/
m2 and commercial organic fertilizer 1.20 kg/m2 in the conventional 
fertilizer group (MF). The application rates of N, P, K fertilizer were 
converted from plant uptake amount considering the fertilizer 
utilization ratio (Cui et al., 2022; Edouard et al., 2022; Li et al., 2022).

2.2. Sample collection

The collection of soil samples for this experiment was conducted 
in October 2019. A 5-point mixed sampling method was used to take 
the top soil (0–20 cm) of each plot, four different treatments, and three 

36

https://doi.org/10.3389/fmicb.2023.1291599
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2023.1291599

Frontiers in Microbiology 03 frontiersin.org

samples were collected from each treatment, for a total of 12 
soil samples.

2.3. DNA extraction and high-throughput 
sequencing of bacterial 16S rRNA genes

2.3.1. Soil sample DNA extraction
DNA extraction of soil samples was performed using the kit Fast 

DNA SPIN Kit for Soil (USA). The instructions were followed. After 
DNA extraction, the concentration of DNA extracted is measured and 
a portion of it is used for 16SrRNA sequencing and the rest for PCR 
quantification and other applications, and stored at −20°C for a long 
time until use.

2.3.2. High-throughput fluorescent quantitative 
PCR technology (HT-qPCR)

ARGs were quantified using the Wafergen Smart Chip Real-Time 
Quantitative PCR System (Wafergen Inc. USA). 384 primer pairs were 
set (Looft et al., 2012; Chen et al., 2015; Gou et al., 2018), including 
348 ARGs, 32 transposase genes, one 16S rRNA gene, and three 
integrase genes (int1, intl2, and intl3). These 348 primers for ARGs 
cover almost all known subtypes of ARGs. The primer premix is 
sprayed on the same chip as the sample premix for subsequent 
amplification analysis. The thermal cycling process is: 10 min at 95°C, 
followed by 40 cycles at 95°C for 30 s and 60°C for 30 s. The relative 
copy number of ARGs can be calculated by the formula (Su et al., 
2015) (1).

	 Relative copy number of genes Ct= −( ) ( ) 10 26 10 3/ / 	 (1)

(Note: Ct value is the number of cycles required for the 
fluorescence signal of the test gene to reach a set threshold).

2.4. Statistical analysis

EXCEL 2013 was used to organize the data, Origin Pro 8.5 was 
used to draw bar graphs, the pheatmap package in R language was 
used to draw heat maps, the vegan package was used for redundancy 
analysis (RDA), and the TukeyHSD method was used for statistical 
analysis and PcoA principal coordinate analysis. Mantel test and 
typical correlation analysis (RDA) were used to explain the 
relationships between heavy metals (As, Hg, Cu, Cr, Pb, Cd, Zn), 
nutrient factors (organic matter, effective phosphorus, fast-acting 
potassium, total nitrogen), pH and ARGs. p < 0.05 indicates significant 
differences at 95% confidence interval. Network plots were drawn 
using Gephi software.

3. Results and discussion

3.1. Diversity of ARGs in soils

3.1.1. Component analysis of ARGs in soils
The number of ARGs subtypes in soils applied with different types 

of fertilizers was examined, and a total of 37–76 ARGs subtypes were 

detected in the soils of four different fertilization treatments (Figure 1). 
They belong to Aminoglycoside, β-Lactamase, Chloramphenicol, 
MLSB, Multidrug, Clycopeptide, Sulfonamide, Tetracycline, 
Fluoroquinolone, and Others. The highest number of ARGs was 76 in 
organic fertilized soils, followed by 52  in conventionally fertilized 
soils, 37 in chemical fertilized soils alone, and the lowest number of 
ARGs was 36 in non-fertilized soils (Figure 2). There were 16 core 
ARGs (ARGs common to soils with different fertilization treatments) 
for no fertilizer, chemical fertilizer alone, organic fertilizer alone and 
conventionally fertilized soils, with β-lactams accounting for the 
largest number, 37.5% of the total purpose, and multiresistant and 
sulfonamides the least, both at 6.25%. There were 9 subtypes of ARGs 
specific to the no-fertilizer treatment, the largest number being 
aminoglycosides (aac, aac(6′)-Ib(aacA4)-01, aadA5-01, aph), 5 
fertilizers alone, with the same number accounted for by different 
types, and 24 organic fertilizers alone, with the largest number being 
macrolides (erm(36), ermB, ermF lnuA-01, lnuB-01, lnuB-02), 
followed by tetracyclines (tet(32), tetM-01, tetM-02, tetPB-03, tetX) 
with aminoglycosides (aminoglycosides aacA, aadA-1-01, aadD, 
aph(2′)-Id-02, str), and 7 conventional fertilizers. The most multidrug-
resistant classes (ceoA, marR-01, mexE). The total number of ARGs in 
the soil with organic fertilizer alone was approximately twice as high 
as that in the soil without fertilizer and the specific ARGs subtypes 
were much higher than those in the other three treatment groups, 
indicating that organic fertilizer alone increased the diversity of soil 
ARGs. In addition, for soils with mono-applied organic fertilizers, 
Aminoglycoside and MLSB ARGs were the most abundant, followed 
by Multidrug, which were largely consistent with the most numerous 
subtypes of endemic ARGs in mono-applied organic fertilizers. And 
it has been reported in the literature that long-term application of 
chicken manure significantly enriched the ARG associated with 
β-lactams and tetracyclines in the soil, which is consistent with the 
results obtained from the application of organic fertilizer alone in this 
study, where there was a significant increase in the number of β-lactam 
and tetracycline-based resistance genes in the OF group (Chen et al., 
2016). Interestingly, the total count of ARGs in non-fertilized soil 

FIGURE 1

The number of ARGs in the soil amended with different fertilizers.

37

https://doi.org/10.3389/fmicb.2023.1291599
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2023.1291599

Frontiers in Microbiology 04 frontiersin.org

varied by merely one ARG subtype in comparison to that of the 
fertilized soil alone, which also augmented the diversity of ARGs, 
albeit to a vastly lesser extent compared to the soil treated with organic 
fertilizer alone. This minimal increase could be  ascribed to the 
alterations in the population of natural antibiotic-resistant bacteria in 
the soil post fertilizer application. There was a significant increase in 
the variety of ARGs in the conventional fertilizer application 
compared to the no fertilizer and single fertilizer application groups, 
although organic fertilizers were also added but still compared to 
single fertilizer application.

3.1.2. Abundance analysis of ARGs in soils
Figure 3 represents the relative abundance of ARGs in soils 

with different fertilization treatments. The results from the figure 
show that the relative abundance of total ARGs in soils with no 
fertilizer, chemical fertilizer alone, organic fertilizer alone, and 
conventional fertilizer were 0.01978, 0.04498, 0.06203, and 
0.05016, respectively, with OF > MF > IF> CK. This finding is 
similar to the previously reported values of ARGs abundance in 
soils applied with chemical and organic fertilizers. The total 
relative abundance of ARGs was significantly higher in the organic 
fertilized soil than in the non-fertilized, chemical fertilized alone 
and conventional fertilized soils. The relative abundance of ARGs 
of multiple resistance classes was significantly higher than that of 
other resistance genotypes in soils without fertilizer, with chemical 
fertilizer alone and with organic fertilizer alone. It has been 
reported that microorganisms carrying multi-drug resistant genes 
may be resistant to a variety of antibiotics and have the potential 
to develop into “superbugs” which, if not controlled, can increase 
the lethality of human infections. In addition to multidrug-
resistant classes, aminoglycosides, sulfonamides and macrolide 
ARGs also had high abundance in soils with single organic 
fertilizer application, and the relative abundance of multidrug-
resistant classes accounted for 60% of the total relative abundance, 
and the highest relative abundance of aminoglycosides ARGs was 
found in soils without fertilizer application. It was also observed 
that fertilizer application alone had little effect on the total 

abundance of soil ARGs and the abundance of different types of 
ARGs, but the application of organic fertilizer significantly 
increased the abundance of macrolide and sulfonamide ARGs. 
Wang also found that the application of organic fertilizers 
significantly increased the relative abundance and the number of 
ARGs detected (Wang et al., 2020), and the application of chemical 
fertilizers had less effect on the relative abundance of ARGs than 
that of organic fertilizers due to the fact that when ARBs in 
manure were introduced into the soil, the ARGs they carried 
could also be transferred horizontally to the soil, whereas when 
inorganic fertilizers were applied only the native ARG-carrying 
microorganisms in the soil were proliferated. The utilization of 
animal feces as organic fertilizer through composting is a common 
practice. Following the composting process, a notable 
augmentation in the abundance of Bacillus spp. is often observed 
in the soil. It has been established that Bacillus spp. serve as host 
bacteria for resistance genes associated with tetracyclines, 
sulfonamides, and β-lactams, among others. In synthesis, the 
remarkable increase in the abundance of ARGs post organic 
fertilizer application can be ascribed to the substantial influx of 
Bacillus spp. into the soil via composting. The ARGs have the 
potential to be transferred horizontally to other media, thereby 
leading to a significant augmentation in both the abundance and 
diversity of ARGs within the soil. As a host for a myriad of ARGs, 
Bacillus spp. consequently lead to a significant rise in ARG 
abundance in the groups treated with organic fertilizer (Qi et al., 
2023). The abundance of multi-drug resistant ARGs in soils with 
organic fertilizer application increased one-fold compared with 
that in conventionally fertilized soils and 12-fold compared with 
that in non-fertilized soils, indicating that the application of 
organic fertilizer seriously affected the abundance of ARGs. In 
view of the resistance of multi-drug resistant ARGs and their 
potential hazards, we  need to treat them in some way before 
organic fertilizer application to mitigate their effects on the 
abundance of ARGs. For example, He  added biochar to the 

FIGURE 2

Venn plots of soils treated with different fertilizers.
FIGURE 3

Relative abundance of ARGs in the soil amended with different 
fertilizers.
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application of manure to make the antibiotic resistance genes in 
agricultural soils gradually dissipate (He et al., 2021).

3.1.3. Distribution characteristics of ARGs in soils
To investigate the differences in the characteristics of ARGs in 

vegetable soils under different fertilization practices, PCoA was 
performed on the abundance data of ARGs (Figure 4). PCoA1 and 
PCoA2 explained 77.16 and 16.24% of the variation in the 
composition of ARGs, respectively. The results of the principal 
coordinate analysis showed that three fertilization methods, 
chemical fertilizer alone, organic fertilizer alone and conventional 
fertilizer, significantly changed the distribution characteristics of 
soil ARGs (PERMANOVA for treatments: R2 = 0.9735, p = 0.001, 
Adonis analysis), IF, OF, MF all significantly changed the 
composition of ARGs in the soil compared to the control. This 
result further supports the difference in the composition of ARGs 
in soils with different fertilization treatments.

Figure 5 show heat maps of the relative abundance of ARGs 
subtypes in soils with different fertilization treatments. The results 
show that the application of organic fertilizer caused a significant 
increase in the abundance of most ARGs subtypes in the soil 
compared to the control soil without fertilizer application. And the 
application of organic fertilizer significantly increased the 
abundance of ARGs isoforms such as mepA, qacEdeltal-01, acrA-
04, etc. in the soil for multiple resistance classes of resistance 
genes. There were 24 ARGs specific to the soil with organic 
fertilizer alone, indicating that the application of organic fertilizer 
could increase the variety of ARGs in the soil; sul1 (sulfonamides) 
was the ARGs specific to the soil with organic fertilizer alone, and 
the relative abundance was high.

The abundance of vanRA-01 (glycopeptides) was significantly 
increased in the soil with single fertilizer treatment compared to the 
soil without fertilizer, and the difference between the shared ARGs 
in the soil without fertilizer and the soil with single fertilizer was 
not significant. oprJ (multiresistant) was detected only in the soil 
with single fertilizer and the soil with single organic fertilizer, and 
its relative abundance was high. mexF (multiresistant) subtype had 
higher abundance in the soil with three different fertilizer 
applications except for the soil without fertilizer. The high 

abundance of mexF (multidrug-resistant) subtypes in all three 
fertilized soils, except the non-fertilized soils, indicated that 
fertilizer application increased the variety of ARGs in the soil. 
Conventional fertilization had higher relative abundance of fox5 
(β-lactams) and sul2 (sulfonamides) compared to the other three 
fertilization treatment conditions. The figure also shows that aac(6)-
Ib(aka aacA4)-03 (an aminoglycoside resistance gene) had higher 
abundance in all treatments, indicating that they have some stability 
in the soil and should be a key concern.

In addition, sul2, a sulfonamide resistance gene, was detected 
in soils treated with either chemical fertilizer alone, organic 
fertilizer alone, conventional fertilizer application, and no fertilizer 
application, and the gene copy number was as high as about 
1.44 × 10−3 per gram of soil, while sul1 (sulfonamide), a specific 
ARGs, was detected in soils treated with organic fertilizer alone, 
and the gene copy number per gram of soil up to 4.72 × 10−3, 
indicating that the application of organic fertilizer changed the type 
of ARGs in the soil. One study found that sul2, a sulfonamide 
resistance gene, was also detected in 100% of black soil farm soils 
with organic fertilizer application, which is consistent with the 
findings of this paper (Yang et al., 2016). Related studies showed 
that the abundance of sulfonamide ARGs in soil increased 
significantly after fertilizer application. β-lactams, multi-drug 
resistant, macrolides, and tetracyclines ARGs were detected to 
varying degrees, and the detection rates were all different, indicating 
that the application of organic and chemical fertilizers in vegetable 
soils had a significant effect on these types of ARGs, increasing the 
subtypes and abundance of ARGs (Schmitt et al., 2006). This result 
is consistent with the findings of Zhang in vegetable field soils 
(Zhang et al., 2022). Wu Nan detected the presence of five dominant 
tetracycline resistance genes tetB/P, tetM, tetO, tetT, and tetW in 
soil near a pig farm in Beijing, with the highest level of tet(W) 
2.16 × 108 copies·g −1 (dry soil), which was 2.89 ± 0.54 × 106 copies·g 
−1 (dry soil) was about two orders of magnitude higher (Wu et al., 
2009). It indicates that either organic fertilizers, chemical fertilizers 
or mixed application treatments will increase the level of ARGs in 
the soil. Once the horizontal shift of ARGs in soil occurs, it will 
definitely have serious impact on the safety of agricultural products 
and human safety (Riahi et al., 2022).

3.1.4. Correlation analysis of ARGs and 
physicochemical properties in soils

To assess the correlation between soil ARGs and physicochemical 
factors, Mantel tests were conducted to determine the abundance of 
ARGs in vegetable soils with heavy metals, organic matter (OM), total 
nitrogen (TN), effective phosphorus (AP), and fast-acting potassium 
(AK) contents as well as pH in four different fertilization treatments. 
The results showed (Table 1) that heavy metals Cu, Zn, Cd, and As 
were significantly and positively correlated with ARGs (p < 0.01); 
organic matter, total nitrogen, effective phosphorus, and fast-acting 
potassium were also significantly and positively correlated with ARGs 
(p < 0.01).

RDA was used to further assess the contribution of individual 
variables to the changes in ARGs, and the results are shown in 
Figure 6. The results in the figure show that there are 11 environmental 
factors scattered in four quadrants and mostly clustered in the first and 
fourth quadrants. The eigenvalues of the 1st and 2nd sorting axes were 

FIGURE 4

Principal component analysis of ARG in soil under different fertilizers 
treatments.

39

https://doi.org/10.3389/fmicb.2023.1291599
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2023.1291599

Frontiers in Microbiology 06 frontiersin.org

62.25 and 22.68%, respectively, which could explain 84.93% of the 
total variance value of the ARGs variance. Redundancy analysis 
showed that ARGs in organic fertilized soils were significantly and 
positively correlated with Pb, Cu, Zn, Cd, total N, organic matter, and 
effective phosphorus; while pH was significantly and positively 
correlated with ARGs in control soils, and As, Hg, and Cr were 
significantly and positively correlated with ARGs in chemical fertilizer 
alone and conventionally fertilized soils. The utilization of Cu and Zn 
in soil leads to a rise in the abundance of ARGs, due to the co-selection 
effect of heavy metals, where the host bacteria of ARGs proliferate 

alongside heavy metals in the soil, thereby intensifying the horizontal 
gene transfer of ARGs. Soil physicochemical properties such as pH 
also play a pivotal role; under alkaline soil conditions, the abundance 
of ARGs exhibits a positive correlation with pH as it can enhance the 
activity of other organic matter. Total nitrogen and organic matter, 
serving as organic substances, supply nutrients to the soil, promoting 
the proliferation of relevant microbial communities, and thus 
exacerbating the dissemination of ARGs (Shi et al., 2023).

It can also be seen from the figure that the distribution of ARGs 
of fertilizer-applied soils clustered with conventionally fertilized soils 

FIGURE 5

Heat map of ARGs subtypes in soils under different fertilizers treatments.
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in the first quadrant, while the ARGs of no fertilizer and organic 
fertilizer alone were scattered in the second and fourth quadrants, 
indicating that the application of organic fertilizer significantly 
changed the distribution characteristics of soil ARGs. In Dong’s study 
total and effective amounts of Cu and Zn were significantly correlated 
with qepA and qnrS. Heavy metals can persist in the environment for 
a long period of time and increase the abundance of ARGs under 
sustained selective pressure, and previous studies have also 
demonstrated that replacing chemical fertilizers with organic 
fertilizers induces the accumulation of Cd, Pb, Cu, and Zn in the soil, 
suggesting that fertilizer treatments can influence the abundance of 
resistance genes associated with them by affecting the accumulation 
of heavy metals in the soil (Dong et  al., 2022; Liu et  al., 2023). 
He studied paddy soils from seven different areas in Sichuan Province 
and also found a significant positive correlation between total nitrogen 
and ARGs (He et al., 2020). Other studies have shown that heavy 
metals and organic matter can promote the persistence and diffusion 
ability of ARGs in the environment. Therefore, heavy metals and 
nutrient factors are closely related to ARGs in vegetable soils.

3.2. Co-occurrence analysis of ARGs and 
bacterial communities in soils

The symbiotic relationship between ARGs and bacterial families 
was investigated using Pearson’s based network analysis and the 
results are shown in Figure 7 and Qi et al. (2022). Two nodes are 
connected to indicate the co-occurrence of bacteria and ARGs, and 
the graph consists of 43 nodes and 40 edges. These nodes contain 
three bacterial and 40 ARGs subtypes, and the ARGs cover eight 
classes of resistance gene types. Pseudonocardia has 9 lines of 
association with ARGs (p < 0.001), including multiresistant classes, 
macrolides, β-lactams, aminoglycosamides, tetracyclines, and the 
most subtypes of aminoglycoside ARGs, with 4. Irregularibacter has 
seven linkages with ARGs (p < 0.001), including tetracyclines, 
macrolides, multiresistant classes, aminoglycosides and β-lactams, 
the most numerous of which are the multiresistant classes with three 
subtypes of ARGs and the other classes with one subtype of ARGs 
each. Castllaniella has 24 linkages to ARGs (p < 0.001), which include 
sulfonamides, chloramphenicol, glycopeptides, and others in 
addition to macrolides, aminoglycosides, tetracyclines, β-lactams, 
multiresistance, and tetracyclines, and have 1, 1, 2, and 1 subtype of 
ARGs, respectively. The above results indicate that all three bacteria 
(Pseudonocardia, Irregularibacter, and Castllaniella) were 
significantly correlated with ARGs, which is consistent with the 
previously reported findings that some ARGs were significantly 
correlated with multiple bacterial taxa (Looft et al., 2012; Su et al., 
2015). Correlation analysis revealed that the bacterial genera 
Pseudonocardia, Irregularibacter, and Castellaniella could potentially 
serve as host bacteria facilitating the transfer of ARGs. 
Pseudonocardia, commonly found in soil, plants, and various 
environmental settings, may promote the horizontal gene transfer of 
a multitude of ARGs (Ejtahed et al., 2020). Castellaniella, known to 
prevail under antibiotic stress, could be  a potential reservoir of 
antibiotic-resistant bacteria, thereby facilitating the horizontal 
transfer of ARGs within the environment.

4. Conclusion

In summary, changes in fertilization practices affect the 
composition of ARGs in soil, increasing their subtypes as well as 
abundance. According to our results, although organic fertilizers were 
also added to the conventional fertilizer application, the increase in 
the number of ARGs and their abundance was much less than that of 
the organic fertilizer application alone, while compared to the 
chemical fertilizer application alone, there was a significant increase 
in ARGs in the conventionally fertilized soil due to the addition of 
organic fertilizers. We suggest that the application of organic fertilizers 
leads to higher number and abundance of ARGs in the soil, and the 
main reason may be that the ARGs carried in organic fertilizers spread 
to the soil, while the alteration of ARGs from chemical fertilizer 
application comes only from the colonization of native 
microorganisms, and conventional fertilizers are in between. Soil 
factors TN, OM, AP, AK and heavy metals Cu, Zn, Cd and As 
contributed more to the variation of ARGs in soil than other factors. 
These findings provide a more comprehensive insight into the changes 
of ARGs in soil ecology under long-term application of different types 
of fertilizers.

TABLE 1  Mantel test reveals the relationship between ARGs and 
physicochemical properties.

Factors Statistic (r) Sig. (P)

Cu 0.644 0.0037*

Zn 0.867 0.0007*

Pb −0.044 0.5696

Cd 0.763 0.0011*

Cr 0.084 0.2421

As −0.146 0.0048*

Hg 0.065 0.2777

pH 0.281 0.0565

TN 0.653 0.0013*

OM 0.770 0.0002*

AP 0.926 0.0002*

AK 0.926 0.0004*

TN, total nitrogen; OM, organic matter; AP, active phosphorus; AK, fast-acting potassium; 
*significant correlation (p < 0.01).

FIGURE 6

Redundancy analysis of soil ARGs and physical and chemical 
properties.
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Characterization and genome 
analysis of Neobacillus mesonae 
NS-6, a ureolysis-driven strain 
inducing calcium carbonate 
precipitation
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1 College of Life Science, Northwest University, Xi’an, Shaanxi, China, 2 Shaanxi Provincial Key Laboratory 
of Biotechnology, Key Laboratory of Resources Biology and Biotechnology in Western China, Ministry 
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In this study, a highly promising bacterium was isolated from sandstone oil in the 
Ordos Basin, named strain NS-6 which exhibited exceptional urease production 
ability and demonstrated superior efficiency in inducing the deposition of calcium 
carbonate (CaCO3). Through morphological and physiochemical characteristics 
analysis, as well as 16S rRNA sequencing, strain NS-6 was identified as Neobacillus 
mesonae. The activity of urease and the formation of CaCO3 increased over time, 
reaching a maximum of 7.9  mmol/L/min and 184  mg (4.60  mg/mL) respectively at 
32  h of incubation. Scanning Electron Microscopy (SEM) revealed CaCO3 crystals 
ranging in size from 5 to 6  μm, and Energy Dispersive X-ray (EDX) analysis verified 
the presence of calcium, carbon, and oxygen within the crystals. X-ray Diffraction 
(XRD) analysis further confirmed the composition of these CaCO3 crystals as 
calcite and vaterite. Furthermore, the maximum deposition of CaCO3 by strain 
NS-6 was achieved using response surface methodology (RSM), amounting to 
193.8  mg (4.845  mg/mL) when the concentration of calcium ions was 0.5  mmol/L 
supplemented with 0.9  mmol/L of urea at pH 8.0. Genome-wide analysis revealed 
that strain NS-6 possesses a chromosome of 5,736,360 base pairs, containing 
5,442 predicted genes, including 3,966 predicted functional genes and 1,476 
functionally unknown genes. Genes like ureA, ureB, and ureC related to urea 
catabolism were identified by gene annotation, indicating that strain NS-6 is a 
typical urease-producing bacterium and possesses a serial of genes involved in 
metabolic pathways that mediated the deposition of CaCO3 at genetic level.

KEYWORDS

Neobacillus mesonae, urease activity, calcium carbonate, biomineralization, whole-
genome sequencing, response surface methodology

1. Introduction

Microbially induced calcium carbonate precipitation (MICP) encompasses a range of 
processes that find significant applications in the fields of geotechnical and environmental 
engineering (Xu and Wang, 2023). Various studies have demonstrated that certain naturally 
occurring microbes are capable of rapidly producing thick mineral crystals with desirable gelling 
characteristics through their own metabolic activities, given appropriate living conditions, 
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nutrition, and other external factors (Bhutange et al., 2020). Notably, 
the processes referred to MICP provide stringent control over the 
composition, structure, size and morphology of biominerals. So far, 
research on the application value of MICP has maintained a booming 
trend that includes the utilization of MICP for bio-concrete materials, 
reinforcement of rocks and soil, restoration of cultural artifacts, 
plugging of geological formations to enhance oil recovery and 
facilitate geologic CO2 sequestration, aimed with the advantages of 
environmental protection and ecological sustainability (Krajewska, 
2018; Ortega et al., 2020; Al et al., 2022).

Various biological pathways have been proposed for MICP with 
extensive research conducted in recent years to understand the 
mechanisms and biochemical reactions involved (Zhang et al., 2023). 
Among these pathways, the most widely utilized method of MICP is 
based on the hydrolysis of urea by urease-producing bacteria. This 
approach offers several advantages, including rapid reaction rates, easy 
control of the process, high conversion efficiency, and more (Liu 
J. et  al., 2021). Biologically induced mineralization occurs when 
urease-producing bacteria produce calcium carbonate (CaCO3), 
resulting in the gradual coating of bacterial cells as the number of 
CaCO3 crystals increases. This coating makes it difficult for the cells 
to transport and utilize nutrients required for metabolic activities, 
leading to their eventual death in solution (Kappaun et al., 2018; Naz 
et al., 2020). The type, size, and morphology of the mineralization 
products vary depending on the specific bacterial strains used under 
the same culture conditions. Therefore, the selection of appropriate 
ureolytic bacteria plays a crucial role in the success of solidification. 
In the past decade, various ureolytic bacterial species, including 
Sporosarcina pasteurii, Citrobacter, and Enterobacter, have been 
reported in MICP research (Kappaun et al., 2018; Keykha et al., 2019; 
Naz et al., 2020; Song et al., 2022). These literatures highlight how both 
bacterial species and abiotic factors can influence the mode and 
characteristics of CaCO3 formation, especially pH variations can lead 
to the precipitation of various CaCO3 forms. Alkaline conditions 
(pH > 8) promote the development of calcic carbonate, while acidic 
conditions (pH < 7) are more likely to yield calcite. Temperature also 
exerts influence over crystal shape and arrangement, wherein the 
deposition process is frequently expedited at higher temperatures, 
although lower temperatures can result in the formation of smaller 
crystals. High concentrations of calcium ions generally lead to 
increased CaCO3 deposition, and they can also give rise to crystals 
with distinct morphologies. Additionally, various strains of urease-
producing bacteria may exert different effects on the morphology of 
CaCO3 crystals. Nutrient concentrations in the growth medium, like 
carbon and nitrogen and phosphorus sources, can impact bacterial 
growth and metabolism, consequently influencing the morphology of 
CaCO3 crystals. The effectiveness and availability of nucleation sites 
can further modify the morphology of CaCO3 crystals. The presence 
of the right nucleation site can induce growth in a specific direction, 
resulting in crystals with unique morphologies. Some bacterial strains 
may exhibit a tendency to produce large crystals, while others may 
yield small, uniformly shaped crystals. Most of the previous work to 
optimize MICP has focused on optimizing treatment conditions while 
considering the microbes as formulation ingredients, however, various 
properties of bacteria still need to be further explored accompanied 
by the molecular mechanisms underpinning MICP and the interplay 
between the abiotic factors. Thus, researchers should diligently search 
for new bacterial species to achieve efficient MICP, and the selection 

of an appropriate optimization scheme is crucial for enhancing large 
scale engineering practices of MICP technology.

The present study aimed to isolate and identify a strain named 
NS-6 that exhibited urease activity, and the morphological 
characteristics of CaCO3 and the influence of abiotic factors on CaCO3 
formation by the isolated strain were investigated. The objectives of 
this research were as follows: (i) characterizing the NS-6 strain with 
high urease capability, (ii) conducting a preliminary assessment of 
CaCO3 formation, (iii) optimizing factors using the response surface 
method (RSM), and (iv) annotating the molecular mechanism 
through genome-wide sequencing and identification. These findings 
will provide valuable insights into the mechanisms and formation of 
carbonate minerals using a newly biological resource, thereby enabling 
wider industrial applications of MICP.

2. Materials and methods

2.1. Chemicals and culture media

A urea agar base plate was prepared for isolation and identification 
of urease-producing bacteria, consisting of 1.0 g/L peptone, 5.0 g/L 
NaCl, 2.0 g/L KH2PO4, 0.2% phenol red, 2.0 g/L urea, and 0.1 g/L 
glucose. Luria-Bertani (LB) broth was used for presentation and 
pre-culture, comprising 10.0 g/L tryptone, 5.0 g/L yeast extract, and 
5.0 g/L NaCl. The mineral salt medium (MSM) contained (NH4)2SO4 
at a concentration of 1.0 g/L, KH2PO4 at 7.0 g/L, K2HPO4 at 3.0 g/L, 
MgSO4•7 H2O at 3.0 g/L, and NaCl at 0.5 g/L (pH 7.0–7.2). For the 
calcium deposition tests, a mixture of 1,000 mL yeast powder 
(20.0 g/L), ammonium sulfate (10.0 g/L), and distilled water (pH 8.0) 
was used, following the NH4-YE culture medium advised by ATCC 
(Zhao et al., 2019). All culture media were adjusted to pH 7.0 and 
sterilized at 121°C for 20 min, except for urea and glucose that were 
filtered through a sterile 0.45 um membrane before being added to the 
urea agar base plate. All organic solvents and other reagents used in 
this study were of analytical grade.

2.2. Isolation and identification of urease 
producing bacterial strain

The ureolytic bacteria were isolated using the dilution plate and 
direct streak techniques. In detail, 10 mL of sandstone oil was added 
to 90 mL of MSM and cultured for 7 d at 30°C with 180 rpm shaking 
to enrich the bacteria. Then, 1 mL of the gradient-diluted enrichment 
solution from the MSM culture was coated onto a urea agar base plate 
and incubated for 24–48 h at 30°C. Colonies that exhibited the ability 
to hydrolyze urea and change the color of the agar base plate from 
orange to pink were selected for purification. A pure culture, named 
strain NS-6, was identified as having high levels of urease activity (Van 
et al., 2010; Gupta et al., 2022; Leeprasert et al., 2022). A negative 
control was prepared using E. coli DH5α, a known non-ureolytic 
bacterium. Strain NS-6 was then identified through morphological 
and biochemical characteristics, as well as 16S rRNA sequencing. 
Gram staining, nitrate reduction testing, and determination of other 
enzyme activities such as oxidase and catalase follow Bergey’s Manual 
of Determinative Bacteriology (Liu X. G. et al., 2021). The 16S rRNA 
gene sequence of strain NS-6 was amplified, the amplification of DNA 
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fragments was carried out using the primer pairs including forward 
primer (CAGAGTTTGATCCTGGCT) and reverse primer 
(AGGAGGTGATCCAGCCGCA). The PCR amplification program 
consisted of an initial pre-denaturation step at 94°C for 5 min, 
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 
55°C for 30 s, and extension at 72°C for 60 s, The final extension was 
performed at 72°C for 10 min. and compared to other sequences in 
GenBank through the Basic Local Alignment Search Tool (BLAST) to 
construct a phylogenetic tree using the neighbor-joining method in 
MEGA 7 software (Yoo et al., 2021; Uyar and Avcı, 2023). The NS-6 
strain was stored at −80°C in 30% glycerol (Xu et al., 2022).

2.3. Urease activity and CaCO3 formation

Urease activity can be determined by measuring the change in 
conductivity per unit time. One unit of urease activity is defined as the 
amount of enzyme that hydrolyzes 1 μmol of urea per mL per minute, 
as determined by the method described by Yi et al. (2021) In brief, 
strain NS-6 was inoculated into NB-urea broth (0.3% nutrient broth 
and 2% urea, pH 8.0) at 30°C, and time-dependent urease activity was 
measured as follows. A mixture of 13.5 mL of 1.6 mmol/L urea 
solution and 1.5 mL of bacterial solution was prepared and incubated 
at 37°C for 5 min. During the cultivation process, the conductivity of 
the mixture (in mS/cm) was measured using a conductivity meter 
(DDS-307, Digital Conductivity Meter, China). Each treatment was 
repeated at least three times.

To investigate and quantify the formation of CaCO3 by strain 
NS-6, 3.0 mL of stationary phase bacterial cells (1% v/v) were 
inoculated into 300 mL liquid NH4-YE medium supplemented with 
2% urea and 25 mM CaCl2. The mixture was incubated at 30°C and 
200 rpm for 48 h. After incubation, 30 mL of the culture was sampled 
every 8 h. The samples were centrifuged at 5,000 rpm for 3 min to 
remove the supernatant, and the resulting precipitated CaCO3 was 
collected. The collected precipitates were then filtered and washed 
with absolute ethanol and deionized water to eliminate any residual 
cells and culture components. Subsequently, the precipitates were 
dried for 24 h at 80°C in a vacuum drying oven and weighed. To 
further analyze the CaCO3, it was washed with HCl solution, dried 
again, and weighed. The quantity of CaCO3 was determined by 
calculating the mass difference between the two dryings. The dried 
CaCO3 samples were preserved for future studies.

2.4. Micro-morphological characterization 
of CaCO3 crystals

A field emission scanning electron microscope (SEM, FEI Quanta 
450, America) was employed to observe the micro-morphology of the 
mineralized products using an accelerating voltage of 1.5 kV. Concurrently, 
the sample surface was coated with a conductive gold film to facilitate 
electron flow and prevent bright spots in the captured images caused by 
electron aggregation, as the sample is non-conductive. Fourier-transform 
infrared spectroscopy (Nicolet iS50 FT-IR, Thermo Fisher, United States) 
was utilized to characterize the functional groups present in the 
mineralized products. The measured wavenumber range was from 
4,000 cm−1 to 500 cm−1 at 25°C (Mohan et al., 2018). Additionally, X-ray 
diffraction analysis (XRD, Smartlab 9kw, Japan) was performed to 

determine the characteristic X-ray diffraction peaks of the mineralized 
products. The phase composition and crystal form of the X-ray diffraction 
peaks were analyzed using Jade 6 software. The scanning range was set at 
5–75°, with a scanning step size of 0.02°. Thermogravimetry and 
differential scanning calorimetry (TG-DSC, TA Q600, America) were 
employed to investigate the simultaneous thermal analysis of the 
precipitates under a nitrogen atmosphere, with a heating rate of 20°C/min 
within the temperature range of 30°C to 950°C (Yi et al., 2021). All 
measurements were performed in triplicate.

2.5. Optimization of CaCO3 production by 
response surface method

The response surface method (RSM) was utilized to optimize the 
critical variables and their interactions in the formation of CaCO3 by 
strain NS-6. The independent variables, pH, urea concentration, and 
calcium ion concentration, were selected based on the results of the 
single-factor experiment (Supplementary Figure S1). Following the Box–
Behnken central experimental design principle, a three-factor, three-level 
response surface analysis was conducted using a single-factor 
experimental design approach, with the optimal value as the central point 
and values above and below as the response surface experimental design 
levels (Wu et  al., 2023). The experimental design, consisting of 17 
treatments and 3 variables, was generated using Design-Expert V 10.0 
software (Supplementary Tables S1, S2), with three replicates at the 
midpoint. By utilizing equation (1), a quadratic polynomial regression 
equation between the factor levels and response was derived.

	 Y b b X b X X b Xi i i ij i j ii i� � � � � �0
2

� (1)

In this study, Yi was used to represent the predicted response, 
while Xi and Xj were variables. The constant b0 was denoted as a 
constant term, bi referred to a linear coefficient, bij indicated an 
interaction coefficient, and bii represented a quadratic coefficient. 
Analysis of variance (ANOVA) was conducted to assess the statistical 
significance. The experiments were performed in 50 mL centrifuge 
tubes with transparent polypropylene material and a pointed bottom. 
The quantity of CaCO3 was determined using the gravimetric method. 
The calculation formula used was as follows:

	 3 1 2Quantity of CaCO –M M= � (2)

In this context, “M1” represents the amount of CaCO3 generated 
by strain NS-6, while “M2” stands for the quantity resulting from the 
abiotic treatments.

2.6. Complete genome sequencing of 
strain NS-6

High-quality genomic DNA from strain NS-6 was extracted using the 
Bacterial Genome Extraction kit (Tiangen, Beijing), following the 
manufacturer’s instructions. Subsequently, the obtained DNA was sent to 
Shanghai Meiji Bioinformatics Technology Co., Ltd. for whole-genome 
sequencing, with the aim of understanding the genetic-level molecular 
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FIGURE 1

Morphology and identification of strain NS-6. (A) Typical colonies of strain NS-6 inoculated on a urea agar base plate, (B) Scanning electron 
microscope image of strain NS-6, (C) Phylogenetic tree constructed by adjacency method between strain NS-6 and 16S rRNA gene of related bacteria 
in MEGA 7.0 software, (D) Urease activity and calcium carbonate (CaCO3) production of strain NS-6 at 48  h of cultivation.

mechanisms underlying CaCO3 formation. Before being assembled into 
a contig using the hierarchical genome assembly technique (HGAP) 
version 2.2 of Canu, all clean reads underwent filtration and quality 
control based on the method described by Koren et al. (2017). CDS 

prediction, tRNA prediction, and rRNA prediction were performed using 
Glimmer, tRNA-scan-SE, and Barrnap, respectively, as described by 
Delcher et al. (2007). The predicted CDSs were annotated using sequence 
alignment techniques against the NR, Swiss-Prot, Pfam, GO, COG, and 
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KEGG databases. Quick alignment of each set of query proteins with the 
databases allowed retrieval of gene annotations for the top matches 
(e-value <10−5). To analyze the genome of strain NS-6, the IslandViewer4 
online website (Bertelli et al., 2022) was utilized, employing the IslandPick, 
IslandPath-DIMOB, and SIGI-HMM methods.

3. Results

3.1. Identification and characteristics of 
strain NS-6

Numerous bacterial strains exhibiting morphological variations 
were observed to undergo a color change from orange to pink when 

inoculated on a urea agar base plate. Among these strains, a particular 
strain, designated NS-6, displayed a deep pink color due to its high 
urease activity. This strain was subsequently screened and identified. 
Following incubation on a urea agar base plate at 30°C for 48 h, 
individual colonies of the NS-6 strain exhibited a spherical shape with 
conical protrusions and ragged edges. Microscopic analysis revealed 
that the cell size was approximately 2.0 μm in diameter and rod-shaped 
(Figures 1A,B). The NS-6 strain exhibited positive activity in oxidase, 
catalase, nitrate reduction, and sugar fermentation tests shown in 
Table  1. Phylogenetic analysis further indicated that strain NS-6 
shared a 99.8% homology with Neobacillus mesonae GCF-001636315.1 
(Figure 1C). Additionally, Figure 1D demonstrated the changes in 
urease activity and CaCO3 formation over time for strain NS-6, which 
increased steadily and reached maximum values of 7.9 mmol/L and 
184 mg (4.60 mg/mL) at 32 h of cultivation. Moreover, the deposition 
of CaCO3 was found to be quantitatively enhanced under conditions 
involving a calcium chloride concentration of 0.4–0.6 mmol/L, urea 
concentration of 0.8–1.0 mmol/L, temperature of 30°C, and pH range 
of 7–9, as depicted in Supplementary Figure S1. Those findings 
aligned with the optimal temperature and pH values reported in the 
earlier research works for the other urease-producing bacteria, and 
strain NS-6 exhibited significantly high urease activity at 32 h of 
cultivation compared to previously reported urease-producing 
bacteria (Qian et al., 2021; Song et al., 2022; Diez-Marulanda and 
Brandao, 2023).

3.2. Formation and structural 
characterization of CaCO3 crystals

The formation of precipitated CaCO3 by strain NS-6 was 
investigated using NH4-YE culture medium, along with a negative 
control. The results showed that the CaCO3 precipitation by NS-6 
exhibited irregular spherical compact large particles with a dense 
filling (Figure 2A). EDS analysis revealed the presence of Na, Cl, and 

TABLE 1  Physiological and biochemical characteristics of strain NS-6.

Characteristics Strain 
NS-6

Characteristics Strain 
NS-6

Colony color Milky white Citrate experiment −

Cellular morphology Long-rod Lipid hydrolysis −

Temperature for growth 20–45°C Oxidase +

pH for growth 6–9 Hydrogen peroxidase +

NaCl for growth 0–100 g/L Protease +

Motility + Contact enzyme +

Indole production − β-Galactosidase +

Hemolysis − Lecithinase −

Denitrification + Glucose +

Gram stain + Maltose +

Nitrate reduction + Lactose +

Starch − Mannose −

Gelatin hydrolysis − V-P test −

TABLE 2  Strain NS-6 induced calcium carbonate (CaCO3) precipitation fitting quadratic polynomial model analysis of variance (ANOVA).

Source Sum of squares df Mean square F-value p-value

Model 8382.23 9 931.36 490.19 <0.0001 Significant

A-pH 312.5 1 312.5 164.47 <0.0001

B-Urea concentration 18 1 18 9.47 0.0179

C-Calcium ion 

concentration

2,178 1 2,178 1146.32 <0.0001

AB 36 1 36 18.95 0.0033

AC 441 1 441 232.11 <0.0001

BC 1 1 1 0.5263 0.4917

A2 4352.09 1 4352.09 2290.58 <0.0001

B2 186.2 1 186.2 98 <0.0001

C2 523.46 1 523.46 275.51 <0.0001

Residual 13.3 7 1.9

Lack of Fit 2.5 3 0.8333 0.3086 0.8192 Not significant

Pure Error 10.8 4 2.7

Cor Total 8395.53 16
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FIGURE 2

FESEM images (A), EDS spectrum (B), and XRD pattern of precipitated CaCO3 (C). Sample CK was in the presence of E. coli, and sample EG was in the 
presence of strain NS-6.

other elements in addition to C, Ca, and O in the CaCO3 precipitate, 
indicating the presence of CaCO3 crystals (Figure 2B). XRD spectra 
confirmed the results of FESEM imaging, showing that the CaCO3 
precipitation with the addition of strain NS-6 mainly consisted of 
calcite and vaterite (Figure 2C). Simultaneously, an analysis of calcite 
and spherulite content using XRD was conducted, and calculated their 
respective yield proportions by measuring the peak areas and masses 
of the respective minerals in the samples and underwent rigorous 

statistical analysis to ensure precision. The results revealed that calcite 
accounted for 31.7% in the sample, while spherulite constituted of 
68.3%. Furthermore, the FT-IR spectra of the precipitated CaCO3 
showed characteristic diffraction peaks at 710 cm−1 and 872 cm−1, 
which corresponded to the characteristic diffraction peaks of calcite. 
The characteristic diffraction peaks at 1,070 cm−1 and 868 cm−1 mainly 
corresponded to the spherulite characteristic diffraction peaks. 
Notably, the characteristic diffraction peak at 1650 cm−1 indicated the 
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presence of a symmetric stretching of the carboxyl group (-COO-) in 
the protein secreted by strain NS-6 compared to the pure water system 
forming CaCO3 (Figure 3A). Thermogravimetric analysis revealed 
that the thermogravimetric curve of CaCO3 formed in the pure water 
system had a weight loss phase, with a total weight loss of 43.41% in 
the temperature range of 500–780°C, mainly due to the decomposition 
of CaCO3. On the other hand, the CaCO3 precipitated by strain NS-6 
showed two weight loss stages on the TG curve (Figure 3B). The first 

weight loss phase occurred between 50 and 500°C, with a weight loss 
of 6.51%, attributed to the combustion and decomposition of 
bacterially secreted proteins adsorbed on the precipitated CaCO3. The 
second weight loss phase of 36.90% occurred in the range of 
500–780°C, which was attributed to the decomposition of CaCO3.

3.3. Optimization of conditions induced 
CaCO3 precipitation

In this study, a Box–Behnken design based on response surface 
methodology (RSM) was employed to identify the key factors and 

FIGURE 3

FT-IR spectra of precipitated CaCO3 (A), and TG-DSC curves of 
precipitated CaCO3 (B). Sample CK represented in the presence of E. 
coli, and sample EG represented in the presence of strain NS-6.

TABLE 3  General characteristics of NS-6 genome.

Feature Chromosome

Genome size (bp) 5,736,360

GC content (%) 40.32%

Total genes 5,442

rRNA genes 41

tRNA genes 110

Other ncRNA 119

Genes with predicted function 3,966

Genes with unknown function 1,476

Genomic Islands 13

CDSs assigned to COGs 4,518

GenBank accession no. CP128196.1

FIGURE 4

Response surface plots of the interaction effects of pH (A), urea 
concentration (B) and calcium ion concentration (C) on the 
induction of CaCO3 precipitation by strain NS-6. (A) Interaction 
between pH and urea concentration, (B) Interaction between pH and 
calcium ion concentration, (C) Interaction between urea 
concentration and calcium ion concentration.
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FIGURE 5

Graphical map of circular chromosome of the NS-6 strain.

TABLE 4  Partial genes involved in urea catabolism.

Locus tag KO ID Gene Name Size (bp) Gene Description Predicted Function

Gene3392 K01430 ureA 303 bp Urease subunit gamma [EC:3.5.1.5] Small subunit of (ureABC)3

Gene4915 K01430 ureA 303 bp Urease subunit gamma [EC:3.5.1.5] Small subunit of (ureABC)3

Gene3391 K01429 ureB 330 bp Urease subunit beta [EC:3.5.1.5] Small subunit of (ureABC)3

Gene4914 K01429 ureB 324 bp Urease subunit beta [EC:3.5.1.5] Small subunit of (ureABC)3

Gene3390 K01428 ureC 1713 bp Urease subunit alpha [EC:3.5.1.5] Large catalytic subunit of (ureABC)3

Gene4915 K01428 ureC 1713 bp Urease subunit alpha [EC:3.5.1.5] Large catalytic subunit of (ureABC)3

Gene3386 K03190 ureD 825 bp Urease accessory protein Urease accessory protein for Ni

Gene4909 K03190 ureD 825 bp Urease accessory protein Urease accessory protein for Ni

Gene3389 K03187 ureE 456 bp Urease accessory protein Urease enzyme active site formation

Gene4912 K03187 ureE 456 bp Urease accessory protein Urease enzyme active site formation

Gene3388 K03188 ureF 699 bp Urease accessory protein Urease accessory protein for Ni

Gene4911 K03188 ureF 687 bp Urease accessory protein Urease accessory protein for Ni

Gene3387 K03189 ureG 612 bp Urease accessory protein Urease accessory protein ureG parfois + 

ureH

Gene4910 K03189 ureG 612 bp Urease accessory protein Urease accessory protein ureG parfois + 

ureH

Gene1990 K01999 livK 1,188 bp ABC transporter substrate-binding 

protein

ABC high affinity urea uptake system

substrate-binding livK

Gene2721 K21405 acoR 2,514 bp transporter substrate-binding protein High affinity urea uptake system

substrate-binding acoR

Gene3183 K01998 livM 1,026 bp Branched-chain amino acid ABC 

transporter permease

Branched-chain amino acid transport

ATP-binding protein livM

(Continued)
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their interactions that influence the induction of CaCO3 precipitation 
by strain NS-6. The results revealed that the pH (A), urea concentration 
(B), and calcium ion concentration (C) were the critical factors 
responsible for inducing CaCO3 precipitation, with a range of 130 mg 
to 196 mg. The corresponding precipitation rate ranged from 3.25 mg/
mL to 4.90 mg/mL (shown in Supplementary Table S2). To model the 
quantity of CaCO3 precipitation induced by strain NS-6, a quadratic 
binomial regression equation (3) was fitted.

	

( )3

2 2 2

Yiled of CaCO mg 193.8 6.25 A –1.5 B
16.5 C – 3 A B 10.5 A C – 0.5
B C – 32.15 A – 6.65 –11.15 CB

= + + × ×
+ × × × + × ×

× × × × × � (3)

The ANOVA analysis of the quadratic polynomial model was 
presented in Table 2. The results show that the fitted terms were not 
statistically significant (p = 0.8192 > 0.05). However, the model had a 
high R2 value of 0.9984 and R2

Adj = 0.9964, indicating that the quadratic 
model accurately represents the relationship between the response and 
variables. Moreover, the results suggest that factors like pH (A) and 
calcium ion concentration (C), as well as the interaction term A × C and 
squared terms A2, B2, and C2, had significant effects on the formation 
rate of precipitation (p < 0.05) (Karimifard and Alavi, 2019). To further 
enhance our understanding of the results, a three-dimensional response 
surface was generated (Figure 4), which illustrates the impact of pH (A), 
urea concentration (B), and calcium ion concentration (C) on the 
quantity of CaCO3 precipitation while keeping other independent 
variables constant. From the 3D plot, it can be  concluded that the 
variation in the surface due to pH (A) × calcium ion concentration (C) 
is greater than that due to pH (A) × urea concentration (B) and urea 
concentration (B) × calcium ion concentration (C) within the selected 
range of factors. The model predicts that a maximum amount of 
193.8 mg (4.845 mg/mL) of CaCO3 precipitation can be achieved at pH 
8.0, urea concentration of 0.9 mmol/L, and calcium ion concentration of 
0.5 mmol/L. The reliability of the polynomial model equation is assessed 
through the R2 value, and its statistical significance is evaluated using the 
F-value. The value of ps of the model coefficients test the significance of 
the linear and squared effects of the influencing factors and their 
interaction effects.

3.4. Genome-wide sequencing and gene 
annotation

Aiming to better understand the genetic characteristics of strain 
NS-6, a genome-wide analysis was performed to reveal functional 
genes involved in the mineralization process. The genome of strain 

NS-6 consisted of a single chromosome spanning 5,736,360 base pairs 
(bp) with an average GC content of 40.32 mol% (Figure 5). Additionally, 
the genome contained 41 rRNAs and 110 tRNAs, and 13 genomic 
islands (Gls) were identified in strain NS-6 (Table  3 and 
Supplementary Figure S2). In terms of coding genes, there were a total 
of 2,676, 4,518, and 2,914 genes annotated for KEGG, COG, and GO 
databases, respectively (Figure 6). Notably, the genome analysis of 
strain NS-6 revealed the presence of urease-producing genes, namely 
ureA, ureB, and ureC, which encoded the γ subunit, β subunit, and α 
subunit of urease respectively, as well as genes encoded the urease 
accessory proteins UreD, UreE, UreF, and UreG (Table  4). This 
indicates that strain NS-6 is a typical urease-producing bacterium with 
a trimeric structure composed of two identical monomers, 
representative of urease enzymes, which was in agreement with earlier 
research works (Kappaun et al., 2018; Moro et al., 2022). These data 
through comprehensive whole-genome sequencing and functional 
annotation pave the way for future rational design of synthetic 
precipitator strains optimized for specific applications. The genome 
sequence of strain NS-6 has been submitted to the GeneBank database 
under accession number CP128196.1.

4. Discussion

Urea hydrolysis, facilitated by urease-producing bacteria (UPB), 
is crucial for MICP. Among UPB, Bacillus pasteurelli and Pseudomonas 
aeruginosa have garnered significant attention from researchers across 
various disciplines (Qian et al., 2018). However, it is worth noting that 
different strains of bacteria can induce varied mineralization products 
even when subjected to the same culture conditions (Jiang et al., 2020; 
Ali et al., 2023). As a ureolytic agent, the process involves the use of 
urease-producing bacteria, and the most commonly utilized bacteria 
in this regard are arguably Sporosarcina pasteurii, and others (Kappaun 
et al., 2018; Pakbaz et al., 2018; Keykha et al., 2019; Naz et al., 2020; Yu 
et al., 2021; Song et al., 2022). Herein, Neobacillus mesonae strain NS-6 
that possessed urease-producing capabilities and exhibited tolerance 
to alkaline environments, might potentially serve as a novel bacterial 
species for facilitating MICP. The spherical shape of CaCO3 crystals 
corresponded to vaterite, and the rhombohedral shape corresponded 
to calcite by strain NS-6, different from calcite mainly formed by other 
reported bacteria (Qian et  al., 2021). Additionally, the expanded 
perlite particles exhibited numerous cavities, as observed through 
FESEM and XRD analysis. These cavities could potentially provide 
sufficient free oxygen for bacteria within the concrete, as well as offer 
attachment spaces for fixed bacteria to carry out their metabolic 
activities. Those results were coincident with some earlier research 
works, confirming that the specific morphology of formed crystals is 

Locus tag KO ID Gene Name Size (bp) Gene Description Predicted Function

Gene3184 K01997 livH 867 bp Branched-chain amino acid ABC 

transporter permease

ABC high affinity urea uptake system 

permease LivH

Gene4888 K01996 livF 717 bp ABC transporter ATP-binding protein Branched-chain amino acid transport

ATP-binding protein livF

Gene5433 K01995 livG 780 bp ABC transporter ATP-binding protein ABC high affinity urea uptake system 

ATPase livG

TABLE 4  (Continued)
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FIGURE 6

Number of genes associated with general functional categories, including (A) GO annotation map, (B) COG annotation map, and (C) KEGG annotation 
map of strain NS-6.
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influenced by differences in bacterial genera (Zheng et al., 2019, 2020; 
Wang Z. J. et al., 2022).

Even more to the point, the MICP process could be studied 
systematically by examining the optimal conditions for the growth 
and metabolism of common MICP-assisting bacteria (Liu et al., 
2023). The parameters that have an effect on the course of CaCO3 
precipitation and its efficiency, other than the type and 
concentration of bacteria/urease, primarily include the 
concentration of urea and calcium ions, as well as environmental 
factors such as temperature and pH value (Tang et al., 2020). RSM 
is a widely used optimization tool in the scientific community for 
studying the parameters that influence the process of MICP. By 
employing an appropriate experimental design, the number of 
required experiments can be reduced, allowing for the prediction 
of optimal performance conditions (Kumar and Kumar, 2021; Wang 
et al., 2021; Wang R. S. et al., 2022). To establish the relationship 
between the parameters and the quantity of CaCO3 precipitation, 
the variation of factor levels was tested using RSM. The squared and 
interaction terms were found to have significant effects on the 
response values. The F-values in the current study indicate that, 
within the selected test range, the ranking of the three factors in 
terms of their influence on the quantity of CaCO3 precipitation was 
calcium ion concentration > pH > urea concentration. This suggests 
that the optimal calcium ion concentration for CaCO3 formation is 
particularly crucial for the practical application of strain NS-6. 
These findings were consistent with previous studies that have 
shown the significant influence of calcium salt type on microbially-
induced CaCO3 formation (Peng et al., 2022; Lv et al., 2023). It 
followed from the above that potential correlations between the 
variations in different factors were found during the experiments of 
the single influencing factor of MICP. Thus, not only the properties 
of the bacteria themselves, but also the environment and nutrients 
they were provided with had to be  carefully considered when 
engineering bacteria for MICP and designing 
technological applications.

In addition to the optimal conditions for the formation of CaCO3 
precipitation, the presence of genes involved in urea catabolism was 
identified in the whole genome of strain NS-6. All these results 
revealed that strain NS-6 contained all the genes involved in urea 
metabolism, and the fermentation in vitro also showed that this isolate 
had ureolytic activity, which were similar to the other urease-
producing bacteria (Jin et al., 2017). Particularly, higher habitat pH 
correlated with higher copy numbers of ureC in environmental 
bacteria, according to previous research (Keykha et al., 2019). The 
same trend occurs with this isolate studied here, where duplication 
occurs in the isolate exposed to alkaline condition. With the 
acquisition of sequencing information, the isolated newly ureolytic 
strain NS-6 is preferred model to explore the relative importance of 
the metabolic pathways, regulatory mechanisms for urease production 
and its potential applications in industry and agriculture.

In conclusion, the present study has clearly shown that strain-
specific precipitation of calcium carbonates from a newly isolate NS-6 
occur during its optimum deposition condition and genome 
sequencing, and, based on the type of polymorph precipitated, this 
technology can be applied for various purposes.
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Introduction:Global warming is caused by greenhouse gases (GHGs). It has been

found that the release of methane (CH4) from Arctic permafrost, soil, ocean, and

sediment is closely related to microbial composition and soil factors resulting

from warming over several months or years. However, it is unclear for how long

continuouswarming due to global warming a�ects themicrobial composition and

GHG release from soils along Arctic glacial meltwater rivers.

Methods: In this study, the soil upstream of the glacial meltwater river (GR) and

the estuary (GR-0) in Svalbard, with strong soil heterogeneity, was subjected to

short-term field incubation at 2◦C (in situ temperature), 10◦C, and 20◦C. The

incubation was carried out under anoxic conditions and lasted for few days.

Bacterial composition and CH4 production potential were determined based on

high-throughput sequencing and physiochemical property measurements.

Results: Our results showed no significant di�erences in bacterial 16S rRNA gene

copy number, bacterial composition, and methanogenic potential, as measured

by mcrA gene copy number and CH4 concentration, during a 7- and 13-day

warming field incubation with increasing temperatures, respectively. The CH4

concentration at the GR site was higher than that at the GR-0 site, while the mcrA

gene was lower at the GR site than that at the GR-0 site.

Discussion: Based on the warming field incubation, our results indicate that

short-termwarming, which ismeasured in days, a�ects soil microbial composition

and CH4 concentration less than the spatial scale, highlighting the importance

of warming time in influencing CH4 release from soil. In summary, our research

implied that microbial composition and CH4 emissions in soil warming do not

increase in the first several days, but site specificity is more important. However,

emissionswill gradually increase first and then decrease aswarming time increases

over the long term. These results are important for understanding and exploring

the GHG emission fluxes of high-latitude ecosystems under global warming.
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1 Introduction

Arctic terrestrial ecosystems currently store the largest amounts

of carbon in the high-latitude regions of the Earth. Over the last 30

years, the temperature levels of these regions have risen twice as

fast as the global average, at 0.6◦C per decade (Cohen et al., 2014;

Schuur et al., 2015). It is a robust phenomenon known as Arctic

amplification (Fengmin et al., 2019). The soil microorganisms play

an important role in converting carbon compounds into organic

or inorganic compounds, and their metabolic rate increases due to

warming. When microbes break down organic carbon, they release

greenhouse gases (GHGs) such as carbon dioxide (CO2), nitrous

oxide (N2O), and methane (CH4), leading to global climate change

(Mehmood et al., 2020;Marushchak et al., 2021). In the past 800,000

years, the levels of atmospheric CO2, N2O, and CH4 have increased

significantly. The current levels of these gases are 390.5 parts per

million (ppm) for CO2, 390.5 parts per billion (ppb) for N2O, and

1,803.2 ppb for CH4, and these levels are, respectively, 40, 20, and

150% higher than they were before the industrial era (Tian et al.,

2016; Mehmood et al., 2020). CH4, the second most important

GHG after CO2, accounts for at least 20% of the anthropogenic

radiative forcing of warming agents since the preindustrial era.

Moreover, the greenhouse effect of CH4 is 28 times that of CO2

in 100 years (Tian et al., 2016; Ganesan et al., 2019; Hui et al.,

2020). In the Arctic region, CH4 emissions range from 15 to 50

Tg/yr, as estimated by biogeochemistry models and atmospheric

inversions between 2000 and 2017 (Saunois et al., 2016, 2020). Due

to Arctic amplification, global climate change will lead to Arctic soil

warming and CH4 emissions. However, the duration of the impact

of warming on the CH4 release from the soil, causing climate

change, is yet undiscovered.

Microbial metabolic processes have long been the key

drivers and responders to climate change (Singh et al., 2010).

According to research findings, different soil microorganisms

produce GHGs through different metabolic pathways related to

microbial composition, providing an improved understanding

of GHG emissions. For example, most soil microorganisms

contribute greatly to CO2 emissions through decomposition and

heterotrophic respiration (Watts et al., 2021). Similar to CO2

emissions, biotic CH4 emissions are controlled by soil microbial

methanogenesis and CH4 oxidation from the soil, lake, and other

terrestrial places, especially Arctic soil (Nazaries et al., 2013; Tveit

et al., 2013; Hamdan and Wickland, 2016; Knoblauch et al.,

2018; Galera et al., 2023). Microbial methanogenesis is a process

carried out by a group of anaerobic methanogenic archaea (Song

et al., 2021). While the other microorganisms can catabolize CH4,

thus easing the release of CH4 into the atmosphere, microbial

methanogenesis contributes greatly to global CH4 emissions, and

understanding its response to warming time is fundamental to

predicting the feedback between potent GHGs and climate change

(Lee et al., 2012; Chen et al., 2020). Moreover, the microbial

composition was expected to change under long-term warming

measured by years (Deslippe et al., 2012; Pold et al., 2021; Zosso

et al., 2021; Rijkers et al., 2022; Zhou et al., 2023). Meanwhile,

biotic CH4 emissions are also caused by warming through long-

term microbial fermentation (Altshuler et al., 2019; Hui et al.,

2020; Zhang et al., 2021). However, climate change is a process

that accumulates over time; therefore, the duration of its impact

on the environment is unknown. All global climate processes are

based on and originate from short-term climate changes. Short-

term processes start all long-term processes, and the feedback of

short-term processes is more rapid and direct. Long-term processes

are the net effect of accumulation and comprehensive influence of

many short-term processes. Nevertheless, an analysis of microbial

composition and CH4 emissions due to short-term warming,

measured in days, will help us understand the effects of warming

on releasing greenhouse gases from the soil.

In addition to temperature and microbial control, soil

characteristics, such as moisture, oxygen concentration, and

vegetation types (substrates), are recognized as important drivers

of the CH4 emission fluxes (Nazaries et al., 2013; Voigt et al.,

2019; Song et al., 2021). Warming can affect carbon emissions

by altering the concentration of nutrients and the rate of

decomposition of organic matter (Pareek, 2017). Simultaneously,

soil moisture is closely related to the aerobic/anoxic boundary

and may also vary with the evapotranspiration stimulated

by warming, which eventually affects aerobic respiration and

anaerobic methanogenesis (Zhang et al., 2023b). Consequently,

wetter areas caused by future climate conditions will have higher

moisture content, creating anaerobic conditions that increase CH4

production and, at the same time, reduce CH4 consumption by

reducing O2 production (Singh et al., 2010; Lawrence et al., 2015).

Treat et al. (2014) found that, in terms of active-layer thickness,

CO2 and CH4 emissions from peat depth ranged from 77% greater

than to not significantly different from permafrost depths. This

variation depends on the peat type and peat decomposition stage

rather than the thermal state, as determined through an incubation

experiment. However, few studies have examined the impact of

these environmental factors on GHG emissions, particularly CH4

emissions over warming periods in the Arctic.

Current studies about GHG emissions under Arctic soil

warming focus on GHG release from soil affected by environmental

factors (Elberling et al., 2008; Tian et al., 2016) and novel microbial

communities (Wartiainen et al., 2003, 2006), which have been

researched in the western Canadian Arctic (Barbier et al., 2012;

Martineau et al., 2014). Few studies were carried out in Svalbard,

except for the Ny-Alesund region (Tveit et al., 2015; Newsham et al.,

2022). As mentioned previously, CH4 emissions are affected by

vegetation type, soil substrates, and moisture. Correspondingly, the

soil of the Svalbard Glacier basin has great heterogeneity (Son and

Lee, 2022). For example, corresponding to the Ny-Alesund tundra

landform, the Barentsburg region has higher vegetation coverage

and longer glacial meltwater rivers (nearly 10 km) than the Ny-

Alesund Bay River (about 3 km). Temperatures in Svalbard’s topsoil

can reach more than 10◦C and even approach 20◦C in summer

(Cappelletti et al., 2022; Magnani et al., 2022). Therefore, short-

term warming experiments can provide a foundation for studying

the effects of warming on the microbial composition and GHG

release from the soil in Barentsburg.

Based on the background, warming and anoxic field

experiments in this study were carried out with the glacial

meltwater river soil around Barentsburg for 7 and 13 days. The

short-term warming was explored from the changes in the bacterial

16S rRNA gene copy number and composition, abundance of
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CH4-producing genes, and CH4 concentration in the soil, which

affects bacterial diversity and CH4 emissions. From the perspective

of incubation experiments, this study revealed the relationship

between short-term warming and CH4 release from the soil

near the upstream and estuary of the glacial meltwater river

in Barentsburg.

2 Materials and methods

2.1 Soil samples and incubation
experiments

We collected samples from the two sites near Barentsburg

during July and August of 2018. One sample was collected

from the soil (GR, 15◦5′23.100“E, 77◦58′39.173”N) upstream of

the glacial meltwater river, while the other was taken from the

soil (GR-0, 14◦20′24.601“E, 78◦1′29.143”N) at the estuary of the

glacier meltwater river (Figure 1A) at 2◦C. While in the field,

we placed approximately 46 g of soil into 20mL brown serum

bottles (223762, Wheaton, USA) with a stopper and incubated

them at three temperatures (2◦C, 10◦C, and 20◦C). Bottles were

filled to full, leaving no space with oxygen. After incubation,

sacrificial sampling was taken on 0, 1, 3, 5, 7, and 13 days. The

sample ID was named (GR/GR-0)-X-Y, where X represents the

number of incubation days while Y represents the incubation

temperature levels. Temperature readings were recorded at the

in situ temperature of 2◦C on days 1–3, 10◦C on days 4–6, and

20◦C on days 7–9. Approximately 8 g of the soil was stored in

a Nasco Whirl-Pak sample bag (B01062WA, Nasco, USA) for

measuring environmental parameters, and approximately 32 g of

the soil was added into a 50mL centrifuge tube with 20mL RNA

later (AM7021, Invitrogen, USA) for determining the composition

of the microorganism community at 20◦C. However, 3mL of 2

mol/L NaOHwas added to a 20-mL serum bottle along with 5 g soil

for determining CH4 concentration and stored at 4◦C (Figure 1B).

2.2 Bacterial community analyses

The genomic DNA of six initial samples and 81 incubation

samples stored in RNAlater at −20◦C was extracted from

approximately 0.5 g fresh, homogenized soil using the FastDNA R©

SPIN Kit for Soil (116560200, MP Biomedicals, USA). Before

following the manufacturer’s instructions, all the samples were

washed with 1×PBS twice and centrifuged at 12,000×g for 5min.

The DNA concentration was then measured using a NanoDrop

2000 spectrometer (Thermo Fisher Scientific, USA). The V4

region of the bacterial 16S rRNA gene was amplified using the

primers 533F (5′-TGCCAGCAGCCGCGGTAA-3′) and Bact 806R

(5′-GGACTACHVGGGTWTCTAAT-3′) (Klindworth et al., 2012;

Zhang et al., 2020) with an 8-bp unique barcode at the forward

primer. The PCR procedure was performed in 50 µL reactions,

which were repeated three times for increased accuracy. The

thermal cycling conditions for the bacterial 16S rRNA gene involved

an initial denaturation at 94◦C for 5min, followed by 25 cycles

of denaturation at 94◦C for 30 s, annealing at 58◦C for 40 s, and

extension at 72◦C for 30 s with a final extension at 72◦C for 10min.

The PCR products were gel-purified using an EZNAGel Extraction

Kit (Omega Bio-Tek, Inc., USA). The sequencing of purified DNA

on the Illumina MiSeq platform was performed by the Personalbio

Biotechnology company in Shanghai, China.

The analysis used the pipelineQIIME2 (version 2022.2) (Bolyen

et al., 2019). First, the partial region was extracted using the

corresponding primer set from the sequences in the SILVA (version

138) database and was used to train a classifier using the “feature-

classifier” plugin. Then, all the datasets were grouped by the primer.

After trimming of the corresponding primer, the sequencing

quality of the raw reads was manually assessed to determine the

appropriate truncated position for filtering low-quality regions.

Paired-end reads were merged and dereplicated using the “dada2”

plugin. Unassigned or eukaryotic ASVs were removed and the

remaining ASVs were classified using the trained classifier.

2.3 Prepared templates for qPCR standard
curves

The 16S rRNA gene copy number of bacteria was quantified

by real-time quantitative polymerase chain reaction (qPCR)

using bac341f (5′-CCTACGGGWGGCWGCA-3′) and prokaryotic

519r (5′-TTACCGCGGCKGCTG-3′) (Jorgensen et al., 2012).

Abundances of the methyl Coenzyme M reductase subunit A

(mcrA) gene in these river sediments were estimated by qPCR.

The DNA fragments encoding the mcrA gene were amplified

using PCR with the universal primers mlas-mod-F (5′-GGYGG

TGTMGGDTTCACMCARTA-3′) and mcrA-rev-R (5′-CGTTCA

TBGCGTAGTTVGGRTAGT-3′) (Angel et al., 2012). The program

used in this procedure involved heating the sample at a temperature

of 98◦C for 3min, followed by 40 heating cycles for 15 s at

98◦C, 20 s at 58◦C, and 30 s of extension at 72◦C. Finally, a

final elongation step was performed at 72◦C for 10min. The

PCR products were purified using a gel extraction kit (DP219-

02, TIANGEN, China). The purified PCR products (10 µL) mixed

with 2×Taq PCR Mix (B639295, Sangon Biotech, China) in equal

amounts at 72◦C for 30min were added to the end of the sequence.

Then, 4 µL of the sequence solution was mixed with 5 µL of

solution I and 1 µL pMD18-T vector provided by the pMD 18-

T Vector Cloning Kit (6601, TAKARA, Japan). In total, 10 µL

of the mixture was incubated at 16◦C for 30min. Then, a vial

of DH5α competent cells (CD201-02, Trans, China) was thawed

on ice. A 10-µL reaction mixture was added to 50 µL of DH5α

competent cells and incubated on ice for 30min after gentle mixing.

The sample was heat shocked for 45 s at 42◦C and then chilled

on ice for 2min. Then, 1mL of Lysogeny broth (LB, tryptone 10

g/L, yeast extract 5 g/L, NaCl 10 g/L) medium was added from

the competent cells kit to the transfected cells, followed by sample

incubation at 37◦C with shaking speed of 200×RPM for 1 h. Then,

the samples were centrifuged at 1,500×g for 5min, and 800 µL

of the supernatant was removed from the tube. The cells were

resuspended in the rest of the medium and then spread onto the

solid LB medium with 100µg/mL of ampicillin. The plate was

incubated at 37◦C overnight in an inverted position. Single colonies

were selected for PCR with primers. The plasmid was extracted by

DiaSpin plasmid DNA mini kit (B110091, Sangon Biotech, China).
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FIGURE 1

Sampling sites (A), warming field incubation, and sampling process (B).

The concentration of the plasmid extract was measured using a

NanoDrop 2000 spectrometer (NanoDrop 2000/2000C, Thermo

Fisher Scientific, USA).

2.4 Gene quantification performed by
qPCR

This template used in qPCR for 16S rRNA and mcrA gene

quantification is the incubation samples. Each reaction contained

20 µL 2×PowerUpTM SYBR Master Mix (A25742, Applied

Biosystems, USA), 2 µL of template DNA, and 1 µL of each

forward and reverse primer. The standard curve consisted of a

diluted known amount of purified PCR product obtained from

plasmid DNA using the bacterial 16S rRNA gene-specific primers

bac341f/519r between 103 and 109 copies/µL. The amplification

efficiency was between 90–110%, and the R2 of the standard curve

was above 0.90. The thermal cycle program was for 2min at 50◦C

and 3min at 98◦C, followed by 40 cycles for 15 s at 98◦C, 30 s at

55◦C, and 30 s at 72◦C. The standard curve consisted of a known

amount of diluted purified PCR product obtained from plasmid

DNA using themcrA gene-specific primers mlas-mod-F/mcrA-rev-

R between 102 and 107 copies/µL. The thermal cycling conditions
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were followed by heating at 50◦C for 2min, 98◦C for 3min,

followed by 40 cycles of heating at 98◦C for 30 s, 58◦C for 40 s, and

72◦C for 30 s. Three replicates were performed for each sample, and

the statistical analysis was performed using Student’s t-test.

2.5 Environmental parameter
determination

The soil was first freeze-dried, ground, and sieved. After

removing the inorganic carbon from the soil using HCl and re-

drying the samples, the organic carbon content (total carbon and

total organic carbon) was measured using an element analyzer

(Vario EL III, Elementar, Germany). The procedure for measuring

the total nitrogen content was similar but lacked the reaction

with acid. Based on repeated determinations, the detection limits

for carbon and nitrogen were 8 µg, with a precision better than

6%. The soil samples used in the above parameters were stored

at −20◦C. The CH4 and CO concentrations in the 20mL serum

bottle headspace were measured on a gas chromatograph with

a flame ionization detector (GC-FID, GC-14B, Shimadzu, Japan)

(Treat et al., 2014). For gas estimation, each gas sample (1mL)

was manually injected using an airtight syringe (81356, Hamilton,

Switzerland). The CH4 and CO concentrations in the sample were

calculated by external calibration using a certified gas mixture with

50% CH4 and 50% CO. The CH4 and CO gas peaks were identified

based on the retention time of standard CH4 and CO gases. The

response factor obtained was used to calculate the CH4 and CO

percentages in the incubation samples.

3 Results

3.1 Bacterial 16S rRNA gene copy numbers
and diversity composition

The copy numbers of the bacterial 16S rRNA gene fragments

in each DNA fraction were quantified by qPCR. The amplification

efficiency ranged between 90 and 110%. At the GR site where the

soil was incubated at 2◦C (in situ temperature. Figure 2A), the

average bacterial 16S rRNA gene copy numbers increased from 5.06

× 107 copies/g to 9.73 × 108 copies/g on Day 7. It increased from

5.06 × 107 copies/g to 1.17 × 109 copies/g on the 5th day at 10◦C

and from 5.06 × 107 copies/g to 1.97 × 109 copies/g on Day 5 at

20◦C. The bacterial 16S rRNA gene copy numbers peaked on the

5th day at 10◦C and 20◦C, compared to those incubated at 2◦C.

At the GR-0 site where the soil was incubated at 2◦C (Figure 2B),

the average bacterial 16S rRNA gene copy numbers increased from

5.37 × 108 copies/g to 4.78 × 109 copies/g on Day 7. It increased

from 5.37 × 108 copies/g to 4.01 × 109 copies/g on Day 7 at 10◦C

and to 2.93× 109 copies/g on Day 7 at 20◦C. However, the average

bacterial 16S rRNA gene copy numbers increased at 2◦C, 10◦C, and

20◦C with an increase in incubation time. In summary, the shift in

bacterial 16S rRNA gene copy numbers of 39 GR and 48 GR-0 soil

samples had no obvious difference with an increase in incubation

temperatures: As the value of the Student’s t-test is higher than 0.05,

there was no significant difference.

Bacterial community composition was determined for each

of the 87 incubation soil samples based on the 16S rRNA gene.

The results show that the proportion of high-quality sequences

is between 94.56 and 98.86%. The amplicon sequence variants

(ASVs) belonging to different phyla have been found in 87

incubation samples at two different sites, totaling up to 1,011,481.

The taxa at the GR site were dominated by six bacterial phyla:

Actinobacteria (22–61%), Proteobacteria (11–50%), Firmicutes

(8–18%), Bacteroidota (3–17%), Desulfobacterota (5–10%), and

Acidobacteriota (2–6%) followed by Gemmatimonadota and

Chloroflexi (Supplementary Figure 1A). Actinobacteria, one of the

most widely distributed phyla among soil bacteria, are well known

for their ability to degrade plant residues (cellulose) (Bao et al.,

2019, 2021). However, at the GR-0 site, the dominant phyla were

Proteobacteria (27–65%), Actinobacteriota (8–21%), Bacteroidota

(4–15%), Desulfobacterota (2–7%), Gemmatimonadota (2–

5%), and Firmicutes (1–20%), followed by Acidobacteriota

and Nitrospirota (Supplementary Figure 1B). Those bacterial

species have been reported as dominant groups in the other

Svalbard regions (Son and Lee, 2022; Tian et al., 2022). At the

family level (Figure 3), the bacterial community composition

of the two sites did not show any significant difference with

the increase in temperature and incubation time. The Shannon

diversity metrics were invariable between samples ranging from

5 to 8 (GR) and 8 to 10 (GR-0). No statistically significant

difference was found between the different sample types. Based

on the differences at the phylum level, the two sites show

differences at the family level. At the GR site, Intrasporangiaceae,

Gallionellaceae, Sulfuricellaceae, and Desulfitobacteriaceae were

the dominant groups (Figure 3A). Meanwhile, at the GR-0 site,

Comamonadaceae, Intrasporangiaceae, Nitrosomonadaceae, and

Gemmatimonadaceae were the main groups (Figure 3B).

3.2 CH4 production potential

To determine the abundance of methanogenic archaea,

we quantified the functional gene mcrA, which encodes

methylcoenzyme M reductase and is a key enzyme in

methanogenesis (Inagaki et al., 2004). Among the incubation

samples at the GR site, the average copy number of mcrA genes

reached the maximum on the 5th day at 10◦C and 20◦C, reaching

3.1 × 105 copies/g and 3.7 × 105 copies/g, respectively, except for

2◦C, where they did not reach the maximum before decreasing.

While, at 2◦C, the average copy number of mcrA genes decreased

from 1.2 × 105 copies/g on the first day to 1.4 × 104 copies/g on

Day 7 (Figure 4A). However, the concentration of CH4 in the soil

showed an increasing trend during the incubation process at all

three warming temperatures. Under 2◦C, the average net increase

of CH4 for 2 days (from the third- to the fifth-day incubation) was

1.3µmol/L. Under 10◦C, the average net increase of CH4 for 2 days

was 3.9 µmol/L. At 20◦C, the average net increase of CH4 was 2.4

µmol/L for 2 days (Figure 4C). Compared to GR site incubation

samples, the copy number of mcrA genes at the GR-0 site changed

irregularly (Figure 4B). In addition, the concentration of CH4 at

the GR-0 site was an order of magnitude lower than that at the GR

site, and there was no substantial variation in CH4 concentration

(Figure 4D).
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FIGURE 2

Bacterial 16S rRNA gene copy numbers change at di�erent temperatures. (A) is the GR site, and (B) is the GR-0 site.

FIGURE 3

Relative abundance of bacterial community based on 16S rRNA gene at the family level. (A) is the GR site, and (B) is the GR-0 site. The first number is

incubation day, and the third is incubation temperature. “I” means initial samples.
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FIGURE 4

The abundance of the mcrA gene at the GR site (A) and GR-0 site (B), as well as the concentration of CH4 at the GR site (C) and GR-0 site (D). The

concentration of CO at the GR-0 site (E).

3.3 Variations in temperature and soil
environmental variables

When determining the gas content during the incubation

period, we detected not only CH4 gas but also carbon monoxide

(CO) in incubated samples. However, it only exists at the GR-0 site.

At all three different incubation temperatures, the concentration

of CO was higher in the early stage of incubation (i.e., the first 3

days) and reached its maximum on the third day (Figure 4E), which

was 57.4 µmol/L at 2◦C, 90 µmol/L at 10◦C, and 75.2 µmol/L

at 20◦C.

The environmental variables of the three incubation

temperatures are shown in Table 1. As shown by the results,

the contents of total organic carbon (TOC), total carbon (TC), and

total nitrogen (TN) showed no obvious differences in the short-

term warming field experiments of the GR and GR-0 soil samples.

The content of TOC is between 0.8 and 1.4%, the content of TC

is between 1.0 and 1.1%, and the content of TN is approximately

0.1%. In addition, the C/N ratio (TOC/TN) among incubation

soil samples was <15, ranging from 7.7 to 14.2. At the GR site,

the C/N ratio gradually increased to 14.2 under 20◦C conditions.

However, at the GR-0 site, the C/N ratio increased in the first 7

days at all three incubation temperatures and then decreased from

Day 7 to Day 13. The mental test showed that soil CO (0.2 <

Mental’s r < 0.4, Mental’s p < 0.05), CH4 (0.2 < Mental’s r < 0.4,

Mental’s p < 0.01), and TN (0.2 < Mental’s r < 0.4, Mental’s p <

0.05) were the major factors affecting soil microbial composition

(Supplementary Figure 2).
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4 Discussion

4.1 E�ects of short-term warming on
microbial composition in Arctic soils

There were no changes in microbial composition during

short-term soil warming, measured in days, under climate

change (Figure 3). Previously, using 454 pyrosequencing of 16S

rRNA genes, it was found that warming (+0.5 to 2◦C) with

open-top chambers for 3 years had altered the soil bacterial

communities at two locations in the maritime Antarctic and one

in the cool southern temperate zone, with consistent increases

observed across all three locations in Alphaproteobacteria-to-

Acidobacteria ratios (Yergeau et al., 2012). A study on long-

term warming observed that slow-growing bacteria (K-selected),

such as Gram-positive Actinobacteria, increased in dominance

with warming at Toolik Lake in Alaska. This suggests that the

increased dominance of these recalcitrant C-recyclers suggests a

reduction in the availability of labile substrates with warming

(Deslippe et al., 2012). However, a meta-analysis of field studies

indicates that day, diurnal, and night warming had no effect

on overall bacterial abundance, and no significant between-

group heterogeneity was found for various measurement methods

(Chen et al., 2015). Our results showed that no matter how

the temperature changed, the microbial biomass (16S rRNA

gene copy number) increased during the first 7- and 13-day

incubation at 2◦C, 10◦C, and 20◦C (Figure 2). Increases in

microbial biomass and activity may have happened in a short-term

climate change. However, the limitation of mineral nutrients such

as nitrogen may constrain this response in the long term. Such

mineral limitation will affect the dominance of oligotrophic and

copiotrophic microorganisms in a given ecosystem, which in turn

may influence GHG fluxes (Singh et al., 2010; Romero-Olivares

et al., 2017).

We clustered and analyzed the bacterial community

composition through complete linkage, using the largest numerical

distance between two datasets as the distance between two groups

for pairwise comparison to obtain data similarity between groups.

The closer the distance, the shorter the branch distance of the

cluster. Our results show samples of the same incubation time

clustered on a branch (Supplementary Figure 3), and the microbial

composition of the two sites (GR and GR-0) differed (Figure 3).

However, the bacterial community composition showed no

difference during warming incubation for 7 and 13 days, with

no changes in the dominant species or the relative abundance of

each community (Figure 3). The influence of incubation time and

location along the river on the microbial community was greater

than that of incubation temperatures. Since microorganisms adapt

to grow in a specific temperature range, when the temperature

fluctuates within its growth range, the microbial composition

will not change obviously for the short term (Rijkers et al., 2022).

However, due to a series of influences, such as vegetation type,

soil water content, and soil depth, the microbial composition at

different sampling sites showed obvious differences after long-term

domestication (Son and Lee, 2022). These findings also agree

with results from other Arctic tundra climate change experiments

showing a strong response of soil microbial communities to
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vegetation types and spatial scale (Campbell et al., 2010; Malard

et al., 2021).

Meanwhile, at the upper stream of the glacial meltwater river,

Actinobacteriota is the dominant group. The average number of

CAZyme enzyme genes encoded in the genome of Actinomycetes

is higher, and plant-derived organic matter can be used in soils with

declining soil fertility (Bao et al., 2021). This result is consistent

with the utilization of terrigenous organic matter by the bacteria in

the upper stream of the river. The dominant group in the glacial

meltwater river’s estuary is Gammaproteobacteria, belonging to

Proteobacteria. The class Gammaproteobacteria is known as one

of the denitrifier groups, and many species of this class are cold-

adapted. It thus might be an important group to determine the

capacity of Arctic rivers to remove excess nitrogen (Franco et al.,

2017; Uchida et al., 2018; Qian-Qian et al., 2021).More importantly,

long-term warming rather than short-term induced changes in the

composition of soil microbial communities can cause sustained

changes in microbial activity, resulting in soil carbon emissions.

4.2 E�ects of short-term warming on CH4

release from Arctic soils

CH4 emissions caused by warming on microbial metabolisms

may be a long-term process measured by months or years rather

than several days. A meta-analysis of field studies shows that

soil microbial respiration causes carbon losses by 1–5 years

of warming incubation. In comparison, it suggests that soil

carbon losses decrease after long-term warming, especially after

10 years (Romero-Olivares et al., 2017). In addition, studies have

documented changes in the CH4 concentration of the Lagoon

Pingo surface areas from April 2016 to October 2017, with the

CH4 concentration of 906.3 µmol/L in April 2016 and 601.9

µmol/L in March 2017. However, from 6 August 2017 to 24

August 2017, CH4 concentrations were 338.1 µmol/L and 383.1

µmol/L, respectively. It can be concluded that the CH4 emissions

do not change much in the short term (Hodson et al., 2019).

It is consistent with our results that CH4 concentration at two

different sites did not change with the increase of temperature

(2◦C, 10◦C, and 20◦C) and time (7 and 13 days) during incubation

(Figures 4C, D). Moreover, Alaskan tundra soils at a depth of 45–

55 cm were subjected to experimental in situ warming by nearly

1.1◦C above ambient temperature, which corresponded with a

3-fold increase in the abundance of a single archaeal clade of

the Methanosarcinales order and accompanied a comprehensive

increase in the relative abundances of methanogenesis genes after

2-month incubation (Johnston et al., 2019). A whole-soil-profile

3-year warming experiment suggests that short-term warming

does not alter microbial carbon use efficiency in either surface or

deep soils (Zhang et al., 2023a). In our research, methanogenic

gene abundance (mcrA gene copy numbers) in our short-term

incubation did not increase with the anoxic warming experiment

(Figures 4A, B). Nevertheless, a large amount of CO was detected

at the GR-0 site (Figure 4E), which may be a product of microbial

fermentation or incomplete oxidation under oxygen restriction

(Terry et al., 2004; Diender et al., 2015). CO, as a chemically

active gas, although its direct greenhouse effect is negligible, directly

oxidizes the hydroxyl radicals in the atmosphere, becoming the

main sink for hydroxyl radicals and hence being beneficial for the

accumulation of CH4 in the atmosphere (Borsdorff et al., 2019).

The effect of time on warming-induced carbon losses is

described as follows: the results of our 13-day warming field

experiment showed that warming did not affect the CH4

concentration and methanogenic gene abundance. In the first few

weeks of temperature rise, microbial metabolisms in response to

environmental changes take time to accumulate (Voolstra and

Ziegler, 2020), and the amount of change in its products must

also accumulate. It concluded that warming-induced changes in

the microbial community in the Arctic soils over a few weeks to

months would amplify the instantaneous increase in the rates of

CO2 production and thus enhance carbon losses (Hartley et al.,

2008). However, declines in the response of microbial respiration

to warming in long-term experiments (>5 years) suggest that

microbial activity acclimates to temperature, greatly reducing

the potential for enhanced carbon losses (Hartley et al., 2008).

Therefore, we suggested that CH4 emissions in the process of soil

warming have no increase in the short term, and with the increase

in warming time, emissions will gradually increase in the long term.

On the other hand, when microorganisms adapt to warming, CH4

emissions will gradually decrease.

4.3 The factors a�ecting CH4 production
in the Arctic

Many factors, such as oxygen, moisture, vegetation type,

seasonal change, and temperature, affect the product of CH4

in the Arctic. Finally, CH4 production is closely related to

microorganisms in the Arctic soil, one of the most important

areas of CH4 emissions. Some studies suggest that warming surface

soil may increase CO2 emissions, while CH4 production is more

prevalent in deeper soils (Knoblauch et al., 2021; Galera et al., 2023).

As mentioned above, when considering net emissions of CH4 in

soil with the anaerobic methanogenic archaea as the source and the

trophic methanogenic oxidizing bacteria as the sink, the net CH4

production value in the soil only occurs when the two cancel out.

The study indicated that CH4 flux was more strongly influenced

by long-term gradients in soil moisture and vegetation than plant

biomass, species composition, or nutrient availability (Torn and

Chapin, 1993). This view is consistent with our experimental

results: the difference in CH4 concentration between the GR

and GR-0 sites is an order of magnitude (Figures 4C, D), which

may be caused by soil moisture. One of the primary reasons

for the microhabitat differences within the soil is the soil water

content, where methanotrophs require oxygen and methanogens

are anaerobic (Freitag et al., 2010; Galera et al., 2023).

To sum up, regardless of the influence of environmental factors,

warming might take time to accumulate to affect Arctic soil

microbial respiration, the main metabolic activity in Arctic soil

(Nazaries et al., 2013; Tveit et al., 2013; Hamdan and Wickland,

2016; Knoblauch et al., 2018; Galera et al., 2023). It was altering

GHG emission fluxes (Figure 5; accumulation period). It takes

several months, even years, for GHG produced by microorganisms

to be released from the soil into the atmosphere, so there is a
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FIGURE 5

A schematic diagram of warming-induced soil microorganism respiration and GHG emission fluxes. The dotted line indicates microbial metabolic

capacity. Solid lines show GHG emission fluxes.

lag. Besides, the effect of time on it is not a continuous positive

correlation (Figure 5; increasing period). As time passes, this effect

shows a trend of increasing and gradually weakening (Figure 5;

decreasing period).

5 Conclusion and future perspectives

In summary, the warming field experiment was conducted

by anaerobic incubating surface soil samples at two sites in the

upper reaches and estuaries of the Barentsburg glacial meltwater

river for 7 and 13 days. The results showed that the microbial

composition at 10◦C and 20◦C was not different from that at 2◦C.

There was also no difference in soil microbial methanogenic gene

abundance and CH4 concentration after incubation. Therefore,

we conclude that the acceleration of microbial respiration caused

by warming will increase the CH4 flux over at least 2 weeks. It

is interesting that the GR-0 river bank site released more CO

compared to the GR site, which did not emit any CO. The effects of

global warming on microbial metabolisms and soil CH4 emission

fluxes could be studied through longer-term and continuous

incubation experiments or observation. The above conclusions

provide reference data for assessing CH4 emission fluxes in the

Arctic region and ideas for future research on the impact of

warming on CH4 emissions.
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N-cycling processes mediated by microorganisms are directly linked to 
the eutrophication of lakes and ecosystem health. Exploring the variation 
and influencing factors of N-cycling-related genes is of great significance 
for controlling the eutrophication of lakes. However, seasonal dynamics of 
genomic information encoding nitrogen (N) cycling in sediments of eutrophic 
lakes have not yet been clearly addressed. We  collected sediments in the 
Baiyangdian (BYD) Lake in four seasons to explore the dynamic variation of 
N-cycling functional genes based on a shotgun metagenome sequencing 
approach and to reveal their key influencing factors. Our results showed that 
dissimilatory nitrate reduction (DNRA), assimilatory nitrate reduction (ANRA), 
and denitrification were the dominant N-cycling processes, and the abundance 
of nirS and amoC were higher than other functional genes by at least one 
order of magnitude. Functional genes, such as nirS, nirK and amoC, generally 
showed a consistent decreasing trend from the warming season (i.e., spring, 
summer, fall) to the cold season (i.e., winter). Furthermore, a significantly 
higher abundance of nitrification functional genes (e.g., amoB, amoC and 
hao) in spring and denitrification functional genes (e.g., nirS, norC and nosZ) 
in fall were observed. N-cycling processes in four seasons were influenced by 
different dominant environmental factors. Generally, dissolved organic carbon 
(DOC) or sediment organic matter (SOM), water temperature (T) and antibiotics 
(e.g., Norfloxacin and ofloxacin) were significantly correlated with N-cycling 
processes. The findings imply that sediment organic carbon and antibiotics may 
be potentially key factors influencing N-cycling processes in lake ecosystems, 
which will provide a reference for nitrogen management in eutrophic lakes.
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1 Introduction

Nitrogen input caused by human activities can greatly affect the 
processes of the N-cycling of lake ecosystems, leading to the 
eutrophication of water bodies (Basu et al., 2022; Jiang et al., 2023). It 
has been proved microorganisms, especially N-cycling functional 
genes are the key driver of the nitrogen transformation processes in 
the lakes (Isobe and Ohte, 2014). Therefore, N-cycling functional 
genes have been given more and more concerns for nitrogen removal 
of the eutrophic lakes.

N-cycling plays an important role in maintaining the ecological 
balance of lakes (Isobe and Ohte, 2014). Nitrogen in lakes exists in 
the form of inorganic nitrogen and organic nitrogen, which is 
absorbed and assimilated by algae, macrophytes (Wu et al., 2021), 
benthic animals and other organisms (Wu Y. et al., 2022), and can 
be converted into biological organic nitrogen (Pajares et al., 2017). 
After these organisms die, they release a large amount of organic 
nitrogen and inorganic nitrogen to water and sediments (Li et al., 
2012; Wu et  al., 2021). In eutrophic lakes, the microbial 
decomposition of a large number of dead aquatic organisms settling 
to the bottom of the lakes can cause a lower concentration of 
dissolved oxygen (Wu et al., 2021), which will lead to the production 
of ammonia, sulfide and other substances (Hu et al., 2023), having a 
negative impact on the lake ecosystem health (Wang M. et al., 2023; 
Wang X. et al., 2023).

The N-cycling processes in sediments mainly involve in nitrogen 
fixation, nitrification, denitrification, assimilatory nitrate reduction 
(ANRA), dissimilatory nitrate reduction (DNRA) and anammox 
(Hu et al., 2023), among which nitrification and denitrification are 
the most important nitrogen transformation processes. These 
processes induced by microorganisms can oxidize ammonia 
nitrogen into nitrate nitrogen, and reduce the bound nitrogen into 
N2O or N2 back to the atmosphere (Broman et  al., 2021). Each 
pathway of the N-cycling process is completed by the enzyme 
encoded by the corresponding functional gene using the 
corresponding substrate catalysis (Broman et al., 2021). However, 
the abundance and diversity of N-cycling functional genes in lake 
ecosystems are greatly different due to different water quality (such 
as water temperature, and nitrogen to phosphorus ratio) (Basu et al., 
2022), hydrological conditions (such as lake water exchange cycle) 
(Stoliker et al., 2016; Li et al., 2021) and seasons (Baumann et al., 
2022). Therefore, it is of great significance to explore the changes of 
N-cycling functional genes in lakes and their influencing factors in 
different seasons.

Baiyangdian (BYD) Lake (38°43′ ~ 39°02′N, 115°38′ ~ 116°07′E) 
is the typical eutrophic wetland in North China and has a relatively 
important geographic position. The BYD Lake water is eutrophicated, 
accounting for 26.7% of areas “mildly eutrophicated,” accounting for 
53.3% of areas “moderately eutrophicated,” and accounting for 20.0% 
of areas “severely eutrophicated” (Liu et al., 2020; Yao et al., 2023). 
However, serious eutrophication dominated by seasonal nitrogen and 
phosphorus pollution occurred due to intense agricultural activities 
and rural domestic sewage discharge in BYD Lake (Zhao et al., 2011; 
Cai et al., 2021). Because of the strong exchange between water and 
surface sediments in shallow lakes, eutrophication might affect the 
nitrogen cycle in sediments (Shi et al., 2022). The primary objectives 
of this work were: (1) the key functional genes related to N-cycling 
have seasonal variability in sediments in the BYD Lake; and (2) some 

environmental factors can play a key role in regulating the 
N-cycling process.

2 Seasonal variation of N-cycling 
functional genes

In the current study, a total of 36 sediment samples were collected 
in four seasons such as spring, summer, fall and winter during 2020–
2021 (Supplementary Figure S1). We aimed to identify the major 
N-cycling gene families and their key environmental factors. A 
shotgun metagenome sequencing approach was applied to survey 6 
important N-cycling processes and related functional genes 
(Supplementary Text S1): 1) nitrogen fixation (e.g., nifH, nifD, nifK, 
vnfG, and vnfH) (Jiang et al., 2022; Li et al., 2022); 2) nitrification (e.g., 
amoA, amoB, amoC, and hao) (Wang et al., 2022; Liao et al., 2023); 3) 
denitrification (e.g., nirB, nirS, norC, narI and nirK, and nosZ) 
(Waldrop et al., 2023); 4) DNRA (e.g., napA, napB, narG, narH, narI, 
nrfH, nrtA, nirB, nirD, and nrfA) (Jiang et al., 2023; Waldrop et al., 
2023); 5) ANRA (e.g., nasA, nasD, nirA, and nasE) (Hu et al., 2023; Li 
et al., 2023); and 6) anammox (e.g., nirK and nirS) (Tu et al., 2017; 
Wang M. et al., 2023; Wang X. et al., 2023).

All the studied genes of N-cycling (including nitrification, 
denitrification, nitrogen fixation, DNRA, ANRA, and anammox) were 
present in the sediments of BYD Lake, although their abundance 
varied largely among four sampling seasons (Figure  1 and 
Supplementary Figures S2–S5). According to the results, the 
functional genes abundance of each N-cycling process followed the 
order DNRA > ANRA > denitrification > nitrogen fixation > 
nitrification > anammox (Figure 1A). In general, the abundances of 
functional genes involved in DNRA, ANRA and denitrification 
processes were higher than those of other related N-cycling processes, 
indicating that the sediments in BYD Lake had higher potential of 
NDRA, ADRA and denitrification. Interestingly, the functional genes 
of these three N-cycle processes exhibited higher abundance in fall 
than in other seasons (Figure 1A).

Overall, Figures  1B,C illustrated the seasonal variation of 
nitrification genes (e.g., amoA, amoB, amoC, and hao) and 
denitrification genes (e.g., nirk, nirS, norC, and nosZ) processes. 
Among the nitrification and denitrification genes, the abundance of 
nirS (from 0.47 to 1.96 log10 gene copies) and amoC (from 0.14 to 
1.95 log10 gene copies) exceeded the abundance of other functional 
genes by at least one order of magnitude (Figures 1B,C). Meanwhile, 
the abundances of such functional genes as nirS, nirK and amoC 
genes generally showed a consistent decreasing trend from spring, 
summer, and fall to winter, while, the abundances of nosZ 
demonstrated an increasing trend, which ranged from 0.31 to 1.68 
log10 gene copies.

A significantly higher abundance of nitrification gene (amoB) in 
spring (1.083 ± 0.10 log10 gene copies, p < 0.01) and fall (0.746 ± 0.19 
log10 gene copies, p < 0.05) samples were observed than those in winter 
(0.42 ± 0.12 log10 gene copies) (Figure 1B). As for denitrification, the 
abundance of nirK had significantly higher values in spring (0.63 ± 0.43 
log10 gene copies) than that in fall (0.37 ± 0.28 log10 gene copies) 
(p < 0.01, Figure  1C). On the contrary, the abundances of 
denitrification genes such as nosZ (1.15 ± 0.35 log10 gene copies, 
p < 0.01) and norC (1.32 ± 0.38 log10 gene copies, p < 0.05) in fall were 
significantly higher than those in spring (Figure 1C).
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FIGURE 1

Seasonal profiles of all functional genes of nitrogen metabolism with 6 pathways (A) and nitrification genes (B) and denitrification genes (C).
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Moreover, significantly higher abundance of nitrogen fixation 
functional genes (e.g., nifD, nifH, and nifK) (Supplementary Figure S2), 
DNRA gene (napB, Supplementary Figure S3), ANRA gene (nasA, 
Supplementary Figure S4) in fall were observed than those observed 
in spring (p < 0.05). However, no significant differences were observed 
in functional genes involved in anammox among spring, summer, fall 
and winter (p > 0.05, Supplementary Figure S5).

3 Environmental factors influencing 
N-cycling functional genes in 
sediments

The relationships between selected environmental factors and 
abundances of studied N-cycling functional genes in sediments of 
BYD lakes are illustrated in Figure 2. In spring, the denitrification 
pathway was highly correlated with norfloxacin (NOR), NH4_N and 
T (r ≥ 4, p = 0.01–0.05, Figure 2). In contrast, the nitrification pathway 
had a significant correlation with sulfapyridine (SPD) (r ≥ 4, p < 0.01, 
Figure  2). Pearson correlation analysis results showed that both 
denitrification functional genes nirS (r = −0.7) and nosZ (r = 0.7) were 
significantly correlated with tetracycline (TC) and oxytetracycline 
(OTC) (p < 0.05, Supplementary Figure S6), while both nirS (r = −0.8) 
and norB (r = 0.9) were significantly correlated with pH (p < 0.05). 
Generally, the norC abundance exhibited a significant correlation with 
antibiotics (NOR, r = −0.8; Ofloxacin, OFL, r = 0.7; roxithromycin, 
ROM, r = 0.7) (p < 0.05, Supplementary Figure S6) and some physical–
chemical properties (NH4_N, r = −0.7; DOC, r = −0.8; EC, r = 0.8; 
SOM, r = −0.7; T, r = 0.8) (p < 0.05, Supplementary Figure S6). There 
were statistically significant positive correlations between nitrification 
gene hao and antibiotics (SDZ, r = 1; OFL, r = 0.7, ROM, r = 0.9) 
(p < 0.05, Supplementary Figure S6), as well as EC (r = 0.8, p < 0.05). 
Besides, the nitrification gene amoB was significantly correlated with 
the pH (r = 0.8, p < 0.05, Supplementary Figure S6).

In summer, the denitrification pathway was significantly 
correlated with OFL (r ≥ 4, p < 0.01, Figure 2), pH (r ≥ 4, p = 0.01–
0.05, Figure 2), SOM (r ≥ 4, p = 0.01–0.05, Figure 2), T (r ≥ 4, p = 0.01–
0.05, Figure 2), respectively. In contrast, the nitrification pathway 
only showed significant correlations with NO3_N (r ≥ 4, p = 0.01–
0.05, Figure 2). Furthermore, the correlation analysis results also 
showed that OFL, SOM, pH, and T have significant correlations with 
such denitrification genes as nirK, norC and narl (p <  0.05, 
Supplementary Figure S6).

In fall, the Mantel test results showed that denitrification pathway 
was correlated with NO3_N (r ≥ 4, p = 0.01–0.05, Figure  2), DOC 
(r ≥ 4, p < 0.01, Figure 2), SOM (r ≥ 4, p < 0.01, Figure 2), and WC 
(r ≥ 4, p < 0.01, Figure 2), respectively. WC had a significant correlation 
with such denitrification genes as nirS (r = −0.7), norC (r = −0.9), narl 
(r = 0.7), and nosZ (r = −0.8) and nitrification gene hao (r = −0.7) 
(p < 0.05, Supplementary Figure S6). Additionally, DOC (r = 0.7) and 
SOM (r = −0.9) exhibited a significant correlation with norC and hao 
(p < 0.05, Supplementary Figure S6). Significant correlations were 
observed between denitrification gene nirS and NOR (r = −0.9, 
p <  0.01), OFL (r = −0.8, p <  0.01), TC (r = −0.7, p <  0.05), total 
antibiotics (SUM) (r = −0.8, p <  0.05). In contrast, in winter, the 
denitrification pathway was significantly correlated with EC and H 
(r ≥ 4, p = 0.01–0.05, Figure 2). The denitrification gene norC and EC 
(r = −0.7, p < 0.05), nosZ and NO3_N (r = 0.7, p < 0.05), nitrification 

gene amoC and CIP (r = −0.7, p <  0.05) showed a significant 
correlation (Supplementary Figure S6). Overall, no significant 
correlation was observed between the nitrification pathway and 
environmental factors in fall and winter (p > 0.05, Figure 2). What’s 
more, the DNRA, ANRA, and anammox pathways were correlated 
with DOC or SOM (p < 0.05), and the nitrogen fixation pathway was 
correlated with NOR (p < 0.05).

4 Discussion

It is well known that many N-cycling processes are mediated by 
N-related microorganisms (Isobe and Ohte, 2014). The nitrification 
and denitrification functional gene abundance could be an indicator 
of nitrification and denitrification activities, which has been 
demonstrated by previous studies reporting a positive correlation 
between them (Jiang et al., 2022). Moreover, the synergistic effect is 
manifested in a positive correlation of their gene abundance because 
nitrification can provide sufficient nitrate for denitrification (Jiang 
et  al., 2023). In the current study, a strong correlation was also 
observed between the abundance of functional genes associated with 
denitrification (e.g., nirK, nirS, and norB) and nitrification (e.g., amoA, 
amoB and hao) pathway in spring, fall and winter (p <  0.05). In 
summer, the supply of nitrate is limited due to higher temperatures 
and excessive consumption of oxygen by algae and aquatic plants 
(Zhou et al., 2021), which may be the reason why we did not observe 
the correlation between functional genes related to nitrification and 
denitrification processes in summer.

The different responses of the N cycling process to external 
stresses might be  driven by the remodeling of the microbial 
community, which could be strongly affected by changes in physical–
chemical properties (Tan et al., 2022). A previous study has shown that 
denitrification and DNRA rates were mainly regulated by the 
abundance of their functional genes (e.g., nirS, nirK and nrfA), 
followed by environmental factors (e.g., sediment organic carbon) 
(Jiang et al., 2023). Marshall et al. (2021) also reported a decrease in 
anammox functional gene abundance in conjunction with the 
decreasing organic carbon content. Similarly, in the current study, 
we  also found that most of the N-cycling pathways (including 
denitrification, DNRA, ANRA, and anammox) were significantly 
correlated with SOM or DOC due to the influence of plant growth and 
litter in BYD Lake, the contents of SOM and DOC in sediment are 
higher in summer and fallMoreover, N-cycling functional genes 
including norC, nirK, narI, and hao showed a significant correlation 
with DOC (p < 0.05). This could be explained by the fact that organic 
carbon input can stimulate microbial N-cycling as organic carbon acts 
as an electron donor for various N-reduction pathways in 
organotrophic N-reducing reactions, such as denitrification (Baumann 
et al., 2022). Previous studies have also reported that higher available 
carbon (DOC) can promote denitrification (Stewart et al., 2013; Morse 
et  al., 2014) due to N-cycling microorganisms can utilize organic 
carbon for mixed nutrient growth (Jiang et al., 2023). This further 
illustrates that the denitrification process in the BYD sediment is the 
dominant process.

Furthermore, our result showed that T (°C) significantly 
correlated with the denitrification pathway (r ≥ 4, p = 0.01–0.05, 
Figure 2) in summer and fall. This also confirms that the nitrogen 
cycle process is a microbial-dominated process and is therefore more 
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sensitive to temperature. Specifically, a significant correlation was 
observed between T and nirK (r = −0.7), norC (r = 0.9), narl (r = −0.7) 
(p < 0.05, Supplementary Figure S6). Studies have shown that the 
abundance of genes related to ANRN and denitrification pathways 
decreases with increasing temperature (Yang et al., 2023). Pajares et al. 
(2017) also found that nirK is negatively related to T, furthermore, the 
elevated temperature will increase denitrification rates (Dai et  al., 
2020). This highlights the importance of temperature as one of the 
main factors influencing the functional genes related to N-cycling in 
lakes (Yuan et al., 2023). Therefore, the impact of seasonal changes on 
N-cycling triggering the retention and emission of nitrogen in the lake 
should be paid more attention by the management department.

Previous studies have also reported that antibiotic pollution could 
alter the N-cycling process (Wu J. et  al., 2022). For example, 
sulfadiazine inhibits functional genes related to denitrification and 
anaerobic ammonium oxidation in sediments (Wang M. et al., 2023; 

Wang X. et al., 2023). As well as, nitrifier-denitrification rates were 
inhibited by sulfamethoxazole (Chen et al., 2022). Remarkably, in the 
current study, N-cycling pathways significantly correlated with 
antibiotics. For instance, denitrification exhibited a significant 
correlation with NOR in spring (r ≥ 4, p = 0.01–0.05, Figure 2), and 
OFL in summer (r ≥ 4, p = 0.01–0.05, Figure  2). Nitrification was 
significantly correlated with SPD (r ≥ 4, p = 0.01–0.05, Figure  2). 
Anammox had a significant correlation with TC in spring and fall, and 
NOR in fall (r ≥ 4, p = 0.01–0.05, Figure 2). Our previous study (Zhang 
et al., 2023) found that NOR and OFL was the main antibiotics in BYD 
lake sediments, indicating that more attention should be paid to the 
effect of antibiotics on the N-cycling in the future. Consequently, more 
concerns should be given to antibiotics pollution in N-cycling studies 
in eutrophic water bodies.

Given this perspective, DOC or SOM, T and antibiotics (e.g., 
norfloxacin and ofloxacin) were significantly correlated with N-cycling 

FIGURE 2

Relationships between functional genes and selected environmental factors, as revealed by the Mantel test in the Spring (A), Summer (B), Fall (C) and 
Winter (D). The edge width is proportional to Mantel’s p value, and the edge color indicates statistical significance. Pairwise correlations of edaphic 
variables were evaluated by Pearson’s correlation and visualized by a heatmap with a color gradient (correlation coefficients from -1 to 1 correspond to 
colors from yellow to navy blue, respectively).
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processes and they might be potentially key factors influencing the 
seasonal N-cycling processes in lake ecosystems.
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Deep groundwater irrigation
altered microbial community and
increased anammox and
methane oxidation in paddy
wetlands of Sanjiang Plain, China

Huai Li1, Aiwen Song1,2, Ling Qiu3, Shen Liang1,2 and Zifang Chi4*

1State Key Laboratory of Black Soils Conservation and Utilization, Northeast Institute of Geography and

Agroecology, Chinese Academy of Sciences, Changchun, China, 2University of Chinese Academy of

Sciences, Beijing, China, 3Second Hospital of Jilin University, Changchun, China, 4Key Lab of

Groundwater Resources and Environment, Ministry of Education, Jilin University, Changchun, China

The over-utilizing of nitrogen fertilizers in paddy wetlands potentially threatens

to the surrounding waterbody, and a deep understanding of the community

and function of microorganisms is crucial for paddy non-point source pollution

control. In this study, top soil samples (0–15cm) of paddy wetlands under

groundwater’s irrigation at di�erent depths (H1: 6.8m, H2: 13.7m, H3:

14.8m, H4: 15.6m, H5: 17.0m, and H6: 17.8m) were collected to investigate

microbial community and function di�erences and their interrelation with soil

properties. Results suggested some soil factor di�erences for groundwater’s

irrigation at di�erent depths. Deep-groundwater’s irrigation (H2-H6) was

beneficial to the accumulation of various electron acceptors. Nitrifying-bacteria

Ellin6067 had high abundance under deep groundwater irrigation, which

was consistent with its diverse metabolic capacity. Meanwhile, denitrifying

bacteria had diverse distribution patterns. Iron-reducing bacteria Geobacter was

abundant in H1, and Anaeromyxobacter was abundant under deep groundwater

irrigation; both species could participate in Fe-anammox. Furthermore,

Geobacter could perform dissimilatory nitrate reduction to ammonia using

divalent iron and provide substrate supply for anammox. Intrasporangium and

norank_f_Gemmatimonadacea had good chromium- and vanadium-reducting

potentials and could promote the occurrence of anammox. Low abundances of

methanotrophsMethylocystis and norank_f_Methyloligellaceaewere associated

with the relatively anoxic environment of paddy wetlands, and the presence

of aerobic methane oxidation was favorable for in-situ methane abatement.

Moisture, pH, and TP had crucial e�ects onmicrobial community under phylum-

and genus-levels. Microorganisms under shallow groundwater irrigation were

highly sensitive to environmental changes, and Fe-anammox, nitrification, and

methane oxidation were favorable under deep groundwater irrigation. This

study highlights the importance of comprehensively revealing the microbial

community and function of paddy wetlands under groundwater’s irrigation and

reveals the underlying function of indigenous microorganisms in agricultural

non-point pollution control and greenhouse gas abatement.

KEYWORDS

paddy wetlands, soil indigenous microorganisms, groundwater’s irrigation, microbial

community, microbial function
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GRAPHICAL ABSTRACT

Highlights

• Deep groundwater irrigation favors the accumulation ofmulti-

electron acceptors

• Geobacter and Anaeromyxobacter could participate in Fe-

anammox

• Methylocystis and norank_f_Methyloligellaceae involve in-situ

abatement of methane

• Moisture, pH, and TP play important roles in shaping

microbial community

• Deep groundwater irrigation promotes Fe-anammox,

nitrification, and methane oxidation

1 Introduction

Paddy wetlands, in which the constructed wetlands were

coupled with water and fertilizer, had typical wetland ecosystems

and vegetation characteristics and could provide unique habitats

for microorganisms to ensure global food security (Ding et al.,

2021). However, the excessive nitrogen-fertilizers application under

large-scale irrigation could cause serious soil degradation and

surrounding-water pollution, posing a major risk to human’s

health (Sun et al., 2021). In addition, paddy wetlands were one

of the major sources of methane emission (Sun et al., 2019). Soil

microorganisms regulated wetland biogeochemical cycles (Torsvik

and Øvreås, 2002). Microbial species had various functions, such

as denitrification and methane oxidation (Li et al., 2014; Chi et al.,

2021a). Some biotic or abiotic factors could control microbial

community composition and function, and microorganisms were

sensitive and could respond rapidly to environmental changes

(Guo et al., 2019; Pérez Castro et al., 2019). Therefore, revealing

the community and function of microorganisms in paddy

wetlands was crucial for maintaining their ecological stability and

material management.

As efficient agronomic measures, fertilization and irrigation

could affect microbial community and diversity in paddy

wetlands (Wang et al., 2021). Environmental changes obviously

altered microbial communities and activities, thereby affecting

biogeochemical processes. Long-term fertilization could alter

soil physicochemical properties, thereby affecting microbial

communities (Guo et al., 2020). Hou et al. (2022) found that

the long-term application of pig manure could promote the

enrichment of complex organic-degrading bacteria and improve

soil enzyme activity. Inorganic fertilizers could increase microbial

diversity and change microbial community composition in paddy

wetlands (Huang et al., 2019). The type of fertilizer had

minimal influence on microbial community under long-term

fertilization (Liu et al., 2022). Furthermore, irrigation could

ensure rice growth and affect microbial community. Jiang et al.

(2021) showed that irrigation combined with biochar could

alleviate greenhouse gas emissions and alter microbial community.

Irrigation modes had some effects on microbial community of

paddy wetlands (Jin et al., 2020). Reclaimed water irrigation

could improve soil microbial activity and fertility to a certain

extent (Wei et al., 2017). Although some studies investigated

microbial community of paddy wetlands under fertilization and

irrigation, the effects of groundwater’s irrigation at different

depths on microbial community and diversity in paddy wetlands

remain unknown.
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Recent studies were involved in the function and metabolic

potential of microorganisms (Chi et al., 2021d). Li et al. (2019)

revealed the responses of nitrogen-metabolized pathways and

relevant function genes to coastal environmental variations.

Exogenous pollution input could alter microbial community,

thus changing their metabolic function (Chi et al., 2021b). The

genes encoding exogenous metabolism and nitrate-reducting were

significantly enriched on coastal sediments (Su et al., 2018). The

Sanjiang Plain was regarded as a representative of large-scale

paddy development, and paddy wetlands was mainly irrigated

using groundwater with various electron acceptors (Cao et al.,

2016; Chong et al., 2020; Meng et al., 2021; Chen et al.,

2024). However, research on the community and function of

microorganisms in paddy wetlands under groundwater’s irrigation

was still lacking.

Microorganisms in paddy wetlands had vital effects on the

nitrogen cycle, but a large knowledge gap existed regarding

the influence of groundwater irrigation. We hypothesized that

groundwater irrigation had significant effects on microbial

communities and functions of paddy wetlands, and that the

input of exogenous electron acceptors could improve soil material

transformation. To test this hypothesis, we analyzed soil genetic

data from paddy wetlands under groundwater irrigation using

high-throughput sequencing. The aims in this study were as

follows: (1) to reveal the microbial community composition and

difference in paddy wetlands under groundwater’s irrigation at

different depths, (2) to elucidate the responses in the metabolic-

pathways and related-enzyme genes of microorganisms, and

(3) to explore the dominant enablers involving in microbial

community and functional variation in paddy wetlands. This

study can offer valuable academic references for non-point

source pollution control and greenhouse gas reduction of

paddy wetlands.

2 Materials and methods

2.1 Sampling area description

The research area was situated on Honghe Farm of Sanjiang

Plain in the Heilongjiang Province, China, which belonged to

the temperate- and continental-monsoon climate. The mean

temperature and rainfall per year were 1.6◦C−1.9◦C and 565–

600mm, respectively. Precipitation was concentrated from June

to August. Furthermore, the growing period of rice was from

May to September, and the type of the soil was paddy soil.

Urea was the main fertilizer with an average fertilization rate

of 180 kg N/hm2. The paddy wetlands in this area were mainly

assarted from swamps and dry land in the last few decades,

which were under groundwater’s irrigation. Therefore, paddy

wetlands under groundwater’s irrigation at different depths, such

as H1 (−6.8m), H2 (−13.7m), H3 (−14.8m), H4 (−15.6m),

H5 (−17.0m), and H6 (−17.8m), were selected to investigate

the underlying influence of groundwater’s irrigation on microbial

community and function of paddy wetlands (Figure 1). Here, we

defined shallow- and deep-groundwater as less and more than 10m

at depth.

2.2 Soil collecting and analysis

Top soil samples (0–15 cm) in paddy wetlands were collected

in triplicgot and mixed into a composite sample at sampling sites

H1 (47◦37′39′′-N; 133◦29′11′′-E), H2 (47◦43′15′′-N; 133◦31′6′′-E),

H3 (47◦39′47′′-N; 133◦34′35′′-E), H4 (47◦30′55′′-N; 133◦31′27′′-

E), H5 (47◦34′4′′-N; 133◦28′37′′-E), and H6 (47◦34′35′′-N;

133◦34′41′′-E) in May 2021. Six soil samples were obtained and

named H1, H2, H3, H4, H5, and H6. All soil samples were

placed in plastic bags and then sent to the nearby laboratory

on ice packs. A part was air-dried for 3 weeks at room-

temperature and then filtered using a 2-mm sifter in order to

determinate soil properties. And the rest part was stored in a

−80◦C in order to analyse microbial community and function.

Soil physicochemical factors were tested as previously described (Li

et al., 2019).

2.3 Illumina sequence and statistical
analyses

Total DNA from the six soil samples was extracted by

means of PowerSoil-DNA-isolation kit (MoBio, Carlsbad, CA).

Moreover, V3-V4 region in 16S rRNA gene was amplifed using

primers 338F and 806R. PCR amplification was performed in a

total volume of 20 µL (contained 4 µL Buffer, 0.4 µL FastPfu

Polymerase, 2 µL dNTP, 5µM of each primer and 10 ng

genome DNA). Thermal cycling conditions were as follows: an

initial denaturation at 95◦C for 3min, followed by 35 cycles

at 95◦C for 30 s, 55◦C for 30 s, and 72◦C for 45 s, with a

final extension at 72◦C for 10min. The PCR products were

further performed based on Illumina-MiSeq-platform (Shanghai-

Majorbio Bio-pharm Technology Co., Ltd., China). Processing of

raw sequences obtained from Illumina sequencing was performed

using QIIME software (version 1.9.1). We assembled paired-

end reads using FLASH (version 1.2.11, https://ccb.jhu.edu/

software/FLASH/index.shtml), where forward and reverse reads

had overlapping base lengths ≥10 bp, and base mismatches

were prevented. Reads with a quality score <20, ambiguous

bases, and improper primers were discarded before clustering.

High-quality sequences of 252096 were acquired with 36934–

48033 sequences for each soil sample. The obtained sequences

were further clustered through USEARCH with 97% similarity as

OTUs. And the taxonomy was verified by the Silva databases. To

reduce the influence of sequencing depth on treatment effects, the

samples were randomly resampled to the same sequence depth

based on the least number of sequences. Correlation analysis

(CA) was used to uncover the interrelation between crucial

phyla, function gene, and soil property. Principal coordinate

analysis (PCoA) was utilized to identify microbial community

difference. Redundancy analysis was performed to investigate the

key factors shaping microbial community and function. Shannon

index, functional gene, and metabolic pathway were obtained

using Quantitative Insights into Microbial Ecology (QIIME) and

Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States (PICRUSt) (Chen et al., 2016; Guo et al.,

2022).
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FIGURE 1

Sampling sites of paddy wetlands under groundwater irrigation.

3 Results and discussion

3.1 Soil characteristics

The soil of paddy wetlands was weakly acidic and had low

salinity for groundwater’s irrigation at various depths, whereas the

contents of SOM, TN, and TP were relatively high in the ranges of

2.93–5.90%, 1571.46–3397.90 mg/kg, and 4892.93–6347.79 mg/kg,

respectively (Figure 2). The level of NH+

4 -N was high and that of

NO−

3 -N was low. Fe, Mn and SO2−
4 were abundant in paddy soil.

In particular, SOM, NH+

4 -N, and TN had high levels in H3 and

H5, indicating their good nutrient condition that was conducive

to paddy growth and material transformation. Meanwhile, the

low levels in H2 and H4 may be related to their soil structure

and properties. The low NO−

3 -N level was consistent with high

SOM amount, suggesting that a high SOM content in paddy soil

could promote denitrification (Li et al., 2019). Mn had high levels

in H2, H4, and H6; Fe was significantly enriched in H2, H3,

and H6; and SO2−
4 was high in H6. These findings implied that

deep-groundwater’s irrigation was beneficial to the enrichment

of multiple electron acceptors. CA showed that salinity had a

positive correlation with NO−

3 -N, and TN levels (p < 0.05;

Supplementary Table 1), indicating that high salinity had inhibitory

effects on denitrification (Wang et al., 2018a). SOM had a positive

correlation with TN (p < 0.01), suggesting that SOM accumulating

was beneficial to TN enriching. Mn was negatively correlated

with SOM, NO−

3 -N, and TN, indicating that Mn was mainly

affected by groundwater irrigation. No significant correlation was

found among Fe, SO2−
4 , and other soil properties. In summary,

SOM, TN, and TP were abundant in paddy soil; some differences

were observed among the paddy soil samples for groundwater’s

irrigation at various depths; and deep-groundwater’s irrigation

could promote the accumulation of various electron acceptors.

3.2 Microbial community composition and
di�erence

The community of microorganisms under phylum- and genus-

levels was shown in Figure 3. Acidobacteriota, Desulfobacterota,

Actinobacteriota, Myxococcota, Bacteroidota, Firmicutes,

Chloroflexi, Nitrospirota, Planctomycetota, and Proteobacteria

were the important phyla with over 97% bacterial abundance

(Figure 3A). Among them, Actinobacteriota, Chloroflexi, and

Firmicutes had a correlation with organics degradation (He
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FIGURE 2

Physicochemical parameters of paddy wetland soils at di�erent sampling sites.

et al., 2018; Chi et al., 2021b), and Acidobacteriota, Bacteroidota,

Nitrospirota, Planctomycetota, and Proteobacteria were connected

with nitrogen cycling (Chi et al., 2021e). Desulfobacterota and

Myxococcota were involved in sulfur and iron cycle (Langwig et al.,

2022). Bacteroidota and Firmicutes were the most abundant in H1,

and Acidobacteriota and Proteobacteria had the highest abundance

in H2. The abundance of Acidobacteriota was lower in H1 than in

H2-H6; this species played key roles in denitrification (Zhang et al.,

2020). In addition, low abundance of Nitrospiota was consistent

with the relatively anoxic environment of paddy wetlands. High

abundance of Proteobacteria in paddy wetlands was relating to

its diverse substrate-utilizing and environmental-adaptability

(Bernhard et al., 2005). High abundances of Actinobacteriota and

Chloroflexi were consistent with high SOM amount in the soil.

Therefore, the phyla related to carbon and nitrogen cycling were

widespread and abundant in paddy wetlands, and some phyla had

high abundance under deep groundwater irrigation.

The dominant genera were MND1, Sphingomonas, Ellin6067,

Flavobacterium, Pseudolabrys, Rhodanobacter, Gemmatimonas,

Anaeromyxobacter, Bacillus, Geobacter, Citrifermentans,

Methylocystis, norank_f_Methyloligellaceae, Pseudarthrobacter, and

Conexibacter (Figure 3B). The abundances of nitrifying bacteria

MND1 and Sphingomonas were relatively low, although NH+

4 -N

level was high in paddy soil; the discrepancy may be related to

the relatively anoxic environment of paddy wetlands (Tolar et al.,

2020; Gao et al., 2021). High abundance of nitrifying bacteria

Ellin6067 was related to its diverse metabolic capabilities (such as

nitrification and organic matter degradation) (Lezcano et al., 2017;

Li et al., 2021b), and Ellin6067 was abundant in deep groundwater

irrigation. In addition, aerobic Candidatus_Udaeobacter was

widely distributed in paddy soil but had low abundance, further

indicating the relatively anoxic environment of paddy wetlands

(Li et al., 2021a). The denitrifying bacteria Flavobacterium was

widely distributed in paddy wetlands, with the highest abundance
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FIGURE 3

Taxonomic classification of bacterial community at (A) phylum and (B) genus levels. Less than 0.5% was not included.

found under shallow groundwater irrigation (Pishgar et al., 2020).

Meanwhile, Pseudolabrys, Rhodanobacter, and Gemmatimonas

were abundant under deep groundwater irrigation (Van Den

Heuvel et al., 2010; Green et al., 2012; Yan et al., 2019), indicating

the diversity of denitrifying bacteria. As an aerobic denitrifier,

Gemmatimonas could reduce N2O to N2 and decrease greenhouse
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gas emissions (Park et al., 2017). The high presence of denitrifying

bacteria was consistent with the high SOM amount in the soil.

The organic-degrading bacteria Pseudarthrobacter was abundant

in all the samples, with the highest abundance found under

shallow groundwater irrigation. Conexibacter had high abundance

under deep groundwater irrigation. Pseudarthrobacter showed

the organic matter degradation potential at low temperature

(Zhang et al., 2016), and Conexibacter could decompose refractory

organic matter (Liang et al., 2021). Iron-reducing bacteria

Geobacter was abundant under shallow groundwater irrigation,

and Anaeromyxobacter, Bacillus, and Citrifermentans were

dominant under deep groundwater irrigation; all these genera

had Fe-anammox potential (Chi et al., 2021a; Ottoni et al., 2022).

Studies have shown that Anaeromyxobacter and Geobacter could

participate in Fe-anammox (Zhou et al., 2016). Furthermore,

Geobacter had dissimilar nitrate reduction potential and could

drive dissimilatory nitrate reduction to ammonia (DNRA) using

divalent iron, thus providing substrate for anammox (Finneran

et al., 2002). Excitedly, Intrasporangium had chromium-reducing

potential and was widely distributed in paddy wetlands (Yang

et al., 2009). norank_f_Gemmatimonadaceae was abundant

under deep groundwater irrigation and had good nitrate- and

vanadium- reduction ability (Jia et al., 2019; Fei et al., 2022).

The existence of these species could promote anammox. The

methanotrophs Methylocystis and norank_f_Methyloligellaceae

were widely distributed with low abundance, possibly due to the

relatively anoxic environment of paddy wetlands. The presence

of aerobic methane oxidation was beneficial to in-situ reduction

of methane in paddy wetlands. Moreover, HSB_OF53-F07 had

nitrogen metabolism ability and diverse metabolic functions under

aerobic/anoxic conditions (Wu et al., 2021). Bradyrhizobium with

high abundance had nitrogen fixation function and could promote

rice growth (Kaneko et al., 2002). Candidatus_Solibacter had

high abundance under deep groundwater irrigation, which was

consistent with the results in paddy soils under mine drainage

irrigation and long-term fertilization (Wang et al., 2018b; Yu

et al., 2019). Candidatus_Solibacter could degrade complex

pollutants and outperform the competition in environmental

filtration (Ward et al., 2009). Cryobacterium and Trichococcus

had low temperature adaptations and may play important roles in

material cycling (Pikuta et al., 2006; Teoh et al., 2021). Therefore,

groundwater irrigation was beneficial to organics degradation,

denitrification, and Fe-anammox. Meanwhile, nitrification and

aerobic methane oxidation in paddy wetlands were relatively weak.

Shallow groundwater irrigation increased organics degradation,

but deep groundwater irrigation promoted the occurrence

of Fe-anammox.

PCoA suggested that the microbial communities had minimal

differences under shallow and deep groundwater irrigation, but

significantly differed with H2 and H3, which was related to high

the SOM, NH+

4 -N, TN, and Fe levels (Figure 4A). The abundance

of Pseudarthrobacter under groundwater irrigation (above 15m)

was higher than that in other irrigation zones (below 15m) (p >

0.05) (Figure 4B). Meanwhile Bradyrhizobium and HSB_OF53-F07

had high abundances in irrigation zones (below 15m) (p > 0.05),

which was consistent with high abundance of Bradyrhizobium

and low count of HSB_OF53-F07 and Pseudarthrobacter in

H2 and H3.

3.3 Key variables influencing the
community of microorganisms

The Shannon’s index was lower in shallow-groundwater’s

irrigation than in deep-groundwater’s irrigation, indicating that

deep-groundwater’s irrigation with multiple electron acceptors

was beneficial to the improvement of microbial diversity

(Supplementary Figure 1). CA suggested that Acidobacteria was

positively correlated with Fe (p < 0.01; Supplementary Table 2),

expressing that Fe accumulation could promote Acidobacteria

enrichment and facilitate denitrification. Chloroflexi had a

positive correlation with SOM, salinity, moisture, NH+

4 -N,

and TN, but negative correlation with TP, and Mn (p<0.05),

suggesting that SOM and TN accumulation was beneficial to

Chloroflexi enrichment. Planctomycetes showed a significant

positive correlation with salinity (p < 0.05). A previous study

found that anammox bacteria Scalindua had favorable salinity

adaptation (Zheng et al., 2016). RDA showed that moisture, pH,

and TP were the major controlling factors at phylum level, and

NH+

4 -N and multi-electron acceptors had significant effects at

genus level (Figures 5A, B). Similarly, previous studies found that

pH and moisture had crucial effects on the microbial community

(Banning et al., 2011; Pan et al., 2021), and nutrients also could

alter microbial composition (Francioli et al., 2018). Thus, moisture,

pH, and TP had crucial effects in shaping microbial community

under phylum- and genus-levels.

3.4 Function prediction of microorganisms

Microbial functions were predicted by PICRUSt (Figure 6).

Microorganisms were present in different metabolic pathways,

such as metabolism, gene information’s processing, environmental

information’s processing, and cellular processes (Li et al., 2018; Chi

et al., 2021c); among which, their abundance in metabolism was the

highest (Figure 6A). In particular, the genes involved in cell motility

and growth/death were abundant, indicating the high microbial

activity in paddy wetlands. High abundance of genes encoding

carbohydrates, amino acids, and energy metabolism suggested

the good material and energy metabolism of microorganisms.

The gene encoding energy metabolism were abundant in H4-

H6, and this finding was possibly related to the abundant

supply of electron acceptors under deep groundwater irrigation.

The expression of genes encoding xenobiotic biodegradation

and terpenoids/polyketide metabolism was observed, indicating

that microorganisms showed potential to metabolize exogenous

substances. The genes related to signal transduction andmembrane

transport were highly abundant possibly due to the high

nutrient levels in paddy wetlands. The repair-related gene was

more expressed under shallow groundwater irrigation, indicating

that microorganisms were alive to environmental variations.

This findings were consistent with the low biodiversity in

paddy wetlands.

These genes with regard to nitrogen and methane metabolism

were analyzed as shown in Figure 6B. The nitrifying-related genes

[EC:1.14.99.39 and EC:1.7.2.6] were abundant and highly expressed

under deep groundwater irrigation, indicating that nitrification
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FIGURE 4

Principal coordinate analysis (PCoA) (A) and species di�erences (B) at di�erent sampling zones.

occurred in paddy wetlands. The nitrate-reductase gene

[EC:1.7.5.1], which could promote denitrification and DNRA, was

themost abundant (Chi et al., 2021f). High level of nitrite-reductase

gene [EC:1.7.2.1] was beneficial to denitrification and anammox

(Chi et al., 2021d). The abundance of denitrifying-related genes

coincided with widespread denitrifying bacteria and low NO−

3 -N

levels. Moreover, the genes related to iron reduction were

highly expressed and highly abundant under deep groundwater
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FIGURE 5

The results of redundancy analysis (RDA) between soil properties, microbial community at phyla (A) and genus (B) level, and functional genes (C).

irrigation. This finding indicated the existence of Fe-anammox

in paddy wetlands, which was consistent with the enrichment of

Fe-anammox bacteria. The genes encoding methane oxidation

were abundant, especially formate dehydrogenase [EC:1.17.1.9],

indicating the widespread occurrence of methane oxidation. In

particular, the abundance of formate dehydrogenase [EC:1.17.1.9]

was more abundant under deep groundwater’s irrigation than

that under shallow groundwater’s irrigation, indicating that

deep groundwater’s irrigation favored its enrichment. The low

level of methane-monooxygenase [EC:1.14.18.3] was consistent

with the relatively anoxic environment of paddy wetlands.

The complete methane oxidation-related genes was related

to the widespread distribution of methanotrophs. Thus, deep

groundwater irrigation could promote Fe-anammox, nitrification,

and methane oxidation. Meanwhile, denitrification was ubiquitous

under groundwater irrigation.

RDA indicated that electron acceptors were the main drivers

of functional gene changes, and TN and TP had some effects

(Figure 5C). Previous studies reported that nutrients expressed

important effects on the functional genes (Chi et al., 2021b), and

electron acceptors had a direct role (Li et al., 2022). CA showed

that nitrite reductase (NO-forming) had a positive correlation

with SOM, salinity, moisture, NH+

4 -N, and TN (p < 0.01 or p

< 0.05) but negative correlation with TP, and Mn (p < 0.01 or

p < 0.05; Table 1), indicating that SOM and TN accumulation

was favorable for denitrification. Furthermore, nitrite reductase

(NO-forming) showed a positive correlation with NH+

4 -N (p <

0.01), suggesting the possibility of anammox (Li et al., 2019).

In addition, NH+

4 -N had a positive correlation with ammonia

monooxygenase, and hydroxylamine dehydrogenase (p > 0.05),

implying that NH+

4 -N accumulation could promote nitrification.

The genes with respect to iron reduction [ferredoxin–NADP+

Frontiers inMicrobiology 09 frontiersin.org84

https://doi.org/10.3389/fmicb.2024.1354279
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1354279

FIGURE 6

KEGG-predicted metabolic pathways (A) and functional genes (B) at di�erent sampling sites.

reductase, ferredoxin–NAD+ reductase, and ferric-chelate

reductase (NADPH)] were positively correlated with NH+

4 -N,

and Fe (p > 0.05), indicating the existence of Fe-anammox of

paddy wetlands.

Frontiers inMicrobiology 10 frontiersin.org85

https://doi.org/10.3389/fmicb.2024.1354279
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1354279

TABLE 1 Correlation coe�cient matrix between functional genes and physicochemical properties.

pH SOM Salinity Moisture NH+

4 -N NO−

3 -N TN TP Fe Mn SO2−
4

Methane

monooxygenase

(particulate)

−0.119 0.575 0.215 0.327 0.398 0.251 0.579 −0.218 −0.159 −0.517 0.032

Methanol

dehydrogenase

(cytochrome c)

0.278 0.083 0.030 −0.150 0.289 −0.491 0.129 −0.119 −0.391 −0.153 0.772

Formaldehyde

dehydrogenase

−0.295 −0.291 0.113 0.067 −0.195 −0.197 −0.333 −0.023 −0.020 0.318 −0.133

Formate

dehydrogenase

(NADP+)

0.016 0.643 0.262 0.310 0.602 −0.311 0.647 −0.304 −0.702 −0.636 0.566

Formate

dehydrogenase

−0.104 0.366 0.374 0.276 0.491 −0.657 0.454 −0.593 0.576 −0.587 −0.181

Ammonia

monooxygenase

−0.119 0.575 0.215 0.327 0.398 0.251 0.579 −0.218 −0.159 −0.517 0.032

Hydroxylamine

dehydrogenase

0.327 0.146 −0.094 −0.162 0.208 −0.116 0.161 0.073 −0.613 −0.124 0.759

Nitrate reductase

(quinone)

0.116 0.004 0.014 −0.089 0.128 −0.243 −0.001 0.012 −0.588 0.030 0.668

Nitrite reductase

(NO-forming)

−0.719 0.860∗ 0.958∗∗ 0.831∗ 0.958∗∗ −0.559 0.887∗ −0.981∗∗ −0.215 −0.857∗ 0.353

Nitric oxide reductase

(cytochrome c)

0.830∗ −0.290 −0.685 −0.597 −0.331 −0.016 −0.237 0.494 0.309 0.109 −0.158

Nitrous-oxide

reductase

0.637 0.011 −0.492 −0.333 −0.097 −0.028 0.005 0.420 −0.483 −0.059 0.244

Ferredoxin—

NADP+reductase

−0.037 0.156 0.187 0.167 0.232 −0.581 0.221 −0.388 0.657 −0.383 −0.448

Ferredoxin—

NAD+reductase

−0.235 −0.209 0.229 0.057 0.012 −0.491 −0.194 −0.248 0.216 0.136 0.007

Ferric-chelate

reductase (NADPH)

−0.100 −0.179 0.243 −0.049 0.139 −0.574 −0.124 −0.314 0.228 0.078 0.332

∗p < 0.05 level significant correlation. ∗∗p < 0.01 level significant correlation.

4 Conclusions

This study illustrated the potential effects of groundwater’s

irrigation on the community and function of microorganism

in paddy wetlands. Deep-groundwater’s irrigation favored

the accumulation of multi-electron acceptors. Groundwater

irrigation was beneficial to organics degradation,

denitrification, and Fe-anammox, but nitrification and

aerobic methane oxidation were relatively weak in paddy

wetlands. Moisture, pH, and TP played vital roles for

microbial communities shaping. Microorganisms were

highly sensitive to environmental changes under shallow-

groundwater’s irrigation, and deep-groundwater’s irrigation

favored Fe-anammox, nitrification, and methane oxidation.

Denitrification was widespread under groundwater’s

irrigation. The findings offer new ideas for non-point

source pollution control and greenhouse gas reduction in

paddy wetlands.
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Effects of water stress on 
nutrients and enzyme activity in 
rhizosphere soils of greenhouse 
grape
Rui Zhang 1, Hongjuan Zhang 1, Changyu Yang 1, Hongxia Li 1 and 
Jiangqi Wu 2*
1 College of Water Conservancy and Hydropower Engineering, Gansu Agricultural University, Lanzhou, 
China, 2 College of Forestry, Gansu Agricultural University, Lanzhou, China

In grape cultivation, incorrect water regulation will lead to significant water 
wastage, which in turn will change soil structure and disrupt soil nutrient 
cycling processes. This study aimed to investigate the effects of different water 
regulation treatments [by setting moderate water stress (W1), mild water stress 
(W2), and adequate water availability (CK)] on soil physical–chemical properties 
and enzyme activity in greenhouse grape during the growing season. The result 
showed that the W2 treatment had a negative impact on the build-up of dissolved 
organic carbon (DOC), nitrate nitrogen (NO3-N), and available phosphorus (AP). 
Throughout the reproductive period, the W1 and W2 treatments decreased the 
soil’s microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) 
contents, and MBC was more vulnerable to water stress. During the growth 
period, the trends of urease, catalase, and sucrase activities in different soil 
depth were ranked as 10–20  cm  >  0–10  cm  >  20–40  cm. The urease activity 
in 0–10  cm soil was suppressed by both W1 and W2 treatments, while the 
invertase activity in various soil layers under W1 treatment differed substantially. 
The W1 treatment also reduced the catalase activity in the 20–40  cm soil layer 
in the grape growth season. These findings suggested that W2 treatment can 
conserve water and enhance microbial ecology of greenhouse grape soils. 
Therefore, W2 treatment was the most effective water regulation measure for 
local greenhouse grape cultivation.

KEYWORDS

water stress, physical–chemical properties, microbial biomass, enzyme activity, 
greenhouse grape

1 Introduction

Water scarcity is the most main environmental stress for crop growth, and water stress-
induced agriculture failure will cause serious ecological and food security issues (Yang et al., 
2021; Zhang C. et al., 2023). Water stress not only affected crop growth and microbial structure, 
limits soil nutrient transport but also leaded to a significant decrease in soil microbial biomass 
(Manzoni et al., 2012). The rhizosphere is the site of plant–soil-microorganism interaction, 
and the soil area where plants are highly sensitive to external environmental stress (Zhang 
et al., 2019). Studies have shown that water stress can impact crop chlorophyll levels (Ru et al., 
2020), metabolic processes (Kapoor et al., 2020), root growth (Wang et al., 2019), and soil 
microbial communities (Bogati and Walczak, 2022). Secretions released during crop growth 
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period also changed soil enzyme activity (Xiao et al., 2023). Therefore, 
complex interactions between soil water and crops combine to 
influence changes of rhizosphere soil microbials.

Physical–chemical property and microbial biomass are important 
regulators of soil element cycling and crop nutrient supply, and are the 
most sensitive and potential soil biological indicators (Marschner 
et al., 2005; Zhang et al., 2016; Yang et al., 2019). Soil organic carbon 
(SOC), total nitrogen (TN), total phosphorus (TP), nitrate nitrogen 
(NO3-N), ammonia nitrogen (NH4-N), and availability phosphorus 
(AP) are the main nutrients in soil and are crucial to all biological 
processes (Wu et  al., 2020). Water stress severely disrupted the 
structure and function of soil, soil microbial biomass reaches 14.3%, 
and soil moisture is maintained above 10%, which in turn avoided 
damaging the soil system (Geng et al., 2015). Water stress not only 
decreases soil chemical fertility but also reduces microbial activity, 
including the activities of invertase and urease (Wu et al., 2012). The 
plant root system will firstly experience water stress, mainly as a result 
of inadequate or excessive water in the soil (Kim et al., 2020). Soil 
moisture affects the transfer and transportation of soil nutrients, 
which in turn affects the growth and reproduction of microorganisms 
(Xue et al., 2017). Therefore, the investigation of the impact of water 
stress on rhizosphere soil moisture, nutrients, and microorganisms in 
plants were critical.

Soil enzymes are specialized proteins with biocatalytic activity, 
known as “active reservoirs of plant nutrients.” Enzyme activity is 
higher in rhizosphere soil than in bulk soil (Marschner et  al., 
2005). In addition, catalase, urease, and sucrose were the main 
environmental variables affecting the composition of the soil 
microbial community in the grape rhizosphere (Song et al., 2024). 
Soil enzyme activity increased with increasing soil moisture, but 
decreased with excess soil water, as shown by Chrost (2014). 
Gramss et al. (1999) also found that adequate water stress (80% 
field water holding capacity) could stimulate plant roots to 
produce more enzymes, and this was due to oxygen limiting 
microbial activity. Soil enzyme activities were related to soil 
temperature, physical–chemical properties, and pH, respectively, 
and varied in different planting types and growth stages (Barta 
et  al., 2014; Menichetti et  al., 2015; Liu and Zhang, 2019; Jing 
et  al., 2020; Zhao et  al., 2020). In addition, some studies have 
shown that water stress can increase soil peroxidase, phosphatase, 
dehydrogenase, saccharase, and phosphatase activities (Song et al., 
2012; Padhy et al., 2018; Kátai et al., 2020). However, the response 
of soil enzyme activities to water stress remains highly uncertain. 
Therefore, the aim of this study was to analyze the changes in 
rhizosphere soil enzyme activities of greenhouse grapes by 
different water stresses, which could further characterize the 
changes in enzyme activities.

In this study, the rhizosphere soil of greenhouse grapes in arid 
area was the object of study, and different water stress treatments 
were established. We analyzed the physical–chemical properties, 
microbial biomass, and enzyme activities of the soil to provide a 
theoretical basis for the scientific cultivation of greenhouse grapes 
in the arid region. The objectives of the study were: (1) to analyze 
the effects of different water stress conditions on physical–chemical 
properties, microbial biomass, and enzyme activities in rhizosphere 
soil at different growth stages; and (2) to explore the correlation 
between soil physical–chemical properties, microbial biomass and 
enzyme activity.

2 Materials and methods

2.1 Study site

The field experiment was conducted in 2019 at the Yongdeng 
Irrigation Experiment Station (36°43′34″N; 103°16′24″E; altitude: 
2100 m) in Gansu Province, China. The study area is located in a semi-
arid region, with a typical continental monsoon climate, and the 
average annual rainfall, evaporation, and temperature were 290 mm, 
1,000 mm, and 5.9°C, respectively. The soil type of the experimental 
field was mainly loam, the water capacity was 29.2%, the density was 
1.42 g cm−3, and the soil pH was 8.15.

2.2 Experimental design and management

Red globe, a 5-year-old Eurasian grape variety, was used as the test 
material. Grapes were planted in a plastic greenhouse of 8 m × 80 m 
with an earth wall straw curtain and the cultivation method of a 
single-arm Y-shaped low single-hedge frame was adopted. The row 
spacing was 2.0 m, and the plant spacing was 0.8 m. Each row (each 
treatment) comprised eight grapes, and the row direction was 
perpendicular to the greenhouse direction (Zhang et al., 2019). The 
experimental plots were designed in a randomized block group design 
and there were three replications for each treatment, containing a total 
of nine plots with a plot size of 8 m × 2 m.

The growth period of grapes was divided into five stages based on 
local protected-cultivation grape water consumption and irrigation 
experience (Table 1). The experiment included three treatments: (1) 
W1 treatment was moderate water stress (lower limit of soil moisture 
content was 55%); (2) W2 treatment was mild water stress (lower limit 
of soil moisture content was 65%); (3) CK treatment was the control 
treatment (sufficient water supply). The field trial of greenhouse 
grapes was irrigated by drip irrigation with the control mode of “one 
pipe and one row,” and the flow rate of sprinkler head was 3 L H−1. The 
irrigation was performed when the soil moisture in the field trial 
reached the lower limit of the experimental design, and the irrigation 
rate was 270 m3 hm−2. The valves and the water meters installed in 
each plot were used to control the amount of irrigation. The irrigation 
amount and irrigation time were determined by the soil moisture 
content and measured using a water meter. The soil moisture ratio was 
0.5, and the planned depth of the wetting layer was 80 cm.

Local farming management practices were referred to for the use 
of fertilization, and insecticide and herbicide management. On 24th 
February, basal fertilizer (chicken manure; 5,000 kg hm−2) was applied 
along with 2 kg diammonium phosphate and 4 kg ammonium 
bicarbonate. Each treatment received 1 kg diammonium phosphate, 
0.8 kg calcium ammonium nitrate for agriculture, 0.8 kg of organic 
fertilizer, and 0.5 kg of potassium magnesium sulfate at the 16th June, 
respectively. On 16th August, 0.8 kg diammonium phosphate, 0.8 kg 
calcium ammonium nitrate for agriculture, 0.8 kg organic fertilizer, 
and 0.6 kg potassium and magnesium sulfate were applied.

2.3 Collection of rhizosphere soil sample

Soil samples (0–40 cm) were collected on May 15, June 15, July 20, 
August 15, and October 15, 2019 at different growth periods. Three 
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soil cores (3 cm diameter) of grape rhizosphere soil in each plot were 
taken at a depth of 0–10, 10–20, and 20–40 cm, respectively. Then, the 
samples in each plot were pooled by depth and transported to the 
laboratory. In the lab, the samples were sieved through a 2 mm mesh. 
The soil layer of 10–20 cm was divided into three parts; one part was 
air-dried at room temperature for determining some basic physical–
chemical indices of the soil, and the other part was stored in a 
refrigerator at 4°C for fresh sample analysis (partial basic physical–
chemical indices of soil and enzyme activity). Sterile gloves were worn 
during the sampling process. The ziplock bag, spatula, and other tools 
used for sampling were sterilized at high temperature to eliminate test 
errors. The measurement of each index was completed within 1 month 
after the completion of the sampling.

2.4 Soil physical–chemical properties

Total nitrogen (TN), nitrate nitrogen (NO3-N), and ammonia 
nitrogen (NH4-N) contents were determined by the Kjeldahl method 
(Boell and Shen, 1954) (Table 2). The soil total organic carbon (TOC) 
content was measured using a carbon and nitrogen combined analyzer 
(Multi N/C 2100 s, Jena, Germany) after removing inorganic carbon 
with 0.5 mol/L dilute hydrochloric acid. The dissolved organic carbon 
(DOC) content was determined with a carbon and nitrogen combined 
analyzer (Multi C/N 2100 s) after leaching with ultrapure water (water: 
soil = 5: 1). The microbial biomass carbon (MBC) and microbial 
biomass nitrogen (MBN) content were determined using a carbon and 
nitrogen combined analyzer after 0.5 mol·L−1 K2SO4 extraction (Multi 
C/N 2100 s) (Xu et al., 2016).

To determine the sucrase activity, 5 g of air-dried soils were 
incubated for 24 h at 37°C with 15 mL of 8% sucrose, 5 mL of 
phosphate buffer at pH 5.5, and 0.1 mL of toluene. The glucose 

released by sucrase reacted with 3-5-dinitrosalicylic acid and then was 
measured based on the absorbance at 508 nm (UV-2450, Shimadzu 
Corporation, Kyoto, Japan) (Wu et  al., 2020). The results were 
expressed as mg glucose g−1⋅h−1. Soil urease activity was determined 
by indophenol blue colorimetry and expressed as mg of NH3-N in 5 g 
air-dried soil after incubating for 24 h at 37°C with 20 mL of citrate 
buffer at pH 6.7, 10 mL of 10% urea, and 0.1 mL of toluene (Xie et al., 
2017). Soil catalase activity was determined by the KMnO4 liquid 
titration method and expressed as the volume of 0.02 mol·L−1 KMnO4 
consumed of 2 g air-dried soil within 20 min (Li et al., 2014).

2.5 Statistical analysis

The relationships between soil microbial biomass, enzyme 
activities and soil physical–chemical properties were analyzed using 
Spearman’s correlation method (SPSS 27.0). Correlations among soil 
physical–chemical properties, enzyme activities, and microbial 
biomass were assessed using Person correlation analysis. One-way 
ANOVA was used to investigate the data for the different water stress 
treatments (p < 0.05).

3 Results

3.1 Effect of water stress on basic physical–
chemical properties of greenhouse grape 
rhizosphere soil

Compared with CK treatment, the NO3-N content of W1 and W2 
treatments decreased by 17.99, 16.07, 16.85, and 8.94% at the new 
shoot elongation and fruit enlargement stage, respectively (Table 3). 

TABLE 1  Field experiment design for greenhouse grapes.

Growth stage Treatment

W1 W2 CK

Lower limit of water 
content/%

Lower limit of water 
content/%

Lower limit of water 
content/%

Budburst stage (May 15–May 24) 55 65 75

New shoot elongation stage (May 25–June 22) 55 65 75

Flowering stage (June 23–July 15) 55 65 75

Fruit enlargement stage (July 16–September 22) 55 65 75

Coloring maturity stage (September 25–October 22) 55 65 75

TABLE 2  Parametric determination of physical–chemical properties of greenhouse grape rhizosphere soils.

Index Determination method

TN (mg kg−1), NO3-N (mg kg−1), and NH4-N (mg kg−1) The Kjeldahl

TOC (g kg−1), DOC (mg kg−1), MBC (mg kg−1), and MBN (mg kg−1) The carbon and nitrogen combined analyzer

Soil sucrase activity (mg g−1 24 h−1) The 3–5 dinitrosalicylic acid method

Soil catalase activity (mg g−1 24 h−1) The KMnO4 liquid titration method

Soil urease activity (mg g−1 24 h−1) The indophenol blue colorimetry method

TN, Total nitrogen; NO3-N, Nitrate nitrogen; NH4-N, Ammonia nitrogen; TOC, Total organic carbon; DOC, Dissolved organic carbon; MBC, Microbial biomass carbon; and MBN, Microbial 
biomass nitrogen.
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The soil AP content showed an increasing and then stabilizing trend. 
In addition, the soil AP content was significantly (p < 0.05) higher in 
the CK treatment than in the W1 treatment during both shoot 
elongation and fruit enlargement stage. Thus, the AP content in the 
soil had specific adaptability to water stress. Moreover, there was no 
significant difference of TOC content between W1 and W2 treatment 

(Figure 1A). The soil DOC content showed an increasing trend and 
then decreasing during the growth period under different treatments, 
and peaked at the fruit enlargement stage (Aug-15) (Figure 1B). At the 
same time, compared with CK treatment, the DOC content of W1 
treatment in maize growth stage was 19.84% (p < 0.05), 12.60% 
(p < 0.05) and 8.34% (p < 0.05) lower than that of CK treatment, 

TABLE 3  Changes in basic physical–chemical properties (mean  ±  standard deviation, n  =  3) of soil under different water stresses.

Stage Treatment TN (mg  kg−1) NO3-N 
(mg  kg−1)

NH4-N 
(mg  kg−1)

TP (mg  kg−1) AP (mg  kg−1) SOM 
(mg  kg−1)

Jun-15

W1 0.83 ± 0.03a 12.06 ± 0.97b 3.65 ± 0.76a 0.82 ± 0.09 a 28.88 ± 1.91b 16.03 ± 1.71a

W2 0.82 ± 0.03a 12.26 ± 0.56b 3.42 ± 0.29a 0.79 ± 0.06 a 30.88 ± 1.88ab 16.44 ± 1.61a

CK 0.83 ± 0.03a 14.23 ± 0.74a 3.88 ± 0.34a 0.77 ± 0.21 a 34.68 ± 2.50a 16.49 ± 0.57a

Aug-15

W1 0.83 ± 0.03a 15.85 ± 0.61b 4.50 ± 0.63a 0.83 ± 0.01 a 39.24 ± 1.08b 16.22 ± 0.95a

W2 0.82 ± 0.03a 17.00 ± 1.18ab 4.47 ± 0.32a 0.84 ± 0.06 a 40.28 ± 1.63ab 17.21 ± 0.62a

CK 0.81 ± 0.03a 18.52 ± 0.67a 4.88 ± 0.84a 0.79 ± 0.01 a 44.66 ± 3.45a 18.27 ± 1.47a

Oct-15

W1 0.84 ± 0.01a 12.49 ± 1.24a 3.53 ± 0.41a 0.82 ± 0.04 a 41.30 ± 1.63a 15.64 ± 1.68a

W2 0.83 ± 0.01a 12.29 ± 0.76a 3.83 ± 0.38a 0.85 ± 0.09 a 37.66 ± 8.19a 16.71 ± 1.48a

CK 0.82 ± 0.01a 13.80 ± 1.21a 3.57 ± 0.28a 0.84 ± 0.06 a 46.81 ± 2.15a 16.42 ± 1.19a

Different lowercase letters indicate significant differences among treatments (p < 0.05). W1, Moderate water stress (55% of field capacity); W2, Mild water stress (65% of field capacity); CK, 
Sufficient water supply (75% of field capacity). TN, Total nitrogen; NO3-N, Nitrate nitrogen; NH4-N, Ammonia nitrogen; TP, Total phosphorus; AP, Availability phosphorus; and SOM, Soil 
organic matter.

FIGURE 1

Effects of water stress on the TOC, DOC, MBC, and MBN content of greenhouse grape rhizosphere soil. Error bars indicate standard errors of the mean 
(n  =  3). Different lowercase letters indicate significant differences among treatments (p  <  0.05). W1, Moderate water stress (55% of field capacity); W2, 
Mild water stress (65% of field capacity); CK, Sufficient water supply (75% of field capacity). TOC, Total organic carbon; DOC, Dissolved organic carbon; 
MBC, Microbial biomass carbon; and MBN, Microbial biomass nitrogen. (A) is TOC content; (B) is DOC content; (C) is MBC content; (D) is MBN content.
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respectively. Compared with CK treatment, the soil MBC content of 
W1 and W2 treatments was significantly lower by 5.61% (p < 0.05) and 
15.63% (p < 0.05) at the coloring maturity stage (Oct-15), respectively 
(Figure 1C). With the increase duration of water stress, MBN was 
significantly lower in the W1 and W2 treatments than in the CK 
treatment (p < 0.05) when the coloring maturity stage was reached 
(Figure 1D).

3.2 Effects of water stress on soil enzyme 
activities in greenhouse grape rhizosphere 
soil

Throughout the grape growing period, urease, catalase, and 
sucrase activities in different soil layers were ranked as: 
10–20 cm > 0–10 cm > 20–40 cm (Table  4). Compared with the CK 
treatment, the urease activity in the 0–10 cm soil layer of W2 and W2 

treatments was significantly lower by 27.40% (p < 0.05), 26.03% 
(p < 0.05), 20.69% (p < 0.05), and 44.87% (p < 0.05) at the new shoot 
elongation stage (Jun-15) and flowering stage (Jul-20), respectively. 
The urease activity in the 10–20 and 20–40 cm soil layers were 
significantly higher in the CK treatment than in the W1 treatment at 
the coloring maturity stage (Oct-15) (p < 0.05). The peroxidase activity 
of all soil layers of grapes decreased significantly during the period 
from budburst stage (May-15) to fruit enlargement (Aug-15). 
Compared with CK treatment, the peroxidase activity of W1 treatment 
in different soil layers (0–10, 10–20, and 20–40 cm) was significantly 
decreased by 3.65% (p < 0.05), 1.09% (p < 0.05), and 8.89% (p < 0.05) at 
budburst stage (May-15), respectively. With the increase of stress 
duration, the surface soil invertase activity of W1 treatment was 
significantly lower than that of CK treatment by 32.07% (p < 0.05) and 
42.73% (p < 0.05) at the fruit enlargement stage (Aug-15) and coloring 
maturity stage (Oct-15), respectively. Furthermore, the conversion 
enzyme activity in the 20–40 cm soil layer under the W2 treatment 

TABLE 4  Effect of water stress on urease, catalase, and sucrase enzyme activity (mean  ±  standard deviation, n  =  3) in the rhizosphere soil of delayed-
cultivation greenhouse grapes (mg·g−1·day−1).

Enzyme Soil 
depth/cm

Treatment May-15 Jun-15 Jul-20 Aug-15 Oct-15

Urease

0–10

W1 0.64 ± 0.01b 0.53 ± 0.05b 0.46 ± 0.01b 0.52 ± 0.08b 0.39 ± 0.02b

W2 0.74 ± 0.02a 0.54 ± 0.04b 0.42 ± 0.01b 0.83 ± 0.08a 0.59 ± 0.09a

CK 0.54 ± 0.03c 0.73 ± 0.04a 0.58 ± 0.05a 0.74 ± 0.08a 0.46 ± 0.04b

10–20

W1 0.54 ± 0.01a 0.61 ± 0.06a 0.58 ± 0.02a 0.39 ± 0.04b 0.56 ± 0.02b

W2 0.61 ± 0.01a 0.61 ± 0.03a 0.89 ± 0.09a 0.59 ± 0.04a 0.60 ± 0.02b

CK 0.58 ± 0.09a 0.56 ± 0.03a 0.69 ± 0.25a 0.42 ± 0.07b 0.75 ± 0.10a

20–40

W1 0.38 ± 0.01a 0.31 ± 0.03b 0.37 ± 0.02a 0.36 ± 0.05b 0.44 ± 0.04b

W2 0.40 ± 0.03a 0.44 ± 0.01a 0.39 ± 0.02a 0.46 ± 0.04a 0.65 ± 0.04a

CK 0.42 ± 0.02a 0.43 ± 0.07a 0.41 ± 0.03a 0.37 ± 0.03b 0.60 ± 0.03a

Catalase

0–10

W1 1.85 ± 0.02b 1.73 ± 0.03b 1.84 ± 0.03a 1.81 ± 0.02a 0.94 ± 0.15a

W2 1.88 ± 0.02b 1.80 ± 0.00a 1.87 ± 0.02a 1.82 ± 0.01a 0.96 ± 0.09a

CK 1.92 ± 0.02a 1.73 ± 0.02b 1.87 ± 0.02a 1.82 ± 0.02a 0.96 ± 0.12a

10–20

W1 1.82 ± 0.00b 1.95 ± 0.02a 1.92 ± 0.02a 1.85 ± 0.01a 0.94 ± 0.05a

W2 1.84 ± 0.01a 1.96 ± 0.01a 1.93 ± 0.00a 1.87 ± 0.01a 1.04 ± 0.05a

CK 1.84 ± 0.01a 1.96 ± 0.01a 1.94 ± 0.00a 1.84 ± 0.03a 1.02 ± 0.07a

20–40

W1 1.64 ± 0.06b 1.65 ± 0.07b 1.50 ± 0.08c 1.60 ± 0.02b 0.44 ± 0.03b

W2 1.78 ± 0.02a 1.82 ± 0.02a 1.76 ± 0.03b 1.83 ± 0.02a 0.57 ± 0.01a

CK 1.80 ± 0.02a 1.84 ± 0.03a 1.92 ± 0.07a 1.85 ± 0.05a 0.54 ± 0.02a

Sucrase

0–10

W1 24.83 ± 2.79a 18.67 ± 1.33a 17.54 ± 1.07b 13.28 ± 1.06b 15.14 ± 1.94b

W2 24.71 ± 2.12a 19.88 ± 3.39a 23.17 ± 1.03a 18.04 ± 1.53a 26.98 ± 1.99a

CK 23.04 ± 2.51a 17.09 ± 1.79a 17.26 ± 0.00b 19.55 ± 1.41a 28.42 ± 2.47a

10–20

W1 20.30 ± 1.78a 17.51 ± 1.79b 14.94 ± 0.58b 16.83 ± 0.87b 20.61 ± 1.01b

W2 18.74 ± 0.27a 18.50 ± 0.59b 19.58 ± 1.70a 22.93 ± 0.86a 26.78 ± 1.57a

CK 21.53 ± 2.12a 24.48 ± 1.87a 16.21 ± 0.60b 23.32 ± 1.99a 28.27 ± 1.10a

20–40

W1 10.05 ± 1.88b 11.70 ± 1.34b 10.89 ± 1.18b 10.82 ± 0.62c 14.16 ± 0.85b

W2 15.45 ± 1.77a 15.81 ± 1.78a 14.37 ± 0.36a 16.45 ± 1.56a 19.45 ± 0.45a

CK 17.75 ± 2.34a 13.12 ± 0.84ab 13.06 ± 0.42a 14.16 ± 1.04b 18.50 ± 1.16a

Different lowercase letters indicate significant differences among treatments (p < 0.05). W1, Moderate water stress (55% of field capacity); W2, Mild water stress (65% of field capacity); and CK, 
Sufficient water supply (75% of field capacity).

93

https://doi.org/10.3389/fmicb.2024.1376849
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al.� 10.3389/fmicb.2024.1376849

Frontiers in Microbiology 06 frontiersin.org

was slightly higher than that in the W1 treatment during the period 
from the new shoot elongation stage (Jun-15) to coloring maturity 
stage (Oct-15). This result indicated that both W2 and W1 treatments 
inhibited soil urease, catalase, and sucrase activity convertase during 
the greenhouse grape growth.

3.3 Correlation analysis between soil 
physical–chemical and soil enzymes

The correlations between soil microbial biomass and basic soil 
physical–chemical indicators differed considerably between different 
growth periods of greenhouse grape rhizospheres (Figure 2). Among 
them, MBC and MBN showed significantly negative correlations 
(r = −0.67 and-0.78) with soil TP at the new growth stage (Jun-15) 
(p < 0.05), but significant positive correlations with soil AP and DOC 
(p < 0.05). In contrast, there was a highly significant positive 
correlation between MBC and DOC in the fruit enlargement stage 
(Aug-15) and coloring maturity stage (Oct-15). The correlation 
analysis between soil physical–chemical indicators and soil enzyme 
activities (Figure  3) showed that there were significant positive 
correlations between soil urease, catalase, and sucrase to varying 
degrees during the new growth stage (Jun-15), fruit enlargement stage 
(Aug-15), and coloring maturity stage (Oct-15). There were significant 
positive correlations between soil urease (Jun-15) and catalase 
(Aug-15) and nitrate nitrogen (r = 0.81, 0.70) (p < 0.05). Meanwhile, 
catalase showed a significant positive correlation between organic 
matter and TOC during the fruit enlargement stage (Aug-15). Soil 
enzyme activity was positively correlated with DOC, MBC, and MBN 
at different stages.

4 Discussion

The results of this study indicated that TN, NH4-N, and TP 
content in grape rhizosphere soil had the similar response to water 
stress, without the significant difference among three treatments 
(moderate and mild water stress and adequate water supply). The 
results were consistent with previous finding that soil TN and TP 
contents were not sensitive under different water stress (Wu et al., 
2012; Bu et al., 2018). In addition, the study also found that the 
effect of water stress on soil NO3-N and AP contents were closely 
related to the degree and time of stress because the soil NO3-N and 
AP contents were significantly lower under moderate (W2) and 
mild (W1) water stress than with sufficient water (CK) in the new 
shoot elongation stage (Jun-15) and fruit enlargement (Aug-15) 
stages. Water stress reduced the vitality of the plant’s root system, 
which in turn decreased the secretion of all kinds of organic and 
inorganic substances by the plant’s root system (Draye et al., 2010). 
On the contrary, in the coloring maturity stage (Oct-15), there was 
no significant difference in the NO3-N and AP contents of grape 
rhizosphere soil under continuous water stress (Li et al., 2021). The 
cause was due to the decrease of nutrient uptake by the crop’s root 
system as the grapes mature. However, the result showed stronger 
selective absorption of nitrate nitrogen compared with NH4-N, as 
well as the promotion of the absorption of AP content in the soil 
under water stress.

Another important finding was that there was no significant effect 
on soil TOC content in the rhizosphere of grapes under water stress 
during the growth period. A possible explanation may be that the 
accumulation in soil organic carbon pool storage was a relatively long 
process, and the change in the amount of grape root exudates caused 
by water stress was not enough to cause an obvious change in the soil 
organic carbon content. Additionally, the grape rhizosphere exudates 
were first supplied to rhizosphere soil microorganisms for utilization 
and reproduction (Song et al., 2012). Therefore, water stress had no 
significant effect on the soil TOC content; during the growth period 
had small fluctuations. Meanwhile the soil DOC content significantly 
reduced. The soil DOC content under moderate water stress was 
significantly lower than that under mild water stress and for control 
treatment with the promoted degree of water stress (W2 and W1 
treatments) and the prolonged stress time. This finding was contrary 
to previous results that suggested DOC could increase with the decline 
of soil moisture (Wang et al., 2017). The results of the present study 
showed that moderate water stress reduced the DOC content of grape 
rhizosphere soil, but mild water stress had no significant effect. This 
finding was also reported by Li et al. (2016). In summary, soil carbon 
content may be related to a number of factors such as geographical 
location, field management, and irrigation practices (Zhang R. et al., 
2023). However, water stress reduced the soil MBC and MBN contents 
of the grape rhizosphere soil, which was contrary to previous findings 
that drought stress increased the MBC content (Mganga et al., 2019). 
Previous studies also suggested that excessive water stress (Hueso 
et al., 2012) and long-term water stress also reduced the soil microbial 
biomass content (Schimel et al., 1999; Wang et al., 2017). This could 
be explained by the fact that water stress reduced the vitality of plant 
roots, which in turn caused the reduction of various organic and 
inorganic substances secreted by plant roots. This finding was contrary 
to previous results suggesting that water-soluble compounds and 
mucilage secreted by plant roots under drought stress promoted the 
production of microbial biomass (Sanaullah et al., 2011).

Soil moisture was an important factor affecting soil enzyme 
activity in plant rhizosphere (Geisseler et  al., 2011; A'Bear et  al., 
2014). This experimental study showed that the soil urease activity 
increased during the initial period of water stress and decreased 
significantly in the mid-stress stage in soil layers of 0–10 and 
10–20 cm, which was probably varied in different plant growth period 
(Song et al., 2012; Zhang et al., 2018). With the increase of stress 
duration, moderate water stress reduced the soil urease activity in the 
soil layer of 0–10 cm, and the moderate and mild water stress reduced 
the soil urease activity in the soil layer of 40 cm during the coloring 
mature stage. Adequate water supply and mild water stress helped 
increase the urease activity in the soil layer of 20–40 cm. Another 
finding was that in terms of spatial distribution, the activity of urease, 
catalase, and sucrase in greenhouse grape rhizosphere soil in different 
soil layers followed the order: 10–20 cm > 0–10 cm > 20–40 cm. This 
result might be explained by the fact that fertilizers (organic fertilizer, 
farmyard manure, and chemical fertilizer) were sprayed onto the soil 
trough 20 cm away from the grape roots and then covered with 
topsoil (Liu et  al., 2024). The urease and sucrase activities in 
rhizosphere soil were basically stable during the whole growth period 
of grapes. Hence, further studies should be conducted to investigate 
the growth, yield, and quality of grapes under different water stresses, 
and to provide a better description of the influence of water regulation 
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on the water-rhizosphere soil–plant system. In addition, mild water 
stress helped increase the catalase activity in grape rhizosphere soil 
in the soil layer of 0–10 cm on Jun-15 (new shoot growth stage) and 

Aug-15 (fruit expansion stage). On May-15 (budburst stage), the soil 
catalase activity under moderate water stress was significantly lower 
than that with an adequate water supply and under mild water stress. 

FIGURE 2

Correlation between soil physical–chemical indicators and microbial biomass indicators. *Significantly correlated at the 0.05 level (two sides). TN, Total 
nitrogen; NO3-N, Nitrate nitrogen; NH4-N, Ammonia nitrogen; TP, Total phosphorus; AP, Availability phosphorus; SOM Soil organic matter; TOC, Total 
organic carbon; MBC, Microbial biomass carbon; MBC, Microbial biomass nitrogen; and DOC, Dissolved organic carbon.
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Soil catalase activity was related to various factors such as soil fertility, 
texture, pH, aeration, and climatic conditions (Bao et al., 2022). This 
experimental study found that W2 treatment helped increase the soil 
sucrase activity in the soil layer of 0–10 cm on July 20 (flowering 
stage), but it reduced the soil invertase activity from May-15 
(budburst stage) to Jun-15 (new shoot growth stage). This was 
because the soil conditions between the roots may become anaerobic 
microdomains due to reduced water content, and could lead to the 
inhibition of sucrase activities because of limited substrate diffusion 
and oxygen content (Zhang, 2005).

5 Conclusion

This study detected significant differences in rhizosphere soil 
enzyme activities and microbial biomass of greenhouse grape under 
water stress (p < 0.05). Moreover, water stress had less effect on soil 
physical–chemical properties. Compared with the adequate water 
supply conditions, the water stress (mild W2 and moderate W1) 
effectively reduced the accumulation of soil MBC content 
throughout the grape growing season and reduced soil MBN 
content in later growth. Both W2 (mild water stress) and W1 
(moderate water stress) treatments inhibited the activities of urease, 
catalase, and sucrase activities transforming enzymes in the soil 
during greenhouse grape growth. These results illustrated that water 
stress altered both soil microbial structure and function in 
rhizosphere soil enzyme activities. Overall, this study provides a 
theoretical basis for water-saving greenhouse grape cultivation and 
soil environment regulation. Considering the effects of successive 
years of water stress on soil microbial and rhizosphere enzyme 

activities in greenhouse grapes needs to be further deepened and 
broadened. We suggest that future studies should focus more on 
changes in greenhouse grape rhizosphere soil enzyme activities and 
microorganisms as a result of multi-year water stress, and should 
incorporate changes in microbial communities, which play a crucial 
role in the regulation of soil quality and plant acclimatization.
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In the context of human activities and climate change, the gradual degradation 
of coastal water quality seriously threatens the balance of coastal and marine 
ecosystems. However, the spatiotemporal patterns of coastal water quality 
and its driving factors were still not well understood. Based on 31 water quality 
parameters from 2015 to 2020, a new approach of optimizing water quality index 
(WQI) model was proposed to quantitatively assess the spatial and temporal 
water quality along tropical Hainan Island, China. In addition, pollution sources 
were further identified by factor analysis and the effects of pollution source on 
water quality was finally quantitatively in our study. The results showed that the 
average water quality was moderate. Water quality at 86.36% of the monitoring 
stations was good while 13.53% of the monitoring stations has bad or very 
bad water quality. Besides, the coastal water quality had spatial and seasonal 
variation, along Hainan Island, China. The water quality at “bad” level was mainly 
appeared in the coastal waters along large cities (Haikou and Sanya) and some 
aquaculture regions. Seasonally, the average water quality in March, October 
and November was worse than in other months. Factor analysis revealed that 
water quality in this region was mostly affected by urbanization, planting and 
breeding factor, industrial factor, and they played the different role in different 
coastal zones. Waters at 10.23% of monitoring stations were at the greatest risk 
of deterioration due to severe pressure from environmental factors. Our study 
has significant important references for improving water quality and managing 
coastal water environment.

KEYWORDS

coastal water, water quality, WQI model, pollution source, deterioration risk

1 Introduction

Coastal waters as a complex, sensitive, and highly dynamic ecosystem are strongly 
influenced by land-sea interactions, natural change and usage characteristics of the adjacent 
land (Wells et al., 2015; Chen et al., 2019; Román et al., 2023). Coastal waters have ecological 
importance because they can support 25% of primary production and 80% of carbon 
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production for global scale (United Nations Environment Programme, 
1992). It is confirmed that more than 60% of population and 
two-thirds of large and medium-sized cities in the world are 
concentrated along coastal areas (Ma et al., 2010; Lv et al., 2016) and 
most of the population live within 100 km of the coast (Gunnerson 
and French, 1996). Therefore, the coastal ecosystems offer important 
support in sustaining major socioeconomic activities, such as tourism, 
agriculture, and fisheries (Gai et al., 2022). However, coastal waters are 
therefore influenced by anthropogenic activities directly and 
significantly (Howard et al., 2016; Malone and Newton, 2020). In 
recent decades, eutrophication occurs frequently due to various 
human activities in the coastal area, such as the discharge of urban and 
industrial wastewaters, inflow of agricultural and atmospheric 
pollution (Bužančić et al., 2016; Cheng et al., 2020). Since the late 
1980s, the rapid expansion of aquaculture in China’s coastal areas has 
promoted the economic development of coastal areas (Ren et  al., 
2019). At the same time, coastal waters became subject to intense 
pressure from aquaculture expansion, which inevitably leads to water 
quality degradation (Wang et  al., 2023; Zhang et  al., 2023), thus 
threatening the survival of aquatic life and damaging marine 
ecosystems. An overview about the historical variations in water 
quality and pollutant origins in the coastal seas of China during the 
1990s and 2000s by Wang et al. (2011), indicated that water quality 
had not improved significantly over these two decades. Xin et  al. 
(2023) reviewed long-term variations in pollutant sources and water 
quality in China’s coastal waters over the last three decades and the 
results showed that a turning point in the water quality appears in the 
mid-2010s, that is, since 2015, there has been a substantial 
improvement in water quality in China’s coastal waters due to the 
enforcement of the strictest ever Environmental Protection Law. 
Zhang et al. (2022) also confirmed that coastal water quality in China 
is improving. However, the dynamics of sensitive coastal water quality 
should be vigilant at all times under the pressure of enormous socio-
economic activities. Sustainable management of water resource has 
become a challenge of critical importance.

In many countries, a range of policies and guidelines have been 
adopted to manage water quality and protect ecosystem in order to 
reverse water quality degradation. The Water Framework Directive 
(WFD) adopted by Member states of the European Union in 2000 was 
an effective instrument for the water quality management (Zotou et 
al., 2018). The WFD and other similar frameworks for water quality 
management rely mostly on collected datasets to assess water quality. 
In recent years, many tools and techniques have been developed to 
assess water quality, the water quality index (WQI) models are one of 
the most widely used tools (Sun et al., 2016; Sutadian et al., 2018; 
Uddin et al., 2020, 2022, 2023a,b; Lukhabi et al., 2023). WQI is a tool 
that describes the overall water quality by converting available water 
quality parameter data into a single unitless number by mathematical 
algorithms (Horton, 1965). The method is relatively easy to apply and 
its results are easy to interpret by both professionals and nonexperts 
(Uddin et al., 2021; Lukhabi et al., 2023). WQI allows water quality 
status to be  compared across time and space, thus directly 
communicating information of water quality to the public and 
decision makers (Poonam et al., 2013; Lukhabi et al., 2023). However, 
several studies have indicated that there was significant uncertainty in 
determining the actual water quality due to the fuzziness of WQI 
model in structure (Kannel et al., 2007; Uddin et al., 2021; Lukhabi 
et al., 2023). Most of the WQI models are region-specific because their 

components have been developed based on expert views and local 
guidelines (Uddin et al., 2021, 2023c). Therefore, how to optimize 
water quality index (WQI) model to quantitatively assess the water 
quality on a large temporal and spatial scales is still not 
well understood.

Although several WQI models have been used to assess water 
quality in some lakes, rivers, and coastal waters in China (Liu et al., 
2011; Hou et  al., 2016; Ma et  al., 2020). There is still a lack of 
understanding of the coastal water quality in tropical Hainan Island, 
China. Coastal waters are the important coastal ecosystem in Hainan 
Island and are also of particular interest due to their recreational, 
economic, and ecological values. Human pressures such as aquaculture 
expansion, tourism development and urban and industrial pollution 
could pose great risks to the deterioration of water quality and 
threaten the ecological security of coastal waters. The aim of this 
research is (1) to propose a new approach to improve the WQI model; 
(2) to determine spatiotemporal patterns in water quality along 
tropical Hainan Island by considering the specific parameters; (3) to 
quantify the pressures from potential environment factors to reveal 
the deterioration risk of water quality. This research is essential for 
coastal waters management and pollution control in tropical 
coastal areas.

2 Materials and methods

2.1 Study area

Hainan Island (108° 37′E - 111° 03′E, 18° 10’N - 20° 10’N) is the 
main island of Hainan Province, China. Hainan Island is surrounded 
by sea and located in the south of China, facing Guangdong Province 
on the north, adjoining to the Beibu Gulf and facing Vietnam on the 
west, bordering the South China Sea on the east, adjoining to the 
South China Sea on the southeast and south and bordering the 
Philippines, Brunei and Malaysia. Hainan Island is an elliptic island 
with a long axis of about 290 kilometers from northeast to southwest 
and a short axis of about 180 kilometers from northwest to southeast. 
It covers an area of about 33,900 km2 and is the second largest island 
of China. The precipitation and temperature in Hainan Island show 
significant spatiotemporal differences, and the vegetation cover in the 
coastal land area of Hainan Island is unbalanced between regions. 
Hainan Island is rich in water resources, with 154 rivers flowing into 
the sea, the main rivers are Nandu River, Changhua River and 
Wanquan River. As a result, many estuaries and bays were formed. The 
coastal land of Hainan Island is an important place for human life, 
amusement, and production activities. Many aquaculture ponds and 
agricultural land are also distributed on the coastal land of Hainan 
Island. The water quality monitoring stations are widely distributed 
offshore within 20 km distance from the coastline. Therefore, the 
20 km of sea along the coastline of Hainan Island was selected as the 
study area (Figure 1) to analyze the nearshore water environment.

2.2 In situ data and processing

In situ data were collected from water quality monitoring stations 
in offshore waters from 2015 to 2020. The frequency of water quality 
monitoring was generally 3 times a year, and the sampling time is 
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arranged in March to May, July to August, and September to November. 
The interval between two monitoring sessions was more than 2 months. 
A total of 1,072 in situ measurements were collected from a total of 125 
different stations distributed in the study area (Figure 1). A total of 39 
parameters were collected, including physical, chemical, biological, 
and toxic substances (Table 1). Chl-a analysis and quality control were 
carried out in accordance with the relevant requirements of “Technical 
Specification for Environmental Monitoring of Offshore Waters,” Part 
VI: Biological Monitoring of Offshore Waters (HJ 442. 6). Other 
parameters were determined in accordance with “Technical 
Specification for Environmental Monitoring of Offshore Waters,” Part 
III: Water Quality Monitoring of Offshore Waters (HJ 442. 3). The in 
situ data were normalized using min-max normalization, which were 
then used for the correlation and driving analysis.

2.3 Establishing an optimized WQI model 
for assessing water quality

The WQI model is a simple method for evaluating water quality 
and determining pollution levels. The WQI models is summarized into 
two types according to its sub-index acquisition method. The 
components of WQI model were determined in four main steps: (1) 

selecting water quality parameters; (2) computing the sub-index values; 
(3) assigning a weight for each parameter; (4) aggregating the sub-index 
value and weight of the water quality parameters (Abbasi and Abbasi, 
2012; Sutadian et al., 2018). The WQI model was optimized in these 
four aspects, establishing an optimized WQI model in this research.

WQI tool transforms several water quality parameters into a single 
value and epitomized the data in a simple way (Gupta and Gupta, 2021). 
There were significant differences between the previous WQI models in 
the type and number of parameters selected and the reasons for selecting 
them. Parameters were typically selected based on data availability, 
expert opinion, or the environmental significance of a water quality 
parameter (Uddin et  al., 2021). In our WQI model, the parameter 
selection ignored the type of water utilization in order to assess the 
comprehensive status of water quality. Parameters were selected based 
on the available data from monitoring stations. Total of 31 water quality 
parameters were applied, including not only commonly used parameters 
but also hazardous parameters of water quality, such as microbiological 
contamination, toxic compounds, and trace variables (Table 1).

Purpose of the sub-index process is to convert water quality 
parameter concentrations into dimensionless values (Abbasi and 
Abbasi, 2012). Simple linear transform function based on the 
measured sample range was used to obtain the sub-index. Value of the 
sub-index was calculated using the below Eqs 1, 2:

FIGURE 1

The study area and distribution of the monitoring stations for water quality.
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where Ci is the sub-index value of water quality parameter i, which 
is computed for the sample Xj. Cmax and Cmin are the maximum and 
minimum sub-index values that correspond to the maximum and 
minimum sample values (Xmax and Xmin) or (Xc (threshold) and Xmin) 
for parameter i. The threshold Xc is used for these parameters (such as 
T and DO) which have different effects on water quality depending on 
the concentration. The scale of the sub-index ranges between 0 and 
100 (That is Cmax = 100 and Cmin = 0). Eq. 1 was used when the content 
of the parameter has a negative effect on the water quality 
otherwise Eq. 2.

In general, the parameter weight value is determined according 
to the relative importance of the water quality parameter or the 
appropriate guidelines of water quality (Sarkar and Abbasi, 2006). 
In our study, the unequal weighting technique was applied and the 
sum of weight values was equal to 1. The robustness of WQI model 
can be  improved by using the unequal parameter weighting 
technology and assigning the most appropriate weighting values 
(Uddin et  al., 2021). In order to avoid the adverse impact of 
inappropriate weightings on the model evaluation, an objective 
mathematical method based on sub-index (Eq.  3) is used for 
calculating weightings.
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where Wi is the weight of the ith parameter. Cij is the sub-index value 
of the jth sample of the ith parameter. N is the number of samples for each 
parameter. k is the number of samples. n is the number of parameters. 
The weight values of all parameters must comply with the Eq. 4.

The weighted average function was used to aggregate the final 
WQI value as follows Eq. 5:
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Where Wi and Ci are the same as above.

2.4 Assessing driving factors affecting 
water quality

The water quality of a lake, river or ocean depends on 
environmental factors, including natural and human activities. In this 
research, water environment quality index (WEQI), which represents 

TABLE 1  Water quality parameters and statistics of multi-annual mean of water quality parameters collected from 2015 to 2020.

Parameter/Pronoun Min Mean Max Parameter/Pronoun Min Mean Max

Temperature T 26. 28.112 30.273 Cadmium Cd 0.00 0.0001 0.0002

Salinity S 10.991 31.449 34.962 Arsenic As 0.0003 0.0012 0.003

Total suspended solids TSS 2.827 7.268 15.136 Zinc Zn 0.0018 0.0074 0.0136

Dissolved oxygen DO 6.175 6.701 7.628 Chromium (VI) Cr 0.00 0.00 0.00

pH pH 7.893 8.115 8.2 Total chromium T-Cr 0.00 0.0006 0.0022

Chlorophyll a Chl-a 0.1 1.997 24.4 Selenium Se 0.00 0.0001 0.0008

Total nitrogen TN 0.00 0.233 1.42 Nickel Ni 0.00 0.0007 0.0016

Total phosphorus TP 0.00 0.012 0.037 Coliform CB 0.00 326.17 4999.333

Transparency SDD 1.25 2.947 8.95 Fecal coliform FCB 0.00 281.695 4879.167

Active phosphate AP 0.002 0.007 0.053 Biochemical Oxygen Demand in 5 days BOD5 0.00 0.052 2.04

Chemical oxygen demand COD 0.324 0.826 2.893 Cyanide (CN)2 0.00 0.00 0.00

Nitrite nitrogen NO2-N 0.002 0.01 0.026 Sulphide MS 0.00 0.002 0.01

Nitrate nitrogen NO₃-N 0.007 0.045 0.139 Volatile phenol VP 0.00 0.00 0.00

Ammonia nitrogen NH3-N 0.012 0.04 0.172 Hexachlorocyclohexane (total) C₆H₆Cl₆ 0.00 0.00 0.00

Inorganic nitrogen IN 0.021 0.097 0.268 Clofenotane (total) C14H9Cl5 0.00 0.00 0.00

Petroleum Pe 0.0034 0.007 0.022 Malathion C10H19O6PS2 0.00 0.00 0.00

Nonionic ammonia N-NH3 0.001 0.003 0.022 Parathion-methyl C₈HNO₅PS 0.00 0.00 0.00

Hydragenum Hg 0.00 0.000023 0.0007 benzo[a]pyrene C20H12 0.00 0.00 0.00

Cuprum Cu 0.0008 0.0012 0.002 Anion surfactant LAS 0.00 0.005 0.029

Plumbum Pb 0.0002 0.0004 0.0011

The unit of parameters are shown in Figure 2. Pronouns for these parameters are used in the full text and in the figures.
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the pressure of natural and human factors, was used to assess water 
environmental factors quantitatively. The WEQI value was obtained 
based on an innovation to the optimized WQI model above. After 
parameter selection, factor analysis based on the selected water quality 
parameters was need to performed, and sub-index was based on the 
extracted factor (rather than the selected water quality parameter 
values). Factor analysis based on water quality parameters can 
determine the representative of natural and human factors, so it can 
solve the problem that water environmental factors are complex and 
variable and difficult to quantify. The calculation of sub-index, factor 
weighting, aggregation of sub-index and weights were still done using 
the above Eqs  1, 3, 5, respectively. And the weight values of all 
parameters still comply with the Eq. 4. The final aggregate value of the 
sub-index and weights of all factors was the WEQI value. The WEQI 
values was further classified into several levels (no pressure, slight 
pressure, significant pressure, extreme pressure, severe pressure) in 
order to assess the pressure status of water from natural and human 
factors. According to the pressure state from the environmental 
driving factors, the tendency of water quality change can be revealed.

2.5 Data statistics and analysis

The maximum difference (R), standard deviation (SD) and 
coefficient of variation (CV) of the multi-years in situ measurements 
mean between monitoring stations were calculated. The slope of the 
regression line is a measure of the strength of the relationship between 
variables, and it can represent the average changing rate of the data 
set. So with time as the independent variable and water quality 
parameter measure as the dependent variable, the slope was calculated 
by regression analysis and used as the changing rate of water quality 
parameter. A positive slope means that the parameter concentration 
gradually increases over time, while a negative slope means that it 
gradually decreases. T test by Ronald Fisher (1925) was used to test 
the significance. In addition, the value of these statistical indexes was 
spatialized to analyze their spatial distribution characteristics.

Non-parametric Spearman rank order correlations suitable for the 
abnormal distribution of variables were used to determine the 
relationship between two parameters. The correlation analysis was 
based on the standardized values of in situ water quality parameter, 
and the correlation coefficients (r) and statistical significance tests 
between parameters were automatically calculated and conducted 
through the Matlab 2018a software platform. Some sample values that 
were not tested were ignored as null values. The values of correlation 
coefficients were in the interval (−1 and 1), where greater than zero 
indicated positive correlation and less than zero indicated 
negative correlation.

Factor analysis was used to objectively determine relationships 
among parameters variables, finding the underlying factors. The KMO 
(Kaiser-Meyer-Olkin) test and Bartlett’s test of sphericity were used to 
determine whether a variable was suitable for factor analysis. The 
principal components analysis was used as the extraction method, 
with the Kaiser criterion (1960) used to guide factor selection. A 
varimax raw rotation was used to obtain the factor model. Significant 
factor loading values 0.6 were used to identify the most important 
variables describing the extracted factors.

The k-means clustering algorithm was used to determine the 
similarity between the monitoring stations considering the extracted 

factor scores, and then the study area was divided into different water 
environment zones. The clustering performance was evaluated by 
contour coefficient.

3 Results

3.1 Spatiotemporal patterns of water 
physicochemical properties

The 8 water quality parameters (Cr, (CN)2, VP, C₆H₆Cl₆, C14H9Cl5, 
C10H19O6PS2, C₈HNO₅PS, C20H12) were excluded in the following 
statistics and analysis because their values were 0 (bold in Table 1). 
Figure 2 showed the spatial distribution of multi-annual mean of 
water quality parameter from 2015 to 2020. The distribution of some 
parameters showed significant differences along coastal regions, such 
as NO2-N, NO3-N, IN, Pe, CB and FCB were higher in the northern 
coastal region (near HaiKou) than in other regions. The lower value 
of T was mainly distributed in the northern coastal region. TSS 
showed lower values in the northern, eastern, and southern coastal 
regions. The higher value of DO was mainly concentrated in the 
northern coastal area of LinGao and the eastern coastal area of 
WenChang. BOD5 was generally low (> 0.001 mg/L at a few stations 
in the east and west). MS was higher in the north (near Haikou) and 
the south (near Sanya) and lower in the east and west. Cd, Zn and Se 
showed higher values in the south, while the low values of As were 
concentrated in this region. Ni was higher in the east and south than 
in the north and west. Other water quality parameters showed 
different spatial variation characteristics of non-significant high-low 
aggregation (Figure 2).

Statistics based on the multi-annual mean of water quality 
parameters were listed in Supplementary Figure S1. The maximum 
difference (R) and standard deviation (SD) of trace element (Cd, Hg, 
Se, Pb, Cu, Ni, T-Cr and As) among monitoring stations were the 
lowest (Supplementary Figure S1a), indicating a small dispersion 
degree relative to the average level. While CB and FCB had the highest 
R (4879.167 and 4999.333) and SD (787.542 and 738.868) 
(Supplementary Figure S1b). Coefficient of variation (CV) was used 
to compare the dispersion degree between different water quality 
parameters. Water quality parameters with larger spatial variability 
include Hg, Se, MS, LAS, TN, BOD5, Chl-a, FCB and CB, whose CV 
was greater than 100% (Supplementary Figure S1). Compared with 
these parameters, the spatial variability of other parameters was weak, 
with a CV less than 100% (Supplementary Figure S1).

Figure 3 shows the changing rate of water quality parameters at 
the monitoring stations from 2015 to 2020. Overall, the changing rates 
of CB (−317.69—773.05) and FCB (−149.93—1104.20) had a widest 
range of values, followed by SDD (−1.4—9.7) (Figure 3A), indicating 
that the changing rates of these parameters were highly variable 
among monitoring stations (Supplementary Figure S2). The changing 
rates of T, S and TSS were significantly different among monitoring 
stations, and the values of changing rates for TSS at most of stations 
(3/4) were greater than 0 (Figure 3B), indicating that the TSS at these 
stations showed an increasing tendency. T generally increased in the 
north and southwest coastal areas (Supplementary Figure S2). S 
showed a decreasing tendency in the north, southwest and east (near 
QiongHai) (Supplementary Figure S2). TSS mainly showed an 
increasing tendency in the northeast and southwest 
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FIGURE 2

Spatial distribution of multi-annual mean of water quality parameter from 2015 to 2020.
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(Supplementary Figure S2). The changing rates of DO ranged from 
−0.16 to 0.31 (more than half of the monitoring stations showed a 
downward tendency of DO), and DO increase mainly occurred in the 
north and east (Figure 3B; Supplementary Figure S2). The changing 
rates of Chl-a were between −1.65 to 0.75 and it decreased at 3/4 
monitoring stations (Figures 3B,C; Supplementary Figure S2). The 
changing rates of TN, TP and BOD5 were generally lower (−0.09—
0.24, −0.03—0.005 and − 0.095—0.32, respectively) and decreased at 
most monitoring stations (Figures 3B,C; Supplementary Figure S2). 
The changing rates of COD were between −0.13 to 0.24 (Figures 3B,C; 
Supplementary Figure S2). The changing rates of other parameters 
were generally lower and concentrated between −0.04 and 0.04 
(Figure 3C).

3.2 Spatiotemporal assessment of water 
quality along Hainan Island, China

3.2.1 Annual water quality assessment
Based on the annual average value of each water quality parameter 

collected from 2015 to 2020, the corresponding sub-index value was 
calculated according to the Eqs 1, 2. The sub-index value determines 
the size of the final water quality index value and is closely related to 
water quality. The weight values assigned to each parameter using 
Eq. 3 were listed in Supplementary Table S1.

Based on the aggregated WQI values by Eq. 5, five water quality 
levels were recommended to relatively assess the water quality in the 
study area, including very good (90 < WQI ≤ 100), good (80 < WQI ≤ 90), 

moderate (70 < WQI ≤ 80), bad (60 < WQI ≤ 70) and very bad 
(0 < WQI ≤ 60). The principle of this classification is to reflect the 
difference of water quality in the study area. Our results (Figure 4) 
showed that none of the monitoring stations analyzed showed the level 
of “Very good.” Of these stations analyzed, 40.91% showed as “Good,” 
45.45% showed as “Moderate,” 11.36% showed as “Bad,” 2.27% showed 
as “Very bad” (Figure 4A). The average value of aggregated water quality 
index for the study area was 77.05, so the water quality of the study area 
generally showed as a moderate level (Figure 4A). Figure 4B showed the 
spatial distribution of water quality at each level. The average water 
quality status at one monitoring station in coastal water of Wanning and 
one in coastal water of Sanya showed “Very bad” levels. The monitoring 
stations with “bad” water quality level were mainly located in the coastal 
water of Haikou and Sanya. Monitoring stations with Moderate water 
quality were located in coastal waters except the Changjiang. Some 
coastal waters in the west and east area showed “Good” water quality.

3.2.2 Seasonal water quality assessment
Similarly, the corresponding sub-index value was calculated 

according to the Eqs 1, 2 based on the average value of each parameter 
at the monitoring station in each month from 2015 to 2020. The 
aggregated WQI values by Eq. 5 was still classified as the five water 
quality levels recommended above. The results showed that none of the 
monitoring stations and none of the month (March to November)’ WQI 
value was at the level of “Very good”; in any given month, the WQI value 
at the monitoring stations analyzed was mostly at the levels of “moderate” 
and “good” (the proportion of monitoring stations at “Moderate” level 
was greater than that at “Good” level in March and October, it was the 

FIGURE 3

Box-plot for the changing rate of each water quality parameter at monitoring stations. Note: the units of y-axis vary depending on the parameter, 
“m*yr.−1” for SDD, “mpn/L*yr.−1” for CB and FCB, “°C*yr.−1” for T, “μg/L*yr.−1” for Chl-a, “yr−1” for pH and “mg/L*yr.−1” for all other parameters.
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opposite in April, May, July, August and September, it was equal in 
November); the WQI values of a very small number of monitoring 
stations were at the levels of “Very bad” and “Bad” in April, May, August, 
October and November (Figure  5). Figure  6 showed the spatial 
distribution of water quality assessment at each monitoring station for 
each month. Overall, the averaged water quality of all monitoring 
stations fluctuated at “Good” level from April to September, and 
decreased significantly to “Moderate” level in October (Figures 6B–G). 
From the monitoring stations analyzed, water quality at “Very bad” level 
occurred in May (Figure  6C), August (Figure  6E) and October 
(Figure 6G). Water quality at “Bad” level occurred in April (Figure 6B), 
August (Figure 6E), October (Figure 6G) and November (Figure 6H).

3.3 Assessment of influencing factors for 
water quality

3.3.1 Correlations between water quality 
parameters

In addition to the parameters (Cr, (CN)2, VP, C₆H₆Cl₆, C14H9Cl5, 
C10H19O6PS2, C₈HNO₅PS, C20H12) that were not found in the 344 

samples, the spearman correlation analysis significance test was 
performed between the simultaneous measurements of other 
parameters (Figure  7). A total of 259 pairs of parameters were 
positively correlated, while 206 pairs were negatively correlated. The 
significance test showed that the significance level (p) of 216 pairs of 
parameters was less than 0.05, that of 163 pairs was less than 0.01 and 
that of 117 pairs was less than 0.001. The correlation between the trace 
element parameters and non-trace element parameters was not 
universally significant. This indicates that there is no significant 
interaction between the two types of elements. There were significant 
correlations between some trace elements parameters (such as 
between Se, Cd, Ni, Zn). Chemical and processing enterprises are the 
main external sources of trace element pollution in the Hainan Island 
region. These trace elements may be abundant in the same material 
used in industry, resulting in a positive correlation between these 
elements. There were generally significant positive correlations 
between Chl-a and nutrient (NO2-N, NO3-N, NH3-N, N-NH3, IN, AP, 
TP, TN). This is because nutrients are the main cause of water 
eutrophication and cyanobacteria reproduction. Phytoplankton 
containing chl-a can grow rapidly when nutrients are sufficient. These 
nutrients also had significant positive correlation with each other. In 

FIGURE 4

Water quality assessment based on the optimized WQI model, (A) average water quality and percentage at each level, (B) spatial variation of water 
quality.
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general, there are internal and external two sources of nutrients in 
water. These nutrients can be converted into each other under the 
action of microorganisms. For example, sufficient NH3-N promotes 
the enrichment of NO3-N through digestion, and then increases the 
content of NO2-N through oxidation. On the other hand, sufficient 
NO2-N is reduced to NH3-N by denitrification under certain 
conditions, and the content of NH3-N is increased. It has been shown 
that organic matter in water has a strong stimulating effect on the 
formation of sulfide and organic matter in water is closely related to 
nutrients. Nutrients in water can promote the growth and 
reproduction of CB and FCB. Therefore, there was significant positive 
correlation between nutrients and Pe, MS, LAS, CB and FCB. In 
addition, these nutrients had significant negative correlation with S 
and pH. This may be due to the fact that a certain S and pH in the 
water can promote the absorption of nutrients by phytoplankton. The 
pH and S can kill CB and FCB, so there was a significant negative 
correlation between them.

3.3.2 Analysis of the influencing factors for water 
quality

In order to further objectively reflect the internal relationship 
between the variables and find the pollution sources of water 
environment, factor analysis was further carried out based on the 
water quality parameters. The KMO value was 0.701. In addition, the 
p-value of Bartlett’s test of sphericity was 0.00, which was less than 
0.05. Therefore, our data was suitable for factor analysis. Based on the 
initial eigenvalue (greater than 1) obtained by principal component 
analysis and the eigenroot gravel map (mutation point), four factors 

were extracted (Supplementary Table S1), which together explained 
89.65% of the total variance of the water environment indexes. 
According to the load values of water quality parameters on the 
factors, factor 1, factor 2, and factor 3 were interpreted as urban factor, 
breeding and planting factor, and industrial factor, respectively. Factor 
4 may be  derived from meteorological conditions, recreational 
activities, etc., so it was interpreted as other factors 
(Supplementary Table S1). Spatial distribution of the extracted factors 
(Figure 8) indicated that there was variability in the influencing factors 
of water environment in the study area. Spatial distribution of the 
urban factor (Figure 8A) showed that high and intermediate values 
occurred in the northern region, which is close to the provincial 
capital (Haikou). High values of the breeding and planting factor 
(Figure 8B) were detected in the regions, which is close to Wenchang, 
Wanning, Lingshui, Sanya and Danzhou. Intermediate values were 
also found in other regions. According to the spatial distribution of 
industrial factor (Figure 8C), high values occurred in the southern 
region, low and intermediate values occurred in the northern region. 
Intermediate to high values for the other factors were widespread at 
most stations.

According to the characteristics of extracted factor scores, 
monitoring stations were classified into five types of water 
environment zones through clustering of monitoring stations 
(Figure 9A), indicating that the water environment in the study area 
had significant spatial heterogeneity. The nearshore sea near the 
northern Haikou showed type 4 (Figure  9A), which was mainly 
affected by urban factors and is weakly affected by industrial factors 
(Figure 9B). The nearshore sea along Sanya in the south showed the 

FIGURE 5

Histogram of results of seasonal water quality assessment based on the optimized WQI model. N is the number of monitoring stations analyzed.
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FIGURE 6

(A–H) Spatial distribution of water quality assessment at the analyzed monitoring stations in March, April, May, July, August, September, October, and 
November, respectively.
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type 3 water environment zone (Figure 9A), which was mainly affected 
by industrial factors (Figure 9B). In the west, the nearshore sea along 
Wenchang southeast and Qionghai mainly displayed as type 5 
(Figure 9A), and this type of water environment zone was mainly 
affected by breeding and planting factor (Figure 9B). The nearshore 
sea along Wenchang northeast and WanNing displayed as type 2 
(Figure 9A), which was mainly affected by other factors (Figure 9B). 
Danzhou, Dongfang and Ledong in the east mainly showed as type 2 
water environment zone (Figure  9A). Lingshui in the southeast, 
Chengmai and Lingao in the north, and Changjiang in the west 
showed two types of water environment zones (type 2 and type 5). 
Water environment zone type 1 was located at the estuary of Wanning 
(Figure 9A), which was mainly influenced by breeding and planting 
factor, and was influenced by other factors weakly (Figure 9B).

Environmental factors were further quantified based on the factor 
analysis. The WEQI values were calculated by taking the factors 
extracted from factor analysis as input parameters of the optimized 
WQI model (all factors were considered to have negative effects on 
water environmental quality). The weights of each factor were shown 
in Supplementary Table S1. The aggregated WEQI values were shown 
in Figure 10. The low WEQI value indicated that the water was under 
great pressure from environmental factors. It could be  seen that 
10.23% of the monitoring stations were under the level of “Severe 
pressure” from environmental factors, 18.18, 54.55 and 17.05% were 

at the pressure level of “Extreme pressure,” “Significant pressure” and 
“Slight pressure,” respectively (Figure 10A). Those monitoring stations 
at the level of “Severe pressure” were located in the coastal water of 
Haikou, Sanya and Wanning, and those at the level of “Extreme 
pressure” were in the coastal waters of Haikou, Sanya and Danzhou 
(Figure 10B). Some coastal waters in Wenchang, Qionghai, Danzhou 
and Changjiang were just under “Slight pressure” level from 
environmental factors (Figure 10B).

4 Discussion

4.1 The reliability of the optimized WQI 
model

Each of the four main processes involved in a WQI model can 
contribute to the model uncertainty (Gupta and Gupta, 2021; Uddin 
et al., 2023a,b,c). In this research, the correlation analysis between 
water quality parameters showed that there were significant 
correlations among some parameters (Figure 7). Nevertheless, the 31 
available water quality parameters in our study contained different 
properties, including physical, chemical, biological and trace elements. 
This avoided the influence of insufficient selection of typical 
parameters on the reliability of WQI assessment results. Some 

FIGURE 7

Correlation coefficient (r) and significance level (p) between water quality parameters. Note: The white blocks in the matrix represent missing r values 
due to no synchronized measurements; “***” is the significance level p  <  0.001, “**” is the significance level 0.001  ≤  p  <  0.01 and “*” is the significance 
level 0.01  ≤  p  <  0.05.
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parameters such as T, DO, pH should be  treated differently when 
obtaining sub-index due to their influence on water quality is 
bidirectional (Le et al., 2023). In this research, the bidirectional effects 
of parameters on water quality were considered through using Eqs 1, 2 
in the process of developing the sub-indexes, respectively. 
Supplementary Figure S3 showed the recommended critical values for 
each parameter in this research and a simplified depiction of their 
effects on water quality. It should be  noted that the critical value 
should be  determined according to local climatic conditions and 
geographical environment in practical application. A weighting 
strategy for parameters based on sub-index was adopted in this 
research (Eq. 3). Weights of the parameters depends on the values of 
the sub-index, which could avoid the influence of subjective factors 
on the reliability of the WQI model. On the premise that water quality 
parameters are equally important, the WQI model using this 
weighting strategy is objective and reliable for the evaluation of any 
specific data set.

Most developed WQI models were region-specific because their 
components were developed based on expert advice and local 

guidelines (Gupta et al., 2017). The components of our optimized 
WQI model were not developed based on expert opinions and local 
guidelines, and the results from this model are not comparable to 
those from other WQI models. The approach of optimizing WQI 
components in this research is applicable to other water quality 
assessment including lakes and rivers. The assessments obtained by 
the optimized WQI model can fully reflect the difference of water 
quality between different regions, so it can provide an effective 
reference for water environment governance decision makers.

4.2 Environment factors affecting water 
quality

By performing factor analysis on water quality parameters, 
representative environmental factors can be  determined, which 
solves the problem that water environmental factors are complex and 
difficult to quantify (Flo et al., 2011; Le et al., 2023). This research 
was the first attempt to relate the variability of water quality to 

FIGURE 8

Spatial distribution of the factors extracted by factor analysis: (A) Urban factor (factor 1), (B) breeding and planting factor (factor 2), (C) industrial factor 
(factor 3) and (D) other factors (factor 4). The “F” in the legend represents the factor.
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specific factors. We  found that there were four major pollution 
sources which potentially contribute to deteriorating the quality 
parameters in the study area (Supplementary Table S1; Figure 8). The 
loading values of factors (Supplementary Table S1) showed that 
factor 1 was defined by NO3-N, IN, Pe, NO2-N, CB, TN, FCB, TP and 
pH. Domestic sewage from cities entering coastal waters can cause 
these parameters to increase (Flo et al., 2011; Xiao et al., 2020). The 
urban pollution source was also strongly supported by results in 
Figure 2, which showed that the value of these parameters (except 
the pH) was greater in the coastal waters near city (Haikou). Factor 
2 had a higher loading value with AP, N-NH3, Chl-a, COD, S, BOD5, 
NH3-N and T. They could be affected by runoff carrying agricultural 
pollutants to coastal waters or by aquaculture effluent discharges 
carrying pollutants to coastal waters (Le et al., 2023). It was also 
supported by the characteristics of human activity in the affected 
areas dominated by factor 2 (Figure 9) that these parameters could 
be connected to the activities of planting and breeding activities. 
Factor 3 was defined by Se, MS, Zn, LAS, Cd, As, Ni and 
TSS. Industrial wastewater discharge and the operation of boats on 
the water often causes such pollutants in the surface water. The 
dominant influence area of factor 3 was the coastal waters of Sanya, 
where industrial facilities are distributed. Therefore, this factor was 
interpreted as an industrial factor. Factor 4 was defined by T-Cr, Cu, 
DO and Hg. Specific pollution sources for these parameters were still 
unclear and may need more research. SDD and Pb were not 
expressed by any factors. Other potential environmental factors also 
need to be studied further.

As confirmed in this research, coastal waters are not homogeneous 
but can be  divided into different environment zones based on 
dominant factors (Figures 9A,B). Urban factors and industrial factors 
were demonstrated to be the main causes of pollution in coastal water 
of Haikou and Danzhou (type 4 in Figure 9A), in coastal water of 
Sanya (type 3 in Figure 9A), respectively. Planting and breeding were 
demonstrated to be the primary cause of pollution in coastal water of 
Wanning, Wenchang, Qionghai, Linggao, and Changjiang (type 1 and 
type 5  in Figure  9A). Therefore, in the practice of environmental 
management and water pollution treatment, it is necessary to take 
countermeasures according to the dominant influencing factors in 
different regions.

4.3 Suggestions for improving water quality

The classified WQI levels could reflect the relative differences of 
water quality between monitoring stations, which can be the basis for 
guiding water quality management decisions. This classification 
method is uncertain because there is no fixed standard. The level 
threshold needs to be  determined based on all the values. 
Unreasonable classification is not conducive to identifying problematic 
waters and is not conducive to improving water quality effectively. 
However, this classification is sufficient to reflect relative differences 
of water quality between stations and has important significance to 
guide decisions of water quality management. Water quality near two 
monitoring stations located in Sanya and Wanning was at “Very bad” 

FIGURE 9

(A) Major environment zones for water generated by clustering based on extracted factor features. (B) Characteristics of pollution sources for 
environment zones.
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level (Figure 4), so it urgently needs to be improved. These two regions 
have higher pH, Chl-a, AP, COD, NO3-N, IN, NO2-N, CB, FCB, 
N-NH3, NH3-N, T and Ni according to the distribution of water 
quality parameters (Figure  2). Therefore, improving water quality 
should focus on the pollution sources of these parameters. The 
characteristics of environmental areas and pollution sources generated 
by clustering in this study (Figures 9A,B) can effectively guide the 
implementation of water quality management measures. According to 
the Figure 9, the aquaculture factor near the monitoring station in 
Wanning should be emphasized, that is, we can improve the water 
quality through reasonable management of the aquaculture industry. 
And it is recommended to strengthen regulation and control on 
industrial factors near the monitoring station in Sanya should 
be strengthened. Similarly, those regions where the water quality at 
“Bad” level (Figure 4) also need to be improved. According to the 
distribution of these monitoring stations and their main pollution 
sources in Figures 4B, 9, measures should be taken in the urban factors 
for the waters of those monitoring stations along Haikou and 
Danzhou, while the regulation on industrial factors should 
be strengthened for those monitoring stations along Sanya. Although 
the water quality of most stations analyzed in the study area was at 

“Good” level and “Moderate” level (Figure 4), improvements were still 
recommended for the parameter that were significantly high 
(Figure  2). From the seasonal variation of water quality, it could 
be seen that the water quality of some monitoring stations would 
be degraded in certain months (Figure 6). For example, the water 
quality of some monitoring stations along Sanya might deteriorate in 
October. Therefore, we  need to take improvement measures in 
October for those monitoring stations.

The WEQI value (Figure 10) obtained in this research can showed 
the pressure status that water is suffer from environmental factors, 
revealing the risk of water quality deterioration. The statistics of WQI 
and WEQI (Table 2) showed that waters at 13.64 and 27.27% of the 
monitoring stations with “Good” level had slight and significant risk of 
deterioration, respectively; waters at 3.41, 27.27 and 14.77% of the 
monitoring stations with “Moderate” level showed slight, significant 
and extreme risk of deterioration, respectively; waters at 3.41 and 7.95% 
of the monitoring stations with “Bad” level showed extreme and severe 
risk of deterioration, respectively; waters at 2.27% of the monitoring 
stations with “Very bad” level showed severe risk of deterioration. Even 
water at the same WQI level may have different risks of deterioration 
due to different pressures from environmental factors. Therefore, 

FIGURE 10

Water environmental factors assessment based on extracted factors, (A) Percentage of monitoring stations at each pressure level, (B) distribution of the 
pressure levels.
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we recommend that in practice, we should not only pay attention to 
those waters with poor water quality (the lower WQI levels in Figures 4, 
6) but also pay attention to those waters with greater risk of deterioration 
(the Significant, extrem and severe pressure levels in Figure 10).

4.4 Potential hazards from water pollution

Coastal waters are important places for aquatic organisms to 
reproduce and multiply. Pollutants can cause serious disasters to 
the ecology and biodiversity of coastal waters, and also endanger 
human health (Zoppini et al., 2019; Chi et al., 2021). It has been 
reported that a decrease in DO concentration will result in a 
decrease in the number of aerobic bacteria (Zhao et al., 2014). 
DO at several stations in this research was found to be less than 
6.5 mg/L (Figure  2), which is not conducive to the growth of 
aerobic bacteria. Liu et  al. (2024) showed that chl-a, pH and 
phosphate-P in summer, and electric conductivity, nitrate-N and 
ammonium-N in winter affected the bacterial community 
variation. And they argued that high nitrate and ammonia 
nitrogen can promote nitrification and increase the abundance 
and diversity of bacteria. Significant nutrient pollutions were 
found at some stations in our research, such as high NO2-N 
(≥0.015 mg/L), NO3-N (≥0.06 mg/L), NH3-N (≥0.06 mg/L), 
N-NH3 (≥0.006 mg/L), IN (≥0.02 mg/L), TP (≥0.02 mg/L) and 
TN (≥0.5 mg/L) concentrations (Figure  2). These stations are 
therefore beneficial for nitrogen-oxidizing bacteria and these 
microorganisms may greatly increase to affect the balance of 
community structure. High nitrogen and phosphorus nutrients 
also can lead to eutrophication of water, resulting in cyanobacteria 
bloom (Bužančić et  al., 2016). Several trace elements were 
detected in our research and several stations have relatively high 
levels of trace element, such as Cu (≥0.0014 mg/L), Pb 
(≥0.0005 mg/L), Cd (≥0.0001 mg/L), Zn (≥0.01 mg/L), As 
(≥0.0016 mg/L), Ni (≥0.001 mg/L), T-Cr (≥0.001 mg/L) 
(Figure  2). Trace elements like Fe, Cu, Zn, Ni and others are 
important for the proper functioning of biological systems and 
their deficiency or excess are detrimental for aquatic 
microorganisms (Aithani et al., 2023). Trace element in water is 
thought to be  difficult to degrade, bioaccumulative and 
ecologically toxic (Wu et al., 2016; Saha and Paul, 2019). Aquatic 
trace element could be  absorbed in large quantities by 
microorganisms and affect terrestrial organisms or humans 
through biological enrichment, food chain amplification and 

other pathways (Oropesa et al., 2017). High toxic trace elements 
in the water may poison some microbes and those heavy metal-
resistant (e.g., Acidobacteriota) may increase (Zhang et al., 2024). 
Escherichia coli (CB) and fecal Escherichia coli (FCB) in our study 
are used as microbial indicators of water quality in water quality 
assessment. CB and FCB in water can seriously harm human 
health through the food chain (Reynolds et al., 2008; Hu, 2024). 
Several stations in this research had CB and FCB levels in excess 
of 500mpn/L, posing a potential risk of outbreak. Outbreaks of 
these community may result in serious consequences, such as 
diarrheal disease, which can even lead to death (Reynolds et al., 
2008). However, there is still a lack of in-depth research on the 
relationship between pollution and microbial community and 
human health, which will be  a meaningful content for future 
research directions.

5 Conclusion

Based on a datasets of 31 water quality parameters collected from 
2015 to 2020, an optimized WQI model was developed to assess spatial 
and temporal water quality. Pollution sources of water quality were also 
identified by factor analysis and its deterioration risk was further 
assessed using the index WEQI. The following conclusions can be made:

	(1)	 The uncertainty of water quality assessment can be weakened 
by the optimization of WQI model process. The approach of 
optimizing WQI model in our research is applicable to water 
quality assessment of other regions (including lakes and rivers) 
or other datasets.

	(2)	 The average water quality was at moderate level. The water 
quality of this region showed temporal and spatial variability. 
Water quality at 13.53% of the monitoring stations was relatively 
poor (“Bad” level or“Very bad” level) and they were mainly 
appeared in the coastal waters of large cities (Haikou and Sanya) 
and in some aquaculture waters. Average water quality in 
March, October and November was worse than in other months.

	(3)	 Water quality of this region was affected by at least four main 
pollution sources including urban factor, planting and breeding 
factor, industrial factor and other factors. These factors play a 
different dominant role in different regions, respectively. 
Waters at 10.23% of monitoring stations were at the greatest 
risk of deterioration due to severe pressure from these 
environmental factors.

TABLE 2  Comparison between the results of water quality assessment and water environmental factors assessment.

WEQI
WQI

Total
Very good Good Moderate Bad Very bad

No pressure 0 0 0 0 0 0

Slight pressure 0 13.64% 3.41% 0 0 17.05%

Significant pressure 0 27.27% 27.27% 0 0 54.55%

Extreme pressure 0 0 14.77% 3.41% 0 18.18%

Severe pressure 0 0 0 7.95% 2.27% 10.23%

Total 0 40.91% 45.45% 11.26% 2.27% 100%
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Effects of biodiversity on 
functional stability of freshwater 
wetlands: a systematic review
Aiwen Song 1,2, Shen Liang 1,2, Huai Li 1* and Baixing Yan 1

1 State Key Laboratory of Black Soils Conservation and Utilization, Northeast Institute of Geography 
and Agroecology, Chinese Academy of Sciences, Changchun, China, 2 University of Chinese Academy 
of Sciences, Beijing, China

Freshwater wetlands are the wetland ecosystems surrounded by freshwater, 
which are at the interface of terrestrial and freshwater ecosystems, and are rich 
in ecological composition and function. Biodiversity in freshwater wetlands 
plays a key role in maintaining the stability of their habitat functions. Due to 
anthropogenic interference and global change, the biodiversity of freshwater 
wetlands decreases, which in turn destroys the habitat function of freshwater 
wetlands and leads to serious degradation of wetlands. An in-depth understanding 
of the effects of biodiversity on the stability of habitat function and its regulation 
in freshwater wetlands is crucial for wetland conservation. Therefore, this paper 
reviews the environmental drivers of habitat function stability in freshwater 
wetlands, explores the effects of plant diversity and microbial diversity on habitat 
function stability, reveals the impacts and mechanisms of habitat changes on 
biodiversity, and further proposes an outlook for freshwater wetland research. 
This paper provides an important reference for freshwater wetland conservation 
and its habitat function enhancement.

KEYWORDS

biodiversity, habitat functional stability, freshwater wetlands, habitat change, impact 
mechanisms

1 Introduction

Freshwater wetlands (FWs) are ecosystems formed by the interaction between freshwater 
rivers, lakes and land, mainly including riverine wetlands, lakes, marshes and floodplains. FWs 
not only provide suitable habitats for many plants and animals (McKown et al., 2021), but also 
play an important role in nutrient cycling, water purification and biodiversity maintenance (Li 
C. et al., 2022; Yu et al., 2023; Li et al., 2024). FWs have four the ecological services categories: 
provisioning, regulating, cultural and supporting services (Keddy et al., 2009). However, FWs 
have been severely damaged due to the increase in global population and economic 
development, resulting in a decrease in the global wetland area (Davidson, 2014), and a 
consequent severe destruction of wetland functions and biodiversity (Herbert et al., 2015; 
Ndehedehe et al., 2020).

Biodiversity is a complex system formed by the interaction between organisms and the 
external environment, expressing in genetic diversity, species diversity, and ecosystem diversity 
(Song, 2017; Liang et al., 2023). Habitat function refers to the specific functions and conditions 
providing for organisms, and many studies have shown that biodiversity plays a crucial role 
in habitat function and its stability (Weisser et al., 2017; Yao et al., 2017). FWs are complex 
ecosystems composed of special environmental conditions and organisms, and their functional 
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stability is affected by many factors (Rideout et al., 2022). In FWs, high 
biodiversity can enhance the stability of wetland functions, such as 
nutrient cycling, water purification, and biodiversity maintenance 
(Thomaz, 2023). Rich diversity can alleviate competitive pressures 
among organisms by providing more ecological niches through 
complementary effects, allowing different species in FWs to fully 
utilize resources such as water, nutrients and sunlight (Steudel et al., 
2011). In addition, biodiversity can also improve the stability and 
disturbance resistance of food chains, mitigating external disturbances 
in wetlands by building complex foodweb structures (Peel et al., 2019; 
Hatton et al., 2024).

Although many studies showed that the biodiversity of FWs has 
an important impact on the functional stability of the habitats in 
which they exist, few literatures have been reviewed and summarized. 
Therefore, the objectives of this study are to (1) analyze the effects of 
biodiversity on the functional stability of freshwater wetland habitats; 
(2) illuminate the impacts and mechanisms of habitat change on 
biodiversity; and (3) propose future research directions and 
perspectives. This paper synthesizes the environmental drivers of 
functional stability in FWs, the effects of plant and microbial diversity 
on the functional stability of FWs, and further discusses the effects 
and mechanisms of habitat change on biodiversity.

2 Environmental drivers of functional 
stability in freshwater wetlands

Freshwater wetlands provide numerous functions such as 
biodiversity maintenance, freshwater supply, carbon storage, etc., and 
at the same time they are one of the most fragile ecosystems (Zedler 
and Kercher, 2005). Changes in environmental drivers such as 
hydrological factors, climatic factors, water quality, and soil 
physicochemical properties have led to serious functional degradation 
of some wetlands (Xue et  al., 2018; Xiu et  al., 2019). Therefore, 
understanding the effects of these environmental drivers on freshwater 
wetland ecosystems (Table  1) is important for improving the 
functional stability of FWs and optimizing wetland 
management options.

2.1 Hydrology

Water plays a crucial role in the formation, development, 
succession, and extinction of wetlands, directly affecting their 
structure, function, and ecosystem stability (Wang et  al., 2015). 
Human activities and climate change cause changes in precipitation, 
evapotranspiration, and temperature, which lead to changes in 
hydrological conditions such as water-holding capacity, water level, 
and inundation duration of wetlands (Karim et al., 2015). Changes in 
these hydrological characteristics in turn affect the structure, 
distribution (Todd et  al., 2010; Maietta et  al., 2020a) and 
biogeochemical cycling (Chen et al., 2013) of biological communities 
in FWs, leading to degradation of wetland ecosystem functions.

An increase in water loss from FWs leads to hydrological 
conditions variation and a decrease in available water resources, which 
can disrupt their freshwater supply (Zhao and Liu, 2016). Hydrological 
changes can also affect the structure, distribution and biogeochemical 
cycling of freshwater wetland biological communities, which in turn 
can degrade wetland ecosystems (Chen et al., 2013; Maietta et al., 

2020a). Large fluctuations in water level can affect the structure and 
diversity of biological communities (Luo, 2009). During periods of 
low water levels in the Paraná River delta, the beta diversity and 
individual biomass of zooplankton decreases, leading to a 
simplification of the functional diversity (Gutierrez et al., 2022) and a 
degradation of the wetland environment that sustains aquatic 
vegetation in Lake Michigan-Lake Huron (DeVries-Zimmerman 
et  al., 2021), whereas high water levels have led to a decrease in 
vegetation cover in Lake Ontario (Smith et al., 2021), resulting in 
habitat loss and the frustration of the supply functions of FWs. 
Overall, water level with too low or high is not conducive to wetland 
ecosystems. Soil water content, aeration conditions and redox 
potential also change with fluctuations in wetland water level, affecting 
the ecological processes and metabolic activities of microbial 
communities (Ma et al., 2018). Therefore, the relative stability of water 
level plays an important role in maintaining the functional 
stability of FWs.

2.2 Water quality and soil properties

Humans production and life discharge heavy metals (Li et al., 
2021), pesticides and nutrient salts (Sremacki et al., 2020; Ding et al., 
2021) into freshwater wetland ecosystems, directly and indirectly 
leading to changes in water quality and soil physicochemical 
properties of wetlands, which in turn cause wetland degradation (Wei 
et al., 2019). Relevant studies have shown that increased loading of 
nutrients such as nitrogen and phosphorus in water will deteriorate 
water quality, and cause eutrophication of the water body, leading to 
significant changes in the structure and function of wetland 
ecosystems (Khan and Ansari, 2005; Bano et al., 2022). It has been 
found that increased loading of nitrogen and phosphorus in FWs may 
affect the rates of nitrification, denitrification, and methane 
production, which in turn affects the nutrient cycling (Herbert et al., 
2020). Soil physicochemical properties are key factors in shaping 
microbial community structure, composition, and metabolic activity 
(Ou et al., 2019). Changes in soil physicochemical properties caused 
by human disturbances and natural processes likewise have serious 
impacts on freshwater wetland biological communities (Lai, 2010).

2.3 Temperature

Temperature is recognized as one of the key climatic factors 
influencing the functional stability of FWs (Bano et al., 2022). Changes 
in temperature can have pervasive effects on the structure and 
function of freshwater wetland ecosystems (Hamilton, 2010). Wetland 
plant growth and photosynthesis efficiency increase with increasing 
temperatures within a certain range, increasing nutrient uptake and 
conversion (Zou et al., 2014). However, excessively high temperatures 
may reduce the germination of plant seeds and incubation of animals, 
which can have serious effects on wetland plant and microbial 
communities, disrupting wetland biodiversity (Nielsen et al., 2015). 
Temperature changes can also have an impact on microbial 
metabolism, for example, the role of iron-reducing bacteria in 
inhibiting methane production may diminish as the global average 
temperature increases, thus affecting greenhouse gas emissions from 
FWs. In addition, temperature changes may also lead to species 
migration and range shifts (Chen X. et al., 2023).
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The hydrological conditions of wetlands are closely related to 
temperature changes, and global warming will lead to changes in 
evaporation and precipitation, which may alter the hydrological cycle 
of wetlands and thus indirectly affect the functional stability of 
wetlands (Luo, 2009; You et al., 2015). A previous study showed that 
a 10% decrease in rainfall will lead to changes in the redox conditions 
of the soil in the Everglades, thus affecting its biogeochemical 
processes; whereas the elemental load of the wetland ecosystem may 
increase when rainfall increases by 10%, which helps to maintain 
suitable redox conditions and promotes biogeochemical elemental 
cycling (Orem et al., 2015).

3 Impact of plant diversity on 
functional stability of freshwater 
wetlands

Freshwater wetlands are rich in plant species, which play multiple 
roles in wetland ecosystems (Figure 1A). Different types of wetlands 
have different dominant vegetation, and diverse plants play an 
important role in maintaining the stability of wetland habitat functions 
(e.g., water purification, carbon storage, biodiversity maintenance, 
etc.) (Zhang et al., 2014).

3.1 Water purification

Removal of pollutants by wetlands plants is one of the main ways 
of water quality purification, mainly through two main pathways 
involving in direct pollutants removal and microbial processes 

mediating (Figure  1B; Stottmeister et  al., 2003). The uptake of 
nutrients and heavy metals varies among different plant species 
(Adhikari et al., 2011; Abbasi et al., 2018). The study showed that the 
nitrogen uptake and fixation capacity of Rhododendron ilfescens 
Siberianum was higher, and the remediation of nitrogen pollution in 
wetlands was more effective (Weragoda et al., 2012). In addition, the 
dissolved oxygen in the water were affected by the abundance of 
submerged plant species (Qian, 2019), and different plants had 
different inter-roots, physiological processes, and growth modes, 
which might affect the community structure and activity of 
microorganisms, and further affect water quality purification (Zhang 
et al., 2010; Pang et al., 2016). Resource complementarity between 
plant species may also play a positive role in nutrient uptake and water 
purification (Choudhury et al., 2018). Therefore, maintaining high 
plant diversity can help to improve pollutants removal from water 
(Brisson et al., 2020).

3.2 Carbon storage

Freshwater wetlands are one of the valuable carbon storage sites, 
covering about 6% of the land area, and contain more than 30% of the 
soil carbon pool (Stewart et al., 2024). Plants play an important role in 
wetland carbon storage (Sheng et  al., 2021). Wetland plants can 
convert atmospheric carbon dioxide into biomass through 
photosynthesis, and plant residues and leaves are deposited at wetland 
after death, which is one of the main mechanisms of carbon storage in 
wetlands (Adhikari et al., 2009). Previous studies have shown that the 
plants vary in nutrient and light utilization (Abbasi et al., 2018). Plant 
diversity has an important effect on freshwater wetland productivity 

TABLE 1  Effects of environmental drivers on freshwater wetland ecosystems.

Environmental drivers Factor change Functional changes References

Wetland hydrology: Lake levels, 

rainfall, runoff, land use, and 

groundwater recharge

Extreme water level Reduced primary productivity of wetlands. Ojdanič et al. (2023)

Lowering of wetland levels Reduced biodiversity and biomass simplifies wetland function. Gutierrez et al. (2022)

Excessive high/low 

groundwater levels

Wetland water levels affect biogeochemical cycles, increasing CO and 

NO emissions when water is low and CH4 emissions when water is high.
Yang et al. (2013)

Lowering of lake and river 

levels

Wetland habitat suitability declines, negatively affecting wetland 

functions.
Mu et al. (2022)

Physicochemical indicators:

	1.	 Water quality indicators: pH, DO, 

nutrient salt content, etc.

	2.	 Soil indicators: soil texture, 

organic matter content, pH, etc.

Wetland salinization
Water chemistry changes negatively impact biological activity and 

ecological processes in wetlands.
Herbert et al. (2015)

Increased nutrient salts in 

the water column

Eutrophication of water bodies; changes in microbial communities and 

primary productivity.
Donato et al. (2020)

Increased quality and 

availability of soil organic 

matter

Altered microbial community structure and increased wetland CO2 and 

CH4 production rates.
Morrissey et al. (2014)

Reduced pH of wetland soils
Changes in the structure of microbial communities negatively impact 

the functions of wetlands.
Zhao et al. (2022)

Temperature

Increased water temperature
Changes in water balance and chemistry degrade wetland functions in 

hydrological regulation and water purification.
Jolly et al. (2008)

Elevated temperatures
Organisms’ physiological processes affected, reducing biodiversity and 

impairing freshwater wetland function.
Epele et al. (2022)

Warmer temperatures
Climate warming affects plant adaptations, degrading nutrient cycling in 

FWs.
Lindborg et al. (2021)
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(Isbell et al., 2013; Chaturvedi and Raghubanshi, 2015). Means et al. 
(2016) found a positive correlation between plant diversity and 
productivity in freshwater artificial wetlands. Cardinale et al. (2011) 
found that high diversity plant communities can use more ecological 
niches and increase the efficiency of nutrient utilization, which in turn 
increases primary productivity. An increase in wetland productivity 
can increase the capacity and total amount of carbon input from 
plants to the soil, which in turn increases carbon storage (Zhang 
et al., 2022).

In addition, the decomposition mode (humification and 
mineralization) and rate of plant apoplasts are particularly important 
for wetland carbon storage (Prescott and Vesterdal, 2021). Litter from 
different types of plants has different chemical compositions (Yan 
et al., 2018) and decomposition rates (Xi et al., 2023). It has been 
shown that the litter of freshwater wetland vegetation has the ability 
to alter the nutrient content of soil nitrogen and carbon, thus leading 
to the construction of different dominant microorganisms (Bonetti 
et al., 2021). Some plant litter leads to the production of microbial 
communities of humification, while others lead to the construction of 
microbial communities of carbon dioxide or methane production (Lin 
et al., 2015). Increased plant diversity can provide a wider variety of 
little, and this little can lead to the construction of more stable and 
resilient microbial communities, affecting the carbon storage capacity 
of the wetland (Maietta et al., 2020b).

3.3 Biodiversity maintenance

Plants can create unique microhabitat structures and provide 
suitable conditions for many animals and microorganisms (Choi et al., 
2014; Weilhoefer et al., 2017). Freshwater wetland plants serve as the 
basis of the food chain in this ecosystem, and rich wetland plant 
communities provide a more complex and stable food web that 

supports the nutrient needs of many animals and microorganisms, 
thus contributing to the maintenance of biodiversity (Peel et al., 2019). 
In addition, higher plant diversity improves the resistance of wetland 
ecosystems to invasive alien species and better defends against invasive 
alien species, thus maintaining the stability of other organisms within 
the wetland (Peter and Burdick, 2010). Therefore, the protection and 
maintenance of plant diversity in FWs is essential for maintaining 
wetland biodiversity.

4 Impact of microbial diversity on 
functional stability of freshwater 
wetlands

Microorganisms in FWs are rich and diverse, with some 
differences in microbial composition among different wetland types, 
which can be mainly categorized into bacteria, archaea, fungi and 
protozoa (Cao et al., 2017). Microorganisms play an irreplaceable role 
in maintaining the stability of freshwater wetland habitat functions 
(e.g., water purification and biogeochemical cycles, etc.) (De Mandal 
et al., 2020; Chen M. et al., 2023; Qiao et al., 2023; Chen et al., 2024).

4.1 Water purification

Microorganisms can participate in various water purification 
processes through a series of metabolic and interaction processes, 
especially some functional microorganisms play a crucial role in 
wetland water purification (Wang et al., 2022). For example, some 
inter-root microorganisms such as Pseudomonas and Flavobacterium 
can effectively remove micropollutants (Brunhoferova et al., 2022). 
Fusobacterium, Rhizobium and Erythrobacterium have significant 
removal effects on organic pollutants such as petroleum in wetlands, 

FIGURE 1

Role (A) and pollutant removal (B) of wetland plants.
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and their removal rates are positively correlated with the abundance 
of bacterial species (Xiang et al., 2020). Burkholderia, Hydrophilus, and 
Thiobacillus play important roles in the remediation of arsenic and 
antimony pollution in wetlands (Deng et al., 2022).

The areas riched in wetland microbial diversity usually have 
higher degradation capacity of organic pollutants, and different 
microbial communities can co-operate together to decompose 
complex organic matter and convert it into harmless products (Berrier 
et  al., 2022). Studies have shown that hydrocarbon-degrading 
microorganisms (e.g., Pseudomonas, Rhodococcus, and Nocardia) in 
FWs can form microbial aggregates, improving the removal efficiency 
of n-alkanes and polycyclic aromatic hydrocarbons (PAHs) (Liu et al., 
2021). Anaerobic ammonia-oxidizing bacteria in wetlands can 
cooperate with certain archaea (e.g., nitrate archaea and sulfate-
dependent archaea) to complete the denitrification process in wetlands 
(Wang et al., 2019). In addition, some microorganisms can remove 
multiple pollutants simultaneously. For example, Flavobacterium and 
Chryseobacterium can simultaneously degrade nitrogen and organic 
matter in wetlands (Shen et al., 2018). Sulfate-reducing bacteria, such 
as Desulfovibrio, Desulfobacter, and Desulfobulbus, also play dual roles 
in wetland restoration: (1) participating in the sulfate reduction 
process, producing hydrogen sulfide; (2) hydrogen sulfide reacts with 
heavy metals to form precipitation, which promotes the passivation of 
heavy metals (Chen et al., 2021).

4.2 Biogeochemical cycles

Wetland microorganisms are involved in the process of storage, 
transformation and release of C, N and other elements, and are the 
dominant driver of the biogeochemical cycle in FWs (Hussain 
et al., 2023).

The biogeochemical cycle of carbon in FWs has received much 
attention (Zou et al., 2022; Bao et al., 2023; Qian et al., 2023), and 
microorganisms are mainly involved in the carbon cycle through the 

processes of respiration, methane production and conversion, and 
decomposition of organic matter (Bardgett et  al., 2008). 
Microorganisms play an important role in methane production and 
transformation of FWs (Figure  2). It is now widely accepted that 
methanogenic bacteria are distributed in seven orders of the phylum 
Euryarchaeota (Methanopyrales, Methanococcales, 
Methanobacteriales, Methanomicrobiales, Methanomassiliicoccales, 
Methanosarcinales, and Methanocellales) (Dean et al., 2018). Among 
them, Methanomicrobiales, Methanosarcinales, 
Methanomassiliicoccales, and Methanobacteriaceae methanogenic 
bacteria have widely found in wetland ecosystems (Horn Marcus et al., 
2003; Zhang et al., 2008; Söllinger et al., 2016). There are three main 
pathways of freshwater wetland methanogens involved in 
methanogenesis: acetate fermentation, hydrogenotrophic and 
methylotrophic methanogenesis (Narrowe et  al., 2019), whereas 
wetland methane oxidation is of two types: aerobic and anaerobic 
oxidation. The diverse microorganisms can adapt to the different 
environmental conditions and can better maintain the balance of 
wetland methane production and conversion. It was found that the 
microbial community can change the methanogenic pathway by 
adjusting the composition and activity of the microbial community 
under the fluctuation of nutrients, and then maintaining the stability 
of carbon cycle (Holmes et al., 2014). In addition, the richness of 
microbial diversity in FWs is closely related to the rate of 
mineralization of organic matter, and an active microbial community 
can increase organic matter degradation and mineralization (Li 
et al., 2015).

Microorganisms in FWs are also critical for maintaining the 
relative stability of the nitrogen cycle, and diverse microorganisms are 
an important player in driving nitrogen conversion and its cycling 
processes (Mellado and Vera, 2021; Sheng et  al., 2023). 
Microorganisms such as nitrogen-fixing bacteria and cyanobacteria 
can convert atmospheric N2 into bioavailable forms such as ammonia 
and nitrate, supplying the wetland ecosystem with available nitrogen 
(Bae et al., 2018). It has been found that the efficiency and rate of 

FIGURE 2

Methane production and transformation by wetland microorganisms.

120

https://doi.org/10.3389/fmicb.2024.1397683
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Song et al.� 10.3389/fmicb.2024.1397683

Frontiers in Microbiology 06 frontiersin.org

nitrogen fixation are usually positively correlated with the number and 
diversity of microorganisms such as nitrogen-fixing bacteria (Li 
H. et  al., 2022). On the other hand, some microorganisms (e.g., 
anaerobic ammonia-oxidizing bacteria, ammonia-oxidizing archaea, 
and denitrifying anaerobic methane-oxidizing bacteria) are also 
present in FWs, involved in key nitrogen transformation processes 
such as ammonia oxidation, nitrification and denitrification (Chen 
et  al., 2020). These microorganisms differ in their tolerance and 
sensitivity to environmental factors, and a high diversity of 
microorganisms can provide different kinds of microbial functional 
groups, improving the adaptability and stability of FWs to 
environmental changes and maintaining the relative stability of the 
nitrogen cycle (Hu et al., 2017).

5 Impacts and mechanisms of habitat 
change on biodiversity

Wetlands provide habitat for nearly 20% of the world’s species and 
are one of the most biodiversity-rich systems, however, they are under 
great pressure from human activities and climate change (Fang et al., 
2006). This is causing a large degree of degradation of FWs and 
affecting the biodiversity of ecosystems (Al-Obaid et al., 2017). Habitat 
changes have important effects on wetlands (Figure 3). Among these, 
habitat changes and alterations in food chains and interspecific 
relationships are the two main factors (Ohba et  al., 2019; Wang 
et al., 2021).

Habitat loss and fragmentation can result in the reduction and 
fragmentation of freshwater wetland areas, weakening the available 
area and connectivity of habitats for species, and these can directly lead 
to the reduction of the number and distribution range of some species, 

and consequently the decline of biodiversity (Jamin et al., 2020). For 
example, the size and connectivity of wetlands in Xin Jiang Wan Town, 
Shanghai, decreased with the accelerated urbanization of the area, 
leading to habitat loss and diversity reduction of wetland birds (Xu 
et al., 2018). Vascular plants in the wetlands of the canton of Zurich in 
eastern Switzerland became extinct as a result of the reduction of 
wetland connectivity and patch size under human activities (Jamin 
et al., 2020). In addition, the movement and migration of amphibians 
are limited when wetlands are fragmented, which may lead to the 
delayed extinction of these species (Gimmi et al., 2011).

Habitat change also affects wetland biodiversity by altering 
wetland food chains and interspecific relationships (Araújo et  al., 
2014). Previous studies have found that species richness of 
insectivorous birds in the Lampertheimer Altrhein area has decreased, 
due to the reducing food resources for insectivorous birds under 
agricultural intensification (Schrauth and Wink, 2018). The reduction 
in species richness and cover of plant communities during the 
degradation of the Ruoerge wetland has led to changes in the trophic 
structure of omnivores and algae, which in turn had a serious impact 
on the diversity of nematode communities (Wu et  al., 2017). In 
addition, biological invasions are recognized as one of the main 
drivers of biodiversity loss (Mazor et al., 2018). Habitat changes can 
promote the invasion and spread of non-native species (e.g., Spartina 
alterniflora), and these invasive species can disrupt the original food 
chains and interspecific relationships of ecosystems, thus leading to 
biodiversity reduction (Wang et al., 2021).

In addition, changes in environmental factors such as wetland 
water level and pollution have significant impacts on biodiversity. For 
example, during the degradation of wet marshes to meadows in the 
Sanjiang Plain, changes in wetland water level alter the living 
conditions of organisms, which in turn affects the diversity and 

FIGURE 3

Impacts of habitat change on biodiversity in FWs.
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community composition of plants and microorganisms (Sui et al., 
2017; Liping et al., 2020). The overuse of herbicides and pesticides in 
agricultural production activities has caused severe pollution of the 
Infranz wetlands in north-west Ethiopia, adversely affecting their 
biodiversity (Eneyew and Assefa, 2021).

6 Future prospects

Freshwater wetlands with high biodiversity play an extremely 
important role in maintaining the functional stability of wetland 
habitats. Many environmental drivers such as water level, water 
quality, soil properties, temperature, and biological drivers (e.g., plant/
microbial diversity) have important impacts on the functional stability 
of freshwater wetland ecosystems, but many in-depth studies are 
needed in the following aspects in the future:

	 1.	 Changes in biodiversity can directly or indirectly regulate 
ecosystem processes, and biodiversity is the main determinant 
of maintaining ecosystem functional stability. Therefore, it is of 
great significance to investigate the relationship between 
biodiversity and functional stability. Nowadays, most studies 
on the functional stability and biodiversity of freshwater 
wetland have focused on small-scale scales and homogeneous 
habitats, ignoring the effects of spatial and temporal scales and 
environmental heterogeneity. Therefore, the study on the 
multi-scale integration and relationship between biodiversity 
and functional stability at different scales is important. This will 
help maintain the stability of freshwater ecosystems and 
provide theoretical support for the conservation of FWs.

	 2.	 Many studies are about the response of habitat function to 
environmental and biological elements in the context of global 
change. Most studies agreed that high levels of biodiversity can 
better maintain the stability of habitat function. In addition, 
changes in environmental factors can indirectly affect ecosystem 
habitat function through biodiversity. Therefore, future research 
needs to focus on the mechanisms by which environmental and 
biological factors drive habitat function enhancement through 
community composition, species diversity, environmental 
heterogeneity and biological interactions.

7 Conclusion

Freshwater wetlands are one of the most biodiverse ecosystems, and 
abundant species has a significant impact on the habitat function of 

FWs. Many environmental factors are changing under global change 
and human activities, and these changes can either directly affect the 
stability of wetland habitat functions or indirectly affect habitat 
functions by altering the biodiversity of FWs. Our study analyzes the 
roles of environmental drivers maintaining the stability of wetland 
habitat functions, such as hydrology, temperature, and water quality, 
discusses the impacts of plant and microbial diversity on the functional 
stability of FWs, and further reveals the impacts and mechanisms of 
habitat changes on biodiversity. In general, biodiversity can promote the 
stability of habitat functions in FWs. However, most studies focus on 
small-scale scales and homogeneous habitats. Therefore, future studies 
on biodiversity and stability of habitat functions in FWs at large scales 
and non-homogeneous habitats still need to be further explored.
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Introduction: The composition and structure of natural soil are very complex, 
leading to the difficult contact between hydrophobic organic compounds and 
degrading-bacteria in contaminated soil, making pollutants hard to be removed 
from the soil. Several researches have reported the bacterial migration in 
unsaturated soil mediated by fungal hyphae, but bacterial movement in soil of 
different particle sizes or in heterogeneous soil was unclear. The remediation of 
contaminated soil enhanced by hyphae still needs further research.

Methods: In this case, the migration and biodegradation of Diaphorobacter sp. 
LW2 in soil was investigated in presence of Pythium ultimum.

Results: Hyphae could promote the growth and migration of LW2 in culture 
medium. It was also confirmed that LW2 was able to migrate in the growth direction 
and against the growth direction along hyphae. Mediated by hyphae, motile strain 
LW2 translocated over 3 cm in soil with different particle size (CS1, 1.0–2.0 mm; 
CS2, 0.5–1.0mm; MS, 0.25–0.5 mm and FS, <0.25 mm), and it need shorter time in 
bigger particle soils. In inhomogeneous soil, hyphae participated in the distribution 
of introduced bacteria, and the total number of bacteria increased. Pythium ultimum 
enhanced the migration and survival of LW2 in soil, improving the bioremediation of 
polluted soil.

Discussion: The results of this study indicate that the mobilization of degrading 
bacteria mediated by Pythium ultimum in soil has great potential for application 
in bioremediation of contaminated soil.

KEYWORDS

bacterial migration, growth direction, heterogeneous soil, hyphae, biodegradation of 
phenanthrene

1 Introduction

Soil is a major environmental sink for hydrophobic organic contaminants (HOCs) (Nam 
et al., 1998; Collins et al., 2013). HOCs tend to sorb to soil particulates due to their low 
solubility (Zeng et al., 2010). Wild and Jones (1995) reported that over 90% PAH burden 
resided in soil in UK, and the complex soil structure causes non-homogeneous distribution 
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of HOCs (Gu et al., 2017). Biodegradation is often considered as one 
of the effective methods for contaminated soil remediation. Solids in 
soil are always arranged in a very complex spatial manner and form 
tortuous pore spaces. Soil heterogeneity can arise and persist without 
being mixed well. The bacterial transport in unsaturated soils across 
macro-scale distance (>10 mm) was primarily driven by water flow 
and reduced with decreasing water contents and water flow velocities 
(Or et al., 2007). Griffin and Quail (1968) reported that no movement 
of Pseudomonas aeruginosa was detected at water contents below 28%. 
Moreover, motile strains only spread 6.4 mm in vertical direction in 
soil with water content of 13.3% (w/w) after 14 days (Turnbull et al., 
2001). Bosma et al. (1996) calculated the average distances between 
bacterial microcolonies in soil at a range of 50–100 μm. Effective 
contact between microorganisms and pollutants is a prerequisite for 
biodegradation. The difficulty of microbial migration in complex soil 
environments limits the removal of pollutants.

The interactions between fungi and bacteria widely prevail in a 
variety of habitats, especially in soil (de Menezes et al., 2017; Deveau 
et al., 2018). Kohlmeier et al. (2005) reported that hydrophilic Fusarium 
oxysporum Fo47 bridged air gaps and provided water channels for the 
migration of Achromobacter sp. SK1. After that, several literature 
studies reported the bacterial movement mediated by hyphae. 
Warmink and Elsas (2009) found that the attached soil bacteria moved 
with growing hyphae and formed biofilms around hyphae. Effects of 
bacterial type three secretion system and hyphal surface receptors on 
bacterial migration along hyphae also have been investigated (Vila 
et al., 2016; Yang et al., 2016). Worrich et al. (2016) proposed that 
fungal mycelia could maintain the microbial growth and 
biodegradation even at low osmotic and matric potentials. In addition 
to microorganisms, soil properties were also important factors affecting 
bacterial migration. Nazir et al. (2010a) found that Lyophyllum sp. 
strain Karsten alleviated pH pressure in acid soil and enhanced 
bacterial survival. Higher moisture content and pH in acidic soil are 
beneficial for hyphal-mediated bacterial migration (Yang et al., 2018).

Except for pH and moisture content, soil particle size was also an 
important soil characteristic, but the bacterial migration mediated by 
mycelium in soils with different particle sizes was still unclear. Particle 
size of natural soil was uneven, and behavior of motile bacteria mediated 
by mycelium in heterogeneous soil was also unknown. Research on the 
enhanced biodegradation of phenanthrene in contaminated soil by 
hyphae is also very limited. In previous study, we have demonstrated 
that naphthalene- and phenanthrene-degrading Diaphorobacter sp. 
LW2 was able to migrate across air gaps with the hyphae of Pythium 
ultimum (Li et  al., 2022). We  chose these two microorganisms to 
investigate the bacterial migration in homogeneous and heterogeneous 
soil with different particle sizes mediated by mycelium, as well as the 
biodegradation of phenanthrene-contaminated soil with different 
particle sizes. First, the effect of Pythium ultimum on the biodegradation 
and growth of LW2 was studied. Next, the migration behavior of LW2 
with fresh or old hyphae was studied, and the diffusion and distribution 
of bacteria introduced at the hyphal tip and end (growth starting point) 
were investigated. Then, bacterial migration mediated by hyphae in soil 
with different particle sizes was examined, and the distribution of 
introduced bacteria in heterogeneous soil in the presence of mycelium 
was explored. Finally, the effect of additional Pythium ultimum on the 
biodegradation of phenanthrene in soil with different particle sizes by 
LW2 was studied. We hope that the experimental results provided the 
theoretical basis for the bioremediation of contaminated soil.

2 Materials and methods

2.1 Experimental materials

2.1.1 Organisms
Fungi, oomycete Pythium ultimum, with hydrophilic mycelia 

(collection number 37386) was purchased from the China Agricultural 
Culture Collection of China (Beijing, China). Pythium ultimum was 
cultivated at 28°C on solid medium of potato dextrose agar (PDA).

Naphthalene- and phenanthrene-degrading bacteria, 
Diaphorobacter sp. LW2, were isolated from the aged 
PAH-contaminated soil and had been proven to be able to move via 
Pythium ultimum mycelia. LW2 was cultivated in Luria–Bertani (LB) 
medium, harvested, and washed three times with 0.01 M 
PBS. Bacterial suspension used in mobilization experiment contained 
approximately 1.21 × 108 CFU ml−1. Bacteria were quantified as colony 
forming units (CFUs) on LB solid medium containing 200 mg L−1 
actidione to prevent fungal growth.

2.1.2 Soil
Experiment soil was collected from Shandong province, China, 

and was sieved into four types according to granular sizes: coarse 
sand-1 (CS1, 1.0–2.0 mm), coarse sand-2 (CS2, 0.5–1.0 mm), medium 
sand (MS, 0.25–0.5 mm), and fine sand (FS, <0.25 mm). The pH values 
of CS1, CS2, MS, and FS were found to be 8.05–8.21. The initial water 
content and organic carbon content of these samples are shown in 
Supplementary Table S1. All soil samples were sterilized for three 
times with 30 min each time to ensure sterility. Soil samples were 
mixed with 5% (w/w) wheat bran to support hyphal growth and were 
adjusted to be with water content of ~10 wt%.

2.2 Biodegradation and growth of LW2 
affected by Pythium ultimum hyphae

Pythium ultimum growing on PDA plates was inoculated into 
24-well plates. In total, 1.5 mL PDB medium was added in each hole. 
After 3 days, the mycelium slices with a diameter of approximately 
1.6 cm and a dry weight of approximately 2 mg were obtained. The 
mycelium was washed with PBS buffer three times, and part of it was 
used as inactivated mycelium after being autoclaved at 121°C for 15 min.

Due to the low solubility of phenanthrene in water, a 
concentration of 1 mg L−1 of phenanthrene was set in this experiment 
to avoid the interference of undissolved phenanthrene with bacterial 
growth and mycelium adsorption tests. Overall, 0.5 mL bacterial 
suspension and two inactivated or non-inactivated mycelium pieces 
were added to a sterile brown glass bottle containing 9.5 mL 
phenanthrene-MSM medium and cultured for 72 h at 
25°C. Treatments with only the addition of bacteria or mycelium 
were considered as the controls. Overall, 0.5 mL PBS buffer was 
added to the groups without LW2 to avoid volume differences. The 
whole residual content of phenanthrene and OD600 of LW2 were 
tested at 0, 2, 4, 8, 10, 12, 24, 48, and 72 h. The concentration in water 
and whole residual content of phenanthrene were examined in 
groups adding only mycelium.

The extraction of phenanthrene is consistent with the report by Gu 
et al. (2016). The concentration of phenanthrene was measured using 
high-performance liquid chromatography (HPLC) (Li et al., 2022).
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2.3 Influence of fresh or old hyphae on 
bacterial migration along with hyphae

Fresh (newly grown) or old (grown over 7 days) hyphae were 
inoculated in Petri dishes containing PDA, and the diameter of 
mycelium coverage was regarded as an evaluation indicator for the 
hyphal growth. Bacterial migration along with fresh or old hyphae was 
tested. In brief, Pythium ultimum was introduced on the PDA disk of 
left side (Figure 1A) and had fully overgrown the system (approximately 
4 days), and 10 μL of bacterial suspension was added. For the system that 
was pre-inoculated before 11 days, hyphae with excessive growth for 
7 days were considered as old hyphae. After LW2 inoculation for 3 days, 
bacterial cells on agar disks at P1 and P2 positions were measured. 
Fungus-associated bacteria were treated by both vortexing for 60 s and 
ultrasonication of two times for 30 s, as previously reported (Wick et al., 
2007). After appropriately diluted, the bacterial suspension was spread 
on LB agar containing 200 mg L−1 actidione following incubation, and 
colonies were enumerated. All tests were set up with triplicates.

2.4 Bacterial migration starting from the 
end or tip of the hyphae

The effect of bacterial inoculation location on the diffusion and 
distribution of LW2 in Pythium ultimum mycelium was investigated. 
Specifically, Pythium ultimum was introduced in the center of PDA 
plates (diameter: 150 mm), and 100 μL of bacterial suspension was 
added at center or edge of the plate when the hyphae reached the edge 
of the plate. The bacteria inoculated at the center of the plate were 
equivalent to being introduced at the end of the hyphae, while the 
bacteria inoculated at the edge of the plate corresponded to being 
introduced from the tip of the hyphae. At set times (2 h and 48 h after 
bacterial inoculation), small samples were recovered, by punching out, 
from the marked sites, as shown in Figure 1B. All samples were treated 

to quantify bacterial cells, as described in 2.3. The adjacent sampling 
positions were spaced 10 mm apart, with an angle of 120 ° in the upper, 
left, and right directions. For each experimental treatment, three 
replicates were used. Controls received no bacteria or Pythium ultimum.

2.5 The bacterial mobilization by Pythium 
ultimum in soil with different particle size

The bacterial mobilization via Pythium ultimum mycelia was 
studied in laboratory systems mimicking air-filled soil environment, 
as shown in Figure  1C. The ends of the columns (length: 20 cm; 
diameter: 1.6 cm) were closed with breathable silicone test tube plugs, 
and 6.0 g glass beads (diameter: 0.4 cm) were placed at the bottom of 
the columns in purpose of supporting round PDA disks (diameter: 
1.6 cm; thickness: 0.2 cm) covered by mycelium. Overall, 100 μL of 
bacterial suspension was inoculated onto the surface of PDA disks at 
the bottom simultaneously. The columns were filled with soil of 
different particle sizes, 1.5 cm or 3 cm thick, and 0.5 g of quartz sand 
above and below was to separate the PDA disks from the experimental 
soil. The glass columns were placed at constant temperature and 
humidity for inoculation, and the bacteria around upper glass beads 
were quantified. Identical set-ups without fungi or bacteria served as 
controls. All experiments were at least conducted in triplicates.

2.6 The bacterial distribution mediated by 
Pythium ultimum in heterogeneous soil

To investigate the bacterial distribution with hyphae in soil with 
different sizes, similar set-up (Figure 1C) has been used. Filled soil in 
the columns had a little difference; CS1, CS2, MS, and FS were combined 
in pairs with a 1.5 cm layer of each medium. Pythium ultimum was 
inoculated on the bottom PDA disks. The top PDA disks were removed 

FIGURE 1

Schematic diagrams for microorganism migration experiments ((A), migration of Diaphorobacter sp. LW2 affected by fresh or old Pythium ultimum 
hyphae; (B), bacterial distribution in mycelial network; and (C), bacterial migration in soil).
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throughout the soil after the growth of hyphae, and 500 μL of bacterial 
suspension was introduced from above. After 7 days of incubation at 
room temperature, the number of bacterial cells in soil of upper or lower 
layers was examined. Samples were suspended in PBS, vortexed (1 min, 
three times, with 30-s intervals), diluted, and spread on LB agar plates 
(Yang et al., 2018). Colonies were enumerated and CFU numbers were 
calculated. Experiments were performed in triplicates. The non-fungal 
or non-bacterial controls were examined similarly.

2.7 Biodegradation of phenanthrene in soil 
with different particle sizes by LW2 
affected by Pythium ultimum

The sterilized soil of different particle sizes with a dry weight of 
1 kg was accurately weighed in a sterile beaker, and a small part of it 
was added with 10 mL of phenanthrene stock solution (5 g L−1 
dissolved in acetone). The soil was evenly mixed and placed in the 
fume hood. After the acetone was completely volatilized, it was mixed 
with the remaining uncontaminated soil and placed in the fume hood 
for more than 1 week. Due to the loss in the treatment process, the 
phenanthrene concentration in CS1, CS2, MS, and FS was 47.78, 46, 
78, 48, 14, and 48.13 mg kg−1, respectively.

Except that the filled medium was replaced with 5 g contaminated 
soil, and the set-ups used were consistent with 2.5. Pythium ultimum was 
inoculated on the bottom agar, and a 100-μlL bacterial suspension was 
added from the top. Columns without inoculating microorganisms and 
only adding hyphae or bacteria were regarded as the control groups. The 
columns were cultured in dark at 25°C and destructively sampled on 
days 7, 14, 21, 28, and 35 to test the residual phenanthrene and bacterial 
count in the soil. More than three parallel samples were set at each 
sampling point in all experimental groups. Phenanthrene extracted was 
from soil according to the description by Chen and Ding (2012). The 
concentration of phenanthrene in samples was measured using HPLC.

2.8 Statistical analysis of the data

At least three parallel samples were performed for all experiments. 
All data were subjected to analysis of variance (ANOVA) using SPSS 
25. A p-value<0.05 indicated that data were significant.

3 Results

3.1 Biodegradation of phenanthrene in 
culture medium by LW2 enhance using 
Pythium ultimum

Figure  2 shows the content of residual phenanthrene and the 
absorbance of solution at a wavelength of 600 nm. Phenanthrene was 
significantly removed inoculated with LW2 (p<0.05), and the results 
of additional LW2 with sterilized or unsterilized and without hyphae 
showed no obvious difference (p>0.05). Over 87% of phenanthrene 
was removed within 12 h, and the residual phenanthrene was less than 
13 μg L−1 at 72 h. The unsterilized or sterilized hyphae promoted the 
growth of LW2, with OD600nm of 0.170 and 0.067 at 72 h, respectively. 
Groups without LW2, the content of phenanthrene decreased from the 

initial 941.41 μg L−1 (unsterilized hyphae) and 946.26 μg L−1 (sterilized 
hyphae) to 802.57 μg L−1 and 800.15 μg L−1. Pythium ultimum was 
unable to degrade phenanthrene. The decrease in phenanthrene was 
possibly due to photolysis or volatilization.

3.2 Migration of LW2 via fresh or old 
hyphae

Factors that the inoculum was fresh or old might affect the growth 
of hyphae. While introducing the growth of old hyphae, the diameter 
variation of the coverage area of mycelium is shown in Table 1. The 
younger inoculum had coverage radius of 19 ± 2.24 mm at 24 h, which 
was larger than that was formed by old hyphae. Moreover, after 3 days 
of incubation, both mycelia grew over the 90 mm Petri dishes. Fresh 
hyphae adapted to the environment and grew faster than aged hyphae.

It has been reported that hyphae might release nutrients as its 
growth may exert positive or negative effects on the bacterial 
movement at mycelium (Haq et  al., 2018). We  thus tested the 
migration of LW2 at newly grown hyphae and hyphae that has grown 
for more than a week using the set-ups, as shown in Figure 1A. Figure 3 
showed the number of bacterial colonies detected on two MSM agar 
blocks located closer to the bacterial inoculation site (P1) and slightly 
further away (P2). Fresh or old hyphae showed no significant effect on 
the number of detected LW2 at P1 and P2 positions (P>0.05). The 
detected LW2 at P1 was approximately 5–6 × 107 CFU ml−1 and 
4–5 × 107 CFU ml−1 at P2. The amount of LW2 was all in the same 

FIGURE 2

The residual phenanthrene (A) and the absorbance of solution at a 
wavelength of 600  nm (B) while addition of LW2，sterilized, or 
unsterilized hyphae and both of them.
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order of magnitude. No bacterial migration was detected in the 
absence of hyphae.

3.3 The diffusion and distribution of LW2 
inoculated at the end or tip of Pythium 
ultimum hyphae

After the introduction of hyphae in the center of 150 mm PDA 
plates for 4 days, the mycelium covered the entire dishes. Following 
that, bacterial suspensions were inoculated at the end or tip of Pythium 
ultimum hyphae to investigate the diffusion and distribution of 
LW2 in continuous hyphae. At set times (2 h and 48 h after bacterial 
inoculation), samples at positions shown in Figure 1B were collected. 
Colonies were enumerated, and contour maps of lg CFU were drawn 
to analyze the distribution of LW2 in mycelium (Figure 4). When 
inoculating LW2 at the center position (Figures 4A,B), there was no 
significant difference in the detection results in the upper, lower left, 
and lower right directions at the same distance from the inoculation 
point (p > 0.05), and the bacterial colony numbers were all in the same 
order of magnitude. There were significant differences in the detection 
results at different distances from the bacterial inoculation site 
(p < 0.001). The detected colonies in the central position at 2 h was 
much greater than that in the middle and edge positions, which were 
8.32–8.84 and 414–504 times higher, respectively. Over time and 
bacterial reproduction, CFUs in all positions increased, and the 
number of bacteria in the center position was approximately 2.2–2.4 
and 23.73–25.36 times of that at the middle and edge positions 
for 48 h.

When LW2 was inoculated at the tip of the mycelium, the number 
of bacteria detected above was significantly greater than that in the left 
and right directions (p < 0.05), but the results in the left and right 
directions were not similar (p > 0.05). The inoculum diffused from the 
inoculation point to the surrounding area, but the number of bacteria 
detected at sites LM and RM was greater than that at positions LC and 
RC that was closer to the inoculation site (p < 0.05). The detection 
results at 2 h and 48 h were 108–170 and 6.8–9.1 times higher than 
those at the center of the left and right directions, respectively. With 
the absence of hyphae, no bacterial migration was detected regardless 
of where the bacteria were inoculated on the plate.

3.4 Mobilization of LW2 mediated by 
Pythium ultimum throughout soil of 
different particle sizes

It has been proven that the strain LW2 could migrate along 
Pythium ultimum hyphae across air gaps within a centimeter range. 
The ability of LW2 to migrate in soil mediated by hyphae would be a 

favorable factor for its application in contaminated soil remediation, 
and we reasoned that the migration of LW2 in soil of different particle 
size also varied. Therefore, the travel of LW2 through coarse sand (CS1 
and CS2), medium sand (MS), and fine sand (FS) in the presence of 
mycelium was studied. Figure 4 shows photos of columns filled with 
CS1, CS2, and MS cultured for 1 week. The hyphae passed through soil 
layers with a height of 1.5 cm within 1 week but did not pass through 
FS of the same height, which finally did it at the third week 
(Supplementary Figure S2). In the first week, Pythium ultimum failed 
to pass through the soil layers of various particle sizes with a height of 
3 cm but crossed the 3 cm soil layers of CS1 and CS2 in the second 
week. Moreover, the hyphae in the lower soil pores could be observed 
in CS1 (Figures  5D,E) and MS (Supplementary Figures S1C,D) 
columns. Over the culturation time, Pythium ultimum went 
throughout MS and FS soil layers of a height of 3 cm at third and 
fourth weeks (Supplementary Figures S2A,C).

The bacteria that crossed through the filled soil via hyphae were 
examined. No bacteria were detected around the upper glass beads in 
controls. The existence of LW2 near the upper glass beads was ensured 
after inoculation for 2 weeks when hyphae had crossed 3 cm soil layers 
of CS1 and CS2 and 1.5 cm soil layers of MS. The bacteria crossing 1.5 
cm thick soil layers were more than those of 3 cm and differed by 
approximately one order of magnitude (Table 2). In the columns filled 
with soil (at a height of 1.5 cm) of different particle sizes, the number 
of migrating bacteria detected was at a level of 10 6. Moreover, in 
1.5 cm FS and 3 cm MS columns, hyphae at upper PDA disks were 
observed, and CFUs (×10 4) were 50.30 ± 4.19 and 18.30 ± 1.20. 
Mediated by Pythium ultimum, LW2 finally migrated over a distance 
of 3 cm in FS soil (<0.25 mm).

3.5 Distribution of LW2 in soil with different 
particle sizes

The effect of additional Pythium ultimum on the distribution of 
LW2 in homogeneous and heterogeneous soils was investigated. In 
soil columns of various sizes without Pythium ultimum, the number 
of bacteria detected in the lower soil layer was lower than that in the 
upper layer (as shown in Figures  6A,B). Soil particle size and 
heterogeneity significantly affected the number of LW2 in the upper- 
and lower-layer soil (p < 0.05). When the upper soil was CS1 and FS, 
the impact on the bacterial count in the upper soil was more significant 
(p < 0.05), and the diffusion of strain LW2 in CS1 and FS was limited. 
When the upper soil was MS, the influence on the bacterial count in 
the lower soil was more significant (p < 0.05). The CFU of strain 
LW2 in the lower soil was generally 107, while in homogeneous MS, 
the bacterial count in the lower soil is only 1.66 × 108. When the lower 
media were same, except for the case where the upper layer was FS, 
the larger the particle size difference between the upper and lower 
media, the more LW2 was intercepted by the upper layer.

With the presence of Pythium ultimum, the amount of bacteria 
significantly increased (p < 0.05), especially in the lower soil layer 
where the bacterial count increases by 2–3 orders of magnitude 
(Figures 6C,D). In columns filled with CS1 and CS2 in the upper layer, 
colonies from the upper layers were more than those from the lower 
layers. When the upper filled media was MS, the numbers of bacteria 
were similar in both layers, and when it was FS, 10 times bacterial cells 
in the lower soil layers existed compared with those in upper soils. The 

TABLE 1  The coverage range of the hyphal network when the inoculum 
was fresh and old hyphae.

Time / h Radius of hyphae /mm

Fresh hyphae Old hyphae

24 19.00 ± 2.24 15.00 ± 1.41

48 35.25 ± 0.56 34.63 ± 1.71
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presence of hyphae promoted the proliferation of LW2 and altered its 
distribution in soil.

3.6 Biodegradation of phenanthrene in soil 
with different particle sizes by LW2 
enhance by Pythium ultimum

The removal of phenanthrene by LW2 in soils of different particle 
sizes and enhancement of Pythium ultimum were investigated. The 
initial concentrations of phenanthrene in CS1, CS2, MS, and 
FS-contaminated soil were slightly different (p > 0.05), with values of 
47.78, 46.78, 48.14, and 48.13 mg kg−1, respectively. The slight decrease 
(p > 0.05) of phenanthrene in soils without microorganisms might 
be related to the volatilization or photolysis. The addition of hyphae 
caused a decrease in phenanthrene, and the removal rates in CS1, CS2, 
MS, and FS were increased by 10.86, 10.57, 4.35, and 2.96%, 
respectively.

When LW2 was added to the soil, the residual amount of 
phenanthrene in CS1, CS2, MS, and FS after 21 days was 12.35, 12.74, 
9.97, and 2.09 mg kg−1, respectively. The content of phenanthrene in 
soil with different particle sizes significantly decreased (p < 0.05). After 
35 days, the remaining phenanthrene in CS1, CS2, MS, and FS were 
10.93, 10.81, 7.49, and 2.10 mg kg−1, respectively. In liquid cultivation, 
LW2 almost completely degraded phenanthrene with the extension of 
culture time, but there was no significant change in phenanthrene for 
21–35 days (p > 0.05). In addition, compared with 21 days, the amount 
of LW2 bacteria detected in soil decreased at 35 days, indicating that 
the physiological activity of LW2 was restricted. In the columns of 
Pythium ultimum and LW2, the residual phenanthrene in CS1, CS2, 
MS, and FS after 35 days was 1.35, 2.23, 2.55, and 1.41 mg kg−1, 
respectively. Compared with treatment with only LW2, the removal 
rates of phenanthrene were increased by 20.05, 18.36, 10.28, and 

1.44%, respectively. The mycelium significantly enhanced the 
degradation of phenanthrene by LW2 (p < 0.05). Compared with 
columns without hyphae, the content of phenanthrene in the soil 
treated with hyphae and LW2 continued to decrease for 2–35 days.

4 Discussion

4.1 The effect of Pythium ultimum on the 
growth of LW2

Strain LW2 grew and propagated using phenanthrene as the sole 
carbon source and energy source in the absence of hyphae. As the 
concentration of phenanthrene decreases, bacterial reproduction 
was restricted. In the presence of hyphae, degradation of 
phenanthrene showed no significant difference (P>0.05), but the 
biomass increased. Hyphae would secrete some compounds during 
its growth, and some of them could be utilized for bacterial growth 
(Boersma et al., 2010; Haq et al., 2018). Gandhi and Weete (1991) 
have been reported the production of polyunsaturated fatty acids 
such as arachidonic acid and eicosapentaenoic acid by Pythium 
ultimum, which could serve as nutrients for bacterial growth. The 
promoting effect of sterilized hyphae is slightly weaker, which is 
likely due to the high temperature accelerating the release of 
compounds secreted by hyphae, resulting in a decrease in the 
amount of nutrients added to the culture medium. Pythium ultimum 
hyphae could enrich and adsorb phenanthrene from solutions 
(Supplementary Figure S3). Furuno et  al. (2012) found that 
phenanthrene could accumulate in Pythium ultimum lipid vesicles 
and be transported in hyphae. The adsorption of phenanthrene by 
Pythium ultimum hyphae and the promotion of bacterial growth are 
beneficial to the bioremediation of actual phenanthrene-
contaminated soil.

4.2 Transport of LW2 by Pythium ultimum 
on PDA plate

We have demonstrated in previous studies that the strain LW2 
could migrate within a centimeter range in Petri dishes through 
the water channels provided by Pythium ultimum (Li et al., 2022). 
In this study, we compared the migration of LW2 in fresh and old 
hyphae and found that the difference was very small. Warmink 
and Elsas (2009) reported that the migration of inoculant strains, 
Dyella japonica BS021 and Burkholderia terrae BS001, only 
occurred at the growing hyphal front of Lyophyllum sp. strain 
Karsten, and no bacterial translocation was observed along hyphae 
grown over a week at any directions. However, Achromobacter sp. 
SK1 was found to move at old hyphae of Fusarium oxysporum 
Fo47 during their interaction (Kohlmeier et al., 2005). Moreover, 
Yang et al. (2018) found that the strain BS001 was able to migrate 
along the old hyphae of Lyophyllum sp. strain Karsten while 
investigating its movement at various acid pH levels. The tropic 
movement of BS001 was due to its chemotactic response toward 
oxalic acid that Lyophyllum sp. strain Karsten exudated (Haq et al., 
2018). In our experiment, the new and old hyphae showed similar 
impact on the migration of LW2. Meanwhile, no matter inoculum 
was introduced at the front or end of the hyphae, the bacterial 

FIGURE 3

Amount of Diaphorobacter sp. LW2 migrated to agar P1 and P2 
affected by fresh or old Pythium ultimum hyphae. Agar P1 and P2 
were 2  mm and 12  mm away from the agar block inoculated with 
bacteria, respectively. Test of inoculation of LW2 when the hyphae 
just extended to the right PDA agar block was considered as fresh 
hyphae treatment. Test of inoculation of LW2 after the right agar 
grew full of hyphae and remained for 7  days was considered as old 
hyphae treatment.
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distribution in mycelial networks gradually became uniform over 
time. This was likely due to Pythium ultimum secreting different 
compounds, and LW2 did not receive special signal resulting its 
isotropic movement. The diffusion of bacterial LW2 along the 
mycelium in this article was largely related to the diffusion time 
and bacterial concentration, which was consistent with the 
research results by Wick et al. (2007).

The detection of bacteria in the opposite direction of mycelial 
growth proved that LW2 that translocated via the liquid channels 
provided by hyphae along or against the direction of mycelium growth. 
The number of bacteria detected at position LM and RM for LW2 was 
greater than that at position LC and RC closer to the hyphal inoculation 
location (Figures  4C,D). Overall, hyphae grew radially from the 
inoculation site to the surrounding area on PDA plates. The intersection 
of hyphae was relatively less near the inoculation site but increased with 
hyphal growth, and the water channels formed by the liquid film 

around the hyphae were interconnected (Heaton et al., 2012). Therefore, 
fewer bacteria migrated to position LC and RC but increased with time.

Currently, several different mechanisms have been reported by 
which hyphae enhance the migration of moving bacteria. For 
hydrophobic hyphae, bacteria anchor on the surface of the hyphae 
through capillary forces, van der Waals forces, and cross-linking forces 
and passively migrate as the hyphae grow and elongate (Gu et al., 
2017). Bacteria may also attach to the surface of hyphae using the 
organic matter secreted by the hyphae as a carbon source and energy 
source for growth and reproduction and form biofilms on hyphae and 
passively migrate with fungal growth. With this mechanism, bacteria 
could migrate only when inoculated at the tip of hyphae, and 
migration occurred along the direction of hyphal growth (Frey-Klett 
et  al., 2007; Warmink and Elsas, 2009; Nazir et  al., 2010a,b). For 
hydrophilic hyphae, a liquid film was wrapped around it, and moving 
bacteria could actively migrate along the water channel based on their 

FIGURE 4

Number of bacterial cells at different positions in the mycelial network when Diaphorobacter sp. LW2 was inoculated at the starting position of 
mycelium growth (A,B) or hyphal tips (C,D). The bacterial count test was located along the upper (U), left (L), and right (R) directions at an angle of 120 
° each. The edge (E), middle (M), and center (C) detection positions were 10  mm, 28  mm, and 46  mm away from and the hyphal inoculation point, 
respectively. (A,C) were results for 2  h; (B,D) were results for 48  h.
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own mobility (Kohlmeier et al., 2005; Wick et al., 2007). Diaphorobacter 
sp. LW2 can be detected along the growth direction or in the opposite 
direction of Pythium ultimum hyphae, indicating that LW2 can 
migrate in accordance with the “inherent mobility hypothesis.”

4.3 Mobilization of LW2 by Pythium 
ultimum mycelium in soil of different 
particle sizes

The moisture content of experimental soil was appproximately 
10%, and the saturation was in range of 15.7 to 20.8%. The 
discontinuous distribution of water in the soil limits the active 
migration of bacteria. The diffusion of bacteria in soil usually only 
occurred when the soil moisture was abundant and the water potential 
was > −0.05 MPa (Gülez et al., 2010). The water potentials for CS1, 
CS2, MS, and FS were −2.38, −2.45, −3.07, and −3.07 MPa, which did 
not meet this limitation. Therefore, LW2 has not been detected at the 
top in the absence of hyphae.

When crossing soil layers of different particle sizes in hyphae, the 
amount of mobilized bacteria reduced with the decrease of particle 
size, with the exception of CS1. Kravchenko et al. found that, when the 
initial water contents were relatively low, E. coli introduced into 
4–6 mm soil aggregates and preferred to distribute in pores of 15 μm 
than pores >100 μm (Kravchenko et  al., 2013). The introduced 
microorganisms tended to inhabit in the liquid habitat maintained by 
capillary force at the gaps and particle contacts of the medium. LW2 

existed not only in the liquid membrane of the hyphae but also in the 
liquid habitat at the pores of the soil after migrating with the Pythium 
ultimum. It has been reported that microorganisms often colonize at 
the interface or interior of the aggregates in soil (Xia et al., 2022). 
Moreover, the bacteria would migrate to other locations via mycelium 
networks after proliferation. CS1 columns provided less liquid habitat 
compared with soils with smaller particle size, leading to fewer 
opportunities for microbial colonization. As a result, the number of 
bacteria migrating to the top in the CS1 column was less than in CS2. 
In the columns packed with soils of sizes <1 mm, the positive 
correlation between the number of migrating bacteria and the particle 
size was possibly due to mycelial growth. In soils with smaller particle 
sizes, hyphae need to bypass further paths to reach the same distance, 
which takes longer.

LW2 succeeded translocation in soil by the mobilization of 
Pythium ultimum and took longer time in soil of smaller particle. 
The migration of bacteria in unsaturated soil at a macroscopic 
scale (>10 mm) generally only occurred when the soil was close to 
saturation (Or et  al., 2007), while Pythium ultimum hyphae 
bridged soil pores filled with air, and the liquid film around 
hydrophilic hyphae provided a continuous water channel for 
strain LW2, allowing the bacteria to migrate at a macroscopic 
scale in coarse, medium, and fine sandy soils. As reported by Yang 
et  al. (2018), paraburkholderia terrae BS001 also achieved 
migration in soil under the mediation of mycelium, and the 
promotion effect of mycelium on bacterial migration was more 
significant in unsaturated soil with higher water content. 

FIGURE 5

Photos of glass columns filled with soil of different particle sizes inoculated with LW2 and Pythium ultimum after culturation for 1  week. “FB” 
represented column inoculated with LW2 and Pythium ultimum. “F” and “B” were controls without bacteria or hyphae. (A,C) were photos of columns 
filled with CS1 (coarse sand 1, 1–2  mm), CS2 (coarse sand 2, 0.5–1  mm), and MS (medium sand, 0.25–0.5  mm) with a height of 1.5  cm. (D) showed CS1 
columns with 3  cm soil layer. (E) was an enlarged image of the yellow dashed area in (D). White hyphae could be clearly observed below the red 
dashed line in (E). Pythium ultimum or Diaphorobacter sp. LW2 was inoculated onto the agar below the soil layer.

TABLE 2  The number of Diaphorobacter sp. LW2 crossing through soil with different particle sizes and thicknesses mediated by Pythium ultimum.

Soil thickness CS1 CS2 MS FS

1.5 cm 269.33 ± 18.79a 436.67 ± 40.78a 165.67 ± 11.56a 50.30 ± 4.19b

3 cm 41.37 ± 5.77a 56.40 ± 6.89a 18.30 ± 1.20b 7.47 ± 0.95c

a, b, and c were the results measured after 2, 3, or 4 weeks of cultivation, respectively (CFU, ×10 4).
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Microorganisms tend to form colonies or biofilms at the corners 
of soil pores, gathering to form microbial hotspots (Dechesne 
et al., 2008; Kuzyakov and Blagodatskaya, 2015). Although the 
number of microorganisms in the soil could reach an average of 
107–1012 cells per gram of soil, these microbial environments only 
account for less than 1% of the total soil volume (Watt et  al., 
2006). The effective contact between degrading bacteria and toxic 
compounds was a prerequisite for the bioremediation of polluted 
soil. The Pythium ultimum served as a bridge for the mobile strain 
LW2, allowing it to diffuse in unsaturated soil, which could 
increase the frequency of microbial contact with substrates, 
improve the bio-accessibility of pollutants in soil, and provide 
feasible methods for improving the remediation effect of 
polluted soil.

4.4 Redistribution of LW2 in heterogeneous 
soil by Pythium ultimum

The remaining water in unsaturated soils generally formed a 
liquid habitat in the corners and crevices among particles or thin water 

films on rough surfaces (Or et al., 2007). The water environment was 
discontinuous and fragmented, and the intermittent liquid films were 
not available for free bacterial transporting, resulting in the 
interception of strain LW2. Bacteria passively transported under the 
action of water flow in unsaturated environments (Yang and van Elsas, 
2018). In the absence of mycelium, the bacterial suspension migrated 
downward under the action of gravity after entering the soil. The order 
of soil water potential was CS1 > CS2 > MS > FS, indicating that the 
water flow in the soil with large particle size was subjected to less 
resistance, so it was easier to migrate downward. However, the 
saturation in coarse sandy soil was lower, and microorganisms were 
easily adsorbed at the air-water interface (Wan et al., 1994; Schafer 
et al., 1998). Therefore, under multiple effects, the number of bacteria 
intercepted by coarse and fine sandy soil in homogeneous soil is 
greater than that in MS. In addition, droplets in pores are also affected 
by capillary forces. Guber et al. (2009) reported that water flow driven 
by capillary forces was the main mechanism of E. coli entering air-dry 
aggregates. Supplementary Figures S4, S5 show the longitudinal and 
transverse sections of soils with different particle sizes, respectively, 
showing that the pores in soils with larger particle sizes were larger. 
Kravchenko et al. (2013) found that water had limited entrance into 

FIGURE 6

Quantity of Diaphorobacter sp. LW2 in soil layers with different particle sizes after bacterial inoculation (× 10 8). CS1 (coarse sand 1, 1–2  mm), CS2 
(coarse sand 2, 0.5–1  mm), MS (medium sand, 0.25–0.5  mm), and FS (fine sand, <0.25  mm) were pairwise combined. The x-axis and y-axis showed the 
types of the soil in upper and lower layers, respectively. (A,B) represented the results in the absence of hyphae. (C,D) represented the results in the 
presence of hyphae. (A,C) were number of LW2 cells in the upper soil layer, while (B,D) were those in the lower soil layer.
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large biological pores when it reached them from smaller pores and 
mainly influenced by capillary forces. The size of soil pores changes at 
the interface of heterogeneous soil. According to the relationship 
between capillary force and pore radius, water droplets in coarse 
sandy soil experience less capillary force than in MS and FS. Therefore, 
when the pores in the lower soil are larger than those in the upper soil, 
it is difficult for bacteria that introduced in MS and FS to enter the 
larger sized lower soil and remain in the upper soil.

In the presence of Pythium ultimum, the proportion of bacteria in 
the upper soil decreased from 58.78–99.10% to 0.05–69.50%, 
promoting the migration of mobile bacteria LW2 in heterogeneous 
soil. Hydrophilic hyphae penetrated the soil layer, bridging air filled 
soil pores. The liquid film surrounding the hyphae provided a 
continuous water channel for the migration of LW2, changing its 
migration mode from passive transportation to autonomous 
migration. The energy state of water in soils with smaller particle sizes 
is lower, and bacterial movement was more restricted. Therefore, when 
the particle size of the upper layer medium was smaller, the promotion 
effect of Pythium ultimum on bacterial migration was more significant.

Based on the above results, we speculated that in the presence of 
hyphae, the introduced bacteria migrated from the inoculation 
position to all directions, possibly all the way down to the lower soil 
layer along with Pythium ultimum hyphae or colonized in suitable 
habitats in the upper soil layer. The proliferated bacteria then spread 
to other locations with the hyphae, ultimately making the bacteria to 
be distributed throughout the soil. The particle size of the soil in the 
natural environment was often uneven, which caused difficult 
migration of added bacteria on the basis of greatly varied distribution. 
The spatial network formed by mycelium could connect different soil 
pores of different sizes, providing an effective migration pathway for 
degrading bacteria and improving the uniform distribution of bacteria 
in heterogeneous soil, offering available assistance for the remediation 
of contaminated soil.

4.5 The removal of phenanthrene by 
LW2 in soils and enhancement of Pythium 
ultimum

It was observed that Pythium ultimum hyphae penetrated the soil 
layer in the column and continued to grow outside the soil (Figure 5). 
Pythium ultimum could adsorb and actively transport phenanthrene 
through mycelium (Furuno et al., 2012). The decrease of phenanthrene 
in soil can be  attributed to the adsorption and transportation of 
phenanthrene by mycelium. Meanwhile, the concentration of 
phenanthrene varied more in coarse sand soil, which corresponded to 
the result that it took shorter time for mycelium to cross the coarse 
sand soil. LW2 was added to the soil and phenanthrene was degraded. 
After 21 days, the amount of phenanthrene decreased by more than 
70%. However, due to the limited migration of bacteria in unsaturated 
soil, LW2 cannot sufficiently contact to pollutants in the soil, making 
it difficult to effectively degrade the pollutants. Phenanthrene was not 
further degraded for 21–35 days. Compared with the influence of soil 
environmental factors on the biological activity of degrading bacteria, 
the poor accessibility of polycyclic aromatic hydrocarbons further 
limits the microbial bioremediation of polluted soil (Puglisi et al., 
2007). Improving accessibility between pollutants and microorganisms 
is crucial for improving bioremediation efficiency (see Figure 7).

Similar to the extension of plant roots, which can promote the 
distribution of microorganisms in soil, the mycelial network in pores 
increases the contact between degrading bacteria and pollutants 
(Aprill and Sims, 1990). In the soil where hyphae and LW2 coexisted, 
the removal rate of phenanthrene in soil of different particle sizes was 
above 94% after 35 days. Pythium ultimum promoted the diffusion of 
LW2 in soil by connecting soil pores and providing effective pathways 
for bacterial movement, thereby improving the removal of 
phenanthrene in soil. Meanwhile, due to the fact that Pythium 
ultimum could adsorb phenanthrene and actively transport it, the 
bioavailability of phenanthrene has also increased (Furuno et al., 2012; 
Schamfuß et al., 2013). As the cultivation time prolonged, water in the 
soil evaporated, the suitable microbial environment decreased, and the 
number of bacteria in the soil gradually decreased. When mycelium 
was present, the number of LW2 colonies in soil with different particle 
sizes was always more than that in soils without hyphae 
(Supplementary Figure S6). The presence of hyphae delayed the decay 
of bacterial cells in soil and prolonged the biological function of soil, 
which was consistent with the research results by Nazir et al. (2010a,b). 
In dry soil, hyphae could transport water from sufficient areas to 
impoverished areas based on their own growth patterns, which 
promotes bacterial migration (Heaton et al., 2012). Moreover, the 
redistribution of soil moisture by hyphae can enhance soil biological 
activity and metabolic function (Guhr et al., 2015). In soil at various 
acid pH levels, mycelium Lyophyllum sp. strain Karsten promoted 
bacterial migration and survival, although lower pH levels showed 
negative effects (Yang et al., 2018).

Bacteria and fungi coexisted in the soil, either not interfering with 
each other, competing with each other, or cooperating with each other, 
to jointly maintain the ecological function of the soil (Nazir et al., 
2010a,b). The soil matrix was a natural barrier for bacterial migration, 
and most bacteria did not possess the mycelial growth pattern of 
filamentous organisms such as actinomycetes and were intercepted in 
the soil (Schafer et al., 1998). Mycelial organisms, especially fungi, 
could penetrate air-filled soil pores and transport carbon containing 
compounds over long distances, providing nutrients for cell growth 
(Heaton et al., 2012). The participation of mycelial microorganism 
Pythium ultimum enhanced the diffusion and survival of LW2 in soil, 
which was reflected in soils of different particle sizes. The combination 
of Pythium ultimum and Diaphoractor sp. LW2 could improve the 
bioremediation efficiency of phenanthrene-contaminated soil, which 
had great potential for application in the remediation of actual 
contaminated soil.

4.6 The prospect of future research

In this study, we  discussed the enhanced migration and 
biodegradation of LW2  in soil by Pythium ultimum in a sterile 
constant temperature and humidity environment. The actual 
environment would be more complex. Changes in organic matter, 
temperature, and moisture in the soil may have unknown effects on 
the growth, migration, and degradation behavior of mycelium and 
LW2. More comprehensive research was needed for the practical 
remediation application of polluted soil. A large number of 
microorganisms in the soil maintained the ecological function of the 
soil through mutual interaction. Introducing new microorganisms 
into the soil might cause changes in the existing biological community. 
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Studying the interactions and community changes among 
microorganisms could provide a better understanding of the soil 
environment and had profound implications for the remediation of 
contaminated soil.

5 Conclusion

In conclusion, this study confirmed that the movement of 
Diaphorobacter sp. LW2 along with Pythium ultimum hyphae was in 
and against hyphal growth directions, and bacterial cells were 
gradually distributed evenly in mycelial networks over time. By hyphal 
transportation, strain LW2 could move in unsaturated soil with 
different particle sizes in the range of centimeters. The mycelium 
throughout soil pores reduced the limitation for LW2 of entering 
larger pore soils from fine soil. In addition, the mobilization of hyphae 
in uneven soil regulated the distribution of introduced bacteria. The 
enhancement of mycelium on the growth and migration of LW2 
promotes the removal of phenanthrene by LW2 in soils of different 

particle sizes. Hyphal transportation with pollutant-degrading 
bacteria may play an important role in the bioremediation of 
contaminated soil.
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Traditionally constructed wetlands face significant limitations in treating 
tailwater from wastewater treatment plants, especially those associated with 
sugar mills. However, the advent of novel modified surface flow constructed 
wetlands offer a promising solution. This study aimed to assess the microbial 
community composition and compare the efficiencies of contaminant removal 
across different treatment wetlands: CW1 (Brick rubble, lignite, and Lemna minor 
L.), CW2 (Brick rubble and lignite), and CW3 (Lemna minor L.). The study also 
examined the impact of substrate and vegetation on the wetland systems. For 
a hydraulic retention time of 7  days, CW1 successfully removed more pollutants 
than CW2 and CW3. CW1 demonstrated removal rates of 72.19% for biochemical 
oxygen demand (BOD), 74.82% for chemical oxygen demand (COD), 79.62% for 
NH4

+-N, 77.84% for NO3
−-N, 87.73% for ortho phosphorous (OP), 78% for total 

dissolved solids (TDS), 74.1% for total nitrogen (TN), 81.07% for total phosphorous 
(TP), and 72.90% for total suspended solids (TSS). Furthermore, high-throughput 
sequencing analysis of the 16S rRNA gene revealed that CW1 exhibited elevated 
Chao1, Shannon, and Simpson indices, with values of 1324.46, 8.8172, and 0.9941, 
respectively. The most common bacterial species in the wetland system were 
Proteobacteria, Spirochaetota, Bacteroidota, Desulfobacterota, and Chloroflexi. 
The denitrifying bacterial class Rhodobacteriaceae also had the highest content 
ratio within the wetland system. These results confirm that CW1 significantly 
improves the performance of water filtration. Therefore, this research provides 
valuable insights for wastewater treatment facilities aiming to incorporate 
surface flow-constructed wetland tailwater enhancement initiatives.
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1 Introduction

Rapid urbanization and the continuous growth of industrial 
production and technology have led to severe water shortages and 
raised pollution in recent years. Maintaining water quality has become 
a critical global issue (Kadier et al., 2016; Lu et al., 2016; Qi et al., 2024). 
Discharging of untreated or partially treated industrial wastewater into 
local water bodies disrupts ecological sustainability and poses 
significant human health risks (Jacobson et  al., 2013; Hasan and 
Webley, 2017; Swain et al., 2018). Excessive nitrogen and phosphorus 
emissions significantly impact the structure and function of river 
ecosystems, aggravating water eutrophication and disrupting microbial 
community structures (Huo et al., 2017). Sugar industries are among 
the most polluting industries (Ingaramo et  al., 2009). Molasses, a 
byproduct of the sugarcane industry, is used as a raw material for ethyl 
alcohol production, generating 15 liters of spent wash for every liter of 
the alcohol produced. Inadequate treatment of this spent wash, which 
has a high organic load, biochemical oxygen demand (BOD) levels 
between 35,000 and 60,000 mg/L, and chemical oxygen demand 
(COD) levels between 60,000 and 120,000 mg/L, can have devastating 
effects on ecosystems (Billore et al., 2001; Zurita and Vymazal, 2023). 
Anaerobic biological digestion (biomethanation) is a commonly 
employed traditional treatment technology that effectively mitigates 
the elevated organic load in wastewater. Distilleries typically use 
biomethanation to produce methane, which serves as fuel to meet 
energy requirements. A secondary treatment is implemented, which 
requires ongoing aeration and substantial energy input. Conventional 
effluent treatment plants (ETPs) produce high-quality wastewater in 
the outfalls of the secondary treatment system. This secondary 
treatment effluent (STE) is usually transported to open earthen lagoons 
for further natural treatment and is often scattered across open fields 
for sun drying. This process requires significant land and poses a risk 
of contaminating groundwater (Billore et  al., 2001). In contrast, 
constructed wetland water treatment technology is recognized for its 
ability to provide environment friendly solutions with high treatment 
efficiency at a low cost (Ameso et al., 2023). It is widely used in the 
treatment of domestic sewage (Lai et al., 2020), agricultural runoff 
sewage (Vymazal and Březinová, 2015), and industrial and municipal 
wastewater (Wu et al., 2014; Gupta et al., 2020).

Studies have found that physical structure and operational 
strategies strongly influence the pollutant removal performance of 
constructed wetlands (Lu et  al., 2016). The efficacy of pollutant 
removal depends on aerobic, anaerobic, and other active conditions 
and the type of filler used. Different fillers support the growth of 
various microorganisms in the substrate layer, which play a vital role 
in the removal process (Hussain et  al., 2019). Removing organic 
matter and ammonia nitrogen in constructed wetlands mainly 
depends on their adsorption to substrates and microbial degradation 
(Kizito et al., 2017). Duckweed-based ponds utilizing Lemna minor 
L. have effectively eliminated nutrients and organic substances 
(Papadopoulos and Tsihrintzis, 2011), combining proficient 
wastewater treatment with significant biomass generation (Iatrou 
et  al., 2017). Under natural climatic conditions, duckweed 
demonstrated superior efficiency in removing chemical oxygen 
demand, nitrogen (N), and phosphorous (P) from dumpsite leachate 
(Iqbal et  al., 2019). Crushed bricks have a positive impact on the 
development of plants and microorganisms. Hollow brick crumbs and 
fly ash are particularly effective in removing total nitrogen (Li H. et al., 

2021) and total phosphorous (TP) (Li et  al., 2022). Constructed 
wetlands containing a combination of hollow brick crumbs and fly ash 
can reduce NH4

+-N levels by 89% and TP levels by 81% (Ren et al., 
2007; Kumar and Dutta, 2019; Nan et al., 2020). Lignite, commonly 
known as brown coal, is renowned for its adsorptive characteristics. 
Numerous studies have used lignite as an adsorbent to eliminate heavy 
metals, organic contaminants, and colorants or dyes from wastewater 
(Allen et  al., 1997; Mohan et  al., 2002; Rathi and Puranik, 2002; 
Kluçáková and Omelka, 2004; Pehlivan and Arslan, 2006; Karaca 
et al., 2008; Havelcová et al., 2009; Pentari et al., 2009). Numerous 
comparison studies have examined the treatment performance of 
various substrates or vegetation in wetlands. Most of these studies 
have only reviewed the comparison between substrates or vegetation 
individually, without considering the combined impact of substrates 
and vegetation (Calheiros et al., 2009; Saeed and Sun, 2011, 2013; 
Sehar et al., 2015; Toscano et al., 2015; Schierano et al., 2017).

This research addresses the existing knowledge gap by examining 
the significance of substrate and vegetation in the context of 
constructed wetland applications. Prior studies have shown that 
Lemna minor L. can absorb pollutants from wastewater and is 
recognized as a hyperaccumulator for phosphorus. Additionally, 
porous media such as brick rubble and lignite not only adsorb toxins 
from wastewater but also create an environment for the growth of 
microbial communities (Allen et al., 1997; Mohan et al., 2002; Rathi 
and Puranik, 2002; Kluçáková and Omelka, 2004; Pehlivan and 
Arslan, 2006; Ren et al., 2007; Karaca et al., 2008; Havelcová et al., 
2009; Pentari et al., 2009; Iqbal et al., 2019; Kumar and Dutta, 2019; 
Nan et al., 2020). Therefore, it is postulated that the implementation 
of a constructed wetland system that incorporates brick rubble and 
lignite (as substrates), along with Lemna minor L. (as a vegetation 
plant), may offer a viable, cost-effective, and environmentally 
sustainable approach to address the issue of wastewater from the 
effluent treatment plant for secondary treatment. This study was 
carried out to evaluate the efficiency of a small-scale surface flow-
constructed wetland (SFCW) in treating secondary treatment effluent. 
The primary objectives were to examine the structure of the microbial 
community and evaluate the efficiency of constructed wetlands in 
removing organic compounds, specifically COD and BOD, as well as 
nitrogen and phosphorus. The ultimate goal was to enhance the 
quality of effluent from sugar industries and mitigate their negative 
impact on natural water systems, an urgent global problem.

2 Methodology

2.1 Experimental procedure

The whole experiment spans 120 days, from mid-May 2023 to 
mid-August 2023. The experiment consists of the vegetation period 
and the treatment phase. The vegetation period lasted for 90 days, 
during which the constructed wetlands were filled with tap water. The 
Lemna minor L. plants were distributed on the water surface to 
promote the development of the microbial community within the 
substrates. During the treatment phase, which started in mid-July, 
built wetlands were filled with synthetic sugar industrial effluent with 
hydraulic retention times (HRT) of 3, 6, and 7 days to determine 
optimal HRT throughout the treatment phase. The study assessed the 
performance of three different treatment configurations: substrate 
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alone, vegetation alone, and substrate and vegetation combined. High-
throughput sequencing of microbial community 16S rRNA was used 
to assess the impact and function of the microbial community in the 
treatment process. Additionally, the individual contributions of Lemna 
minor L. and Substrates (Brick rubble and lignite) to the treatment 
system were evaluated to determine their impact on the overall 
performance of the Surface Flow Constructed Wetland (SFCW).

2.2 Synthetic wastewater and wetland 
reactors

Synthetic wastewater (SWW) provides a controlled environment 
for thoroughly examining each parameter. With a few adjustments, a 
synthetic formulation of anaerobically treated distillery wastewater 
was created based on the specifications in Table  1 (Nacheva 
et al., 2009).

Synthetic sugarcane industry wastewater was developed in the 
laboratory by using a locally purchased sugarcane plant bagasse waste. 
It was then soaked in the water, and the containers were covered with 
a lid to prevent light penetration for 15 days to produce foul-smelling. 
This process made a real replicate of the effluent of sugar industry 
wastewater. Nitrogen (N) and Phosphorus (P) were added as NaNO3 
(≥99%), HNO3 (≥99%), and NH4H2PO4 (≥98%), respectively. While 
NaOH (≥98%) and H2SO4 (≥98%) were used to control the pH. KCl 
(≥98%) was used for optimizing total suspended solids (TSS). The 
quantity of NaOH and H2SO4 was dependent on the buffer capacity of 
the water. The detailed composition of wastewater effluent is given in 
Table 1.

Rectangular-shaped wetlands were made of thick polythene 
plastic with dimensions of 50 cm*50 cm*60 cm. Three holes were 
drilled into the outer wall of each wetland, and ½ inches of valves were 
fixed in them, acting as an inlet (at the height of 200 mm), outlet (at 
600 mm height), and drain (at 50 mm height) 
(Supplementary Figure S1).

Common clay bricks were purchased from the local brick industry 
and crushed to make brick rubble, which was used in combination 
with Lignite (Brown coal) as substrate. Lemna Minor L. was purchased 
from a local market and quickly transferred to wetlands reactors. The 
wetlands configuration consisted of T1 (CW1), Lemna minor L. (170 g) 
as vegetation plant, lignite (1,000 g), and Brick rubble (50 kg) as 
substrates; T2 (CW2), only substrates containing Brick Rubble (50 kg) 
and Lignite (1,000 g); T3 (CW3) with Lemna minor L. (170 g) only. All 
wetlands T1, T2, and T3 had three replicates and had a free water 
surface level of 40 cm on the top of the substrates in the tank.

2.3 Sample collection and measuring 
methods

2.3.1 Influent and effluent water
Samples of influent and effluent water were taken from different 

systems to assess how well each system had removed the pollutants. 
Each time, 1  L of water was sampled using different hydraulic 
retention times to enable the examination of all indicators. The 
samples were obtained from the effluent valve of each wetland reactor 
during the treatment phase. They were then kept in a refrigerator at 
4°C until all laboratory testing procedures were completed.

The pH and total dissolved solids (TDS) of the water samples were 
analyzed using a portable water quality meter (METTLER TOLEDO 
Co. Ltd., based in Switzerland and America). TN, NH4

+-N, NO3
−-N, 

COD, ortho phosphorous (OP), and TP concentrations were measured 
using a fully automated multipara meter and water quality analyzer 
(SMART CHEN 200, United  States). The dissolved oxygen (DO) 
concentration was measured using a portable DO meter (HACH 
HQ30d, United States). Total suspended solids were determined using 
the APHA (American Public Health Association) standard procedure 
(American Public Health Association, 1926). All experimental data 
were presented as the mean of three replicates with standard deviation.

The parameters mentioned above were employed for assessing 
wastewater treatment efficacy, encompassing the quantification of 
removal efficiency (R, %), as specified by the subsequent equation.

	
R Ci Cf

Ci
% =

−
×100

The variable R represents the percentage removal efficiency, Ci 
represents the starting concentration of the influent, and Cf represents 
the final concentration of the effluent.

2.3.2 Microbiology
The microbial samples were extracted from the substrate using 

0.1 M phosphate buffer solution. Total genome DNA from samples 
was extracted using the CTAB/SDS method. The DNA concentration 
and purity were monitored on 1% agarose gel. It was diluted to 1 ng/
μL using sterile water. The concentration was determined using the 
Qubit dsDNA HS Assay Kit and the Qubit 4.0 Fluorometer 
(Invitrogen, Thermo Fisher Scientific, Oregon, United States). The 
universal primer sets 341F: 5′-CCTAYGGGRBGCASCAG-3′ and 
806R: 5′-GGACTACNNGGGTATCTAAT-3′ were used to amplify the 
V3-V4 region of the 16S rRNA gene from genomic DNA extracted 
from each sample. The sequencing was done on the Illumina NovaSeq 
platform by Biomarker Technologies Co., Ltd. The raw sequences 
obtained from sequencing were filtered using Trimmomatic (v0.331). 
Primer sequences were removed using Cutadapt (v1.9.12) to obtain 

1  https://github.com/usadellab/Trimmomatic

2  https://cutadapt.readthedocs.org/

TABLE 1  Characteristics of wastewater (concentrations of all parameters 
are in mg/l.)

Parameter Concentration

BOD 3,200

COD 7,500

NH4
+-N 3.85

NO3
−-N 20

OP 2.93

TDS 2,000

TN 35

TP 12

TSS 1,800
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clean sequences. The DADA2 (Callahan et  al., 2016) method in 
QIIME2 2020.6 was used for denoising, bipartite sequence splicing, 
and removal of chimeric sequences to obtain the final valid data 
346,434,000 bp. The number of base pairs used to develop the error 
model was 100,000,000 bp. Amplicon Sequence Variants (ASVs) were 
identified from high-quality sequences using Vsearch (v2.13.4_linux_
x86_64). The effective sequences from sequencing are clustered based 
on 100% similarity. Using the classify-sklearn algorithm in QIIME2,3 
a pre-trained Naive Bayes classifier was applied to annotate the species 
for each ASV. The annotation database used was Silva 138.1.4

2.4 Analysis

Statistical analyses were conducted using SPSS 27.0 (SPSS, 
Chicago, United States) to evaluate and compare the performance of 
various wetland reactor treatments. Prior to analysis, the Shapiro–
Wilk test was applied to all data to assess normality, and Bartlett’s test 
was used to examine the homogeneity of variances. Depending on the 
distribution characteristics of the estimated parameters, either 
ANOVA or the Kruskal-Wallis test was employed for significant 
difference analysis among multiple groups. Pairwise data comparisons 
were conducted using Tukey’s HSD test or the Wilcoxon rank-sum 
test. All experimental data were presented as the mean with standard 
deviation. Statistical significance was determined at a p-value of less 
than 0.05.

Microbial community structure was analyzed through Principal 
Coordinates Analysis (PCoA) based on the Bray-Curtis distance 
matrix, with significance testing (PERMANOVA test, Adonis tool) 
performed using 999 permutations, facilitated by the “vegan” package 
of R (R Core Team, Vienna, Austria). Spearman correlation tests were 
used to determine the relationships between microbial community 
and pollution removal using the “psych” package of R (R Core Team, 
Vienna, Austria).

3 Results

3.1 Total nitrogen, NH4
+-N and NO3

−-N 
removal

The analysis of variance (ANOVA) demonstrated statistically 
significant variations in total nitrogen (TN) levels across the effluent 
of all SFCW systems (p < 0.05). During initial week of the experiment, 
the wetland treatment CW1 (T1) had the highest rate of TN removal, 
reaching 74.81% (Figure  1). This rate surpassed the maximum 
performance of CW3 (51.12%) and CW2 (27.62%). The highest 
percentage (28.10%) of elimination attained by CW2 was observed 
during the period spanning from the second to the third week 
(Table 2).

Table  2 presents statistically significant variations in the 
concentrations of NH4

+-N and NO3
−-N in the effluent of the three 

SFCW systems (p < 0.05). During the initial week of the experiment, 

3  https://github.com/QIIME2/q2-feature-classifier

4  http://www.arb-silva.de/

T1 (79.62%) had the most significant elimination rate for NH4
+-N, 

followed by T3 (58.07%) and T2 (19.44%) on the seventh day. During 
the fourth week, T3 (52.23%) exhibited a rise in NH4

+-N removal as 
compared to 51.10% in the third week (Table 2). In the second week 
of treatment, T2 (19.54%) exhibited a maximum removal rate of 
NH4

+-N, which was notably lower than T1 and T3, as depicted in 
Table 2.

During the second week of the experiment, T2 (38.79%) 
demonstrated the lowest percentage removal of NO3

−-N. However, T2 
exhibited satisfactory NO3

−-N elimination rates compared to NH4
+-N 

and TN. In the initial week, T2 had the highest NO3
−-N removal rate, 

reaching 39.87%. T3 exhibited higher elimination rates for NO3
−-N as 

compared to T2. On the seventh day of the first week, T3 reduced 
NO3

−-N by 50.29%, which was 10.42% greater than T2. In the initial 
2 weeks of the experiment, the removal percentages for T3 ranged 
from 50.29 to 49.84%. Subsequently, there was a slight increase, 
reaching 50.07% in week 3, followed by a decline to 47.71% in the last 
week (Table 2). T1 exhibited a remarkable NO3

−-N removal efficiency 
of 77.84%, surpassing the removal rates observed in T2 and T3 
(Figure 1).

3.2 Phosphorous removal

The concentrations of phosphorus and ortho-phosphorus in each 
SFCW effluent varied according to the hydraulic retention time, as 
depicted in Figure 1. There was also a significant difference in TP 
content among the wetland systems throughout the same operational 
period (p < 0.05). Treatment T3 (72.08%) demonstrated a significant 
decrease in TP concentrations within the initial week. In the first week 
of the experiment, T1 achieved a TP removal rate of 81.07%, 
surpassing T3 (72.08%) and T2 (36.79%). Conversely, the efficacy of 
T2 increased from 36.79 to 38.43% from the first to the second week. 
However, the effectiveness of T2 experienced a slight reduction during 
the third week, followed by a minor improvement in the fourth week, 
resulting in a recorded efficiency of 36.61% (Table 2).

3.3 BOD and COD removal

The ANOVA results indicated significant variations in BOD and 
COD removal among the SFCWs. For BOD, the initial efficacy of the 
wetland treatment T1 was 71.60% during the first week, followed by a 
slight decline to 69.24% in the second week. Over 3 weeks, the T2 
system experienced a decrease in removal effectiveness, dropping 
from 51.93% in the first week to 51.56% in the third week and reaching 
its minimum removal efficiency of 48.54% in the fourth week 
(Table 2). The efficacy of T3 decreased from 63.33 to 60% over the 
initial and subsequent weeks, with removal efficiencies of 63.54 and 
57.82% in the third and fourth weeks, respectively, indicating a notable 
decline (Table 2).

T1 showed efficacies of 74.82 and 74.67% for COD elimination 
during the first 2 weeks, respectively. The performance of T3 
exhibited a persistent downward trend, with elimination 
percentages of 59.34, 55.70, 50.54, and 52.82% during weeks 1, 2, 
3, and 4, respectively. Similar to T1, T2 also experienced a decline 
in performance over the initial 2 weeks, with removal efficiencies 
of 34.77 and 31.89%, respectively. T3 (59.70%) had the highest 
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COD removal percentage during the first week, but its 
effectiveness decreased to a minimum of 50.54% in the third week, 
representing a decline of 9.16% compared to the first week 
(Table 2).

3.4 TDS, TSS, and pH

Significant variations in the performance of three types of 
modified SFCWs were observed with a hydraulic retention time of 7 
days (p < 0.05). The wetland system T1 (77.16%) exhibited the highest 
removal efficiency for TDS during the initial week. However, its 
performance declined to 75.64% by the third week and further to 
73.91% by the fourth week (Table 2). T2 achieved a peak TDS removal 
efficiency of 24.99%, which was 52.17% lower than T1 and 22.66% 
lower than T3. T3 demonstrated its highest performance in the first 

week with a removal efficiency of 47.65%, but this decreased to 44.72% 
by the fourth week (Table 2).

T1 achieved the highest efficiency for TSS removal at 72.65%, 
outperforming T3 by 26.34% and T2 by 9.96%. T2’s peak TSS 
elimination rate was 62.69% during the fourth week (Table 2). T3 
showed improved TSS removal from 44.96% in the first week to 
46.31% in the second week, but its performance deteriorated (41.16%) 
by the fourth week.

Regarding pH levels, T3 recorded a higher pH (7.59) at the end of 
the experiment. T2 showed a continuous decline in pH, with values of 
6.17, 6.14, 6.02, and 5.91 for weeks 1, 2, 3 and 4, respectively. T1 
experienced a decline in pH during the first 2 weeks, followed by a 
consistent upward trend, reaching a peak of 7.66 by the fourth week. 
All three constructed wetlands exhibited a gradual decrease in pH 
from day 1 to day seven during the initial phase, but this decline 
diminished over time (Figure 2).

FIGURE 1

Percentage removal of (A) TN, (B) NH4
+-N, (C) NO3−-N, (D) OP, (E) TP.
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TABLE 2  The average concentrations of effluent pollutants and their removal efficiency in each treatment wetland reactor.

Time in weeks Parameter Unit Influent
CW 1 CW2 CW3

Effluent Conc. R (%) Effluent Conc. R (%) Effluent Conc. R (%)

Week 1 BOD mg/L 3,200 908.89 ± 76.88 71.6 ± 2.40 1538.3 ± 73.53 51.9 ± 2.30 1173.3 ± 50.00 63.3 ± 1.56

COD mg/L 7,500 1888.7 ± 240.75 74.8 ± 3.21 4892.4 ± 244.36 34.7 ± 3.26 3049.2 ± 279.39 59.3 ± 3.73

NH4
+-N mg/L 3.85 0.78 ± 0.08 79.6 ± 2.21 3.10 ± 0.06 19.4 ± 1.54 1.61 ± 0.15 58.0 ± 3.84

NO3
−-N mg/L 20 4.43 ± 0.66 77.8 ± 3.29 12.03 ± 0.20 39.8 ± 0.99 9.94 ± 0.36 50.2 ± 1.81

OP mg/L 2.93 0.36 ± 0.06 87.7 ± 1.93 2.10 ± 0.03 28.2 ± 1.15 1.28 ± 0.06 56.3 ± 2.15

TDS mg/L 2.000 456.78 ± 61.16 77.1 ± 3.06 1500.2 ± 23.27 24.9 ± 1.16 1047.0 ± 24.93 47.6 ± 1.25

TN mg/L 35 8.81 ± 1.79 74.8 ± 5.13 25.33 ± 0.34 27.6 ± 0.97 17.11 ± 0.51 51.1 ± 1.45

TP mg/L 12 2.27 ± 0.23 81.0 ± 1.88 7.59 ± 0.15 36.7 ± 1.29 3.35 ± 0.20 72.0 ± 1.66

TSS mg/L 1,800 512.67 ± 51.33 71.5 ± 2.85 676.44 ± 30.34 62.4 ± 1.69 990.67 ± 53.59 44.9 ± 2.98

pH 7.50 6.99 ± 0.08 – 6.17 ± 0.16 – 7.45 ± 0.27 –

Week 2 BOD mg/L 3,200 984.44 ± 109.90 69.2 ± 3.43 1556.6 ± 65.72 51.3 ± 2.05 1278.3 ± 55.00 60.0 ± 1.72

COD mg/L 7,500 1900.0 ± 217.89 74.6 ± 2.91 5108.6 ± 225.77 31.8 ± 3.01 3322.3 ± 316.08 55.7 ± 4.21

NH4
+-N mg/L 3.85 0.80 ± 0.09 79.1 ± 2.37 3.10 ± 0.09 19.5 ± 2.43 1.65 ± 0.10 57.0 ± 2.67

NO3
−-N mg/L 20 4.65 ± 0.27 76.7 ± 1.36 12.24 ± 0.37 38.7 ± 1.86 10.03 ± 0.29 49.8 ± 1.46

OP mg/L 2.93 0.40 ± 0.05 86.3 ± 1.65 2.11 ± 0.07 27.8 ± 2.43 1.33 ± 0.04 54.6 ± 1.51

TDS mg/L 2,000 503.44 ± 60.14 74.8 ± 3.01 1527.5 ± 39.06 23.6 ± 1.95 1074.6 ± 46.16 46.2 ± 2.31

TN mg/L 35 10.13 ± 0.47 71.0 ± 1.35 25.27 ± 0.26 27.8 ± 0.74 17.71 ± 0.32 49.4 ± 0.92

TP mg/L 12 2.39 ± 0.26 80.1 ± 2.20 7.39 ± 0.20 38.4 ± 1.66 3.30 ± 0.16 72.4 ± 1.32

TSS mg/L 1,800 557.11 ± 70.88 69.0 ± 3.94 683.11 ± 48.98 62.0 ± 2.72 966.44 ± 68.04 46.3 ± 3.78

pH 7.50 6.87 ± 0.07 – 6.14 ± 0.08 – 7.41 ± 0.10 –

Week 3 BOD mg/L 3,200 1096.6 ± 109.32 65.7 ± 3.42 1550.0 ± 103.11 51.5 ± 3.22 1166.6 ± 60.83 63.5 ± 1.90

COD mg/L 7,500 2309.6 ± 303.38 69.2 ± 4.05 5085.8 ± 362.04 32.1 ± 4.83 3709.1 ± 445.70 50.5 ± 5.94

NH4
+-N mg/L 3.85 1.02 ± 0.10 73.4 ± 2.63 3.11 ± 0.07 19.1 ± 1.76 1.88 ± 0.05 51.1 ± 1.41

NO3
−-N mg/L 20 5.31 ± 0.25 73.4 ± 1.23 12.18 ± 0.37 39.0 ± 1.86 9.99 ± 0.42 50.0 ± 2.08

OP mg/L 2.93 0.39 ± 0.03 86.7 ± 0.91 2.34 ± 0.07 20.0 ± 2.33 1.29 ± 0.07 56.0 ± 2.36

TDS mg/L 2,000 487.11 ± 23.85 75.6 ± 1.19 1552.7 ± 17.56 22.3 ± 0.88 1093.3 ± 51.07 45.3 ± 2.55

TN mg/L 35 8.87 ± 0.33 74.6 ± 0.95 25.17 ± 0.27 28.1 ± 0.78 16.93 ± 0.47 51.6 ± 1.33

TP mg/L 12 2.50 ± 0.10 79.1 ± 0.83 7.64 ± 0.21 36.3 ± 1.74 3.60 ± 0.12 70.0 ± 1.02

TSS mg/L 1,800 492.22 ± 21.99 72.6 ± 1.22 751.33 ± 144.71 58.2 ± 8.04 999.56 ± 92.51 44.4 ± 5.14

pH 7.50 7.62 ± 0.04 – 6.02 ± 0.05 – 7.54 ± 0.05 –

(Continued)
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3.5 Effects of substrates and vegetation 
plant

Tables 3, 4 present a statistical comparison of the adsorption of 
specific nitrogen and phosphorus between the plants and substrates 
of CW1 and CW2, as well as CW1 and CW3. This comparison was 
conducted to assess the individual impact of these factors on the 
wetland reactors. The paired t-test was used for this analysis. A 
statistically significant difference (p < 0.05) was observed in the 
adsorption of NH4

+-N and OP between the plants of CW1 and 
CW3. The adsorption of NH4

+-N and OP on the substrates of CW1 
and CW2 also exhibited a statistically significant difference. In 
contrast, it is seen that CW1 exhibits superior removal rates for 
NH4

+-N and OP in both plants and substrates. This finding 
suggested that the collective utilization of plants and substrates 
significantly influences wastewater treatment more than their 
individual effects.

3.6 Microbial community of different 
SFCWs

A high-throughput sequencing approach using the Illumina 16S 
rRNA gene was utilized to investigate the number and diversity of 
microbial communities in T1 and T2. The operational measures 
(Chao1, Shannon, and Simpson) used to assess microbial 
communities’ richness and diversity were identified. In July, CW1 
exhibited greater richness and microbiological diversity than CW2, as 
evidenced by its higher Chao1, Shannon, and Simpson values. This 
pattern remained consistent throughout August, though there was a 
drop in the Chao1, Shannon, and Simpson values, as indicated in 
Table 5.

Figure 3A illustrates the phylogenetic diversity of the microbial 
population at the phylum level across CW1 and CW2. During July and 
August, Proteobacteria were identified as the dominant taxon in both 
SFCW microcosms. In CW2, Proteobacteria comprised 67.30 and 
54.52% of the microbial population in July and August, respectively. 
Similarly, in CW1, they accounted for 63.81% in July and 52.91% in 
August. Additionally, the substrates of both wetland systems contained 
other phyla such as Spirochaetota (2–18.5%), Firmicutes (0.5–14%), 
Bacteroidota (4.3–15.55%), Desulfobactota (0.62–10.62%), 
Actinobacteriota (0.45–4.06%), and Cyanobacteria (0.19–0.6%). 
According to Miao et al. (2015), Proteobacteria and Firmicutes are 
essential components in the process of denitrification. Furthermore, 
Bacteroidetes, Chloroflexi, Patescibacteria, Firmicutes, and 
Actinobacteria play crucial roles in efficiently eliminating pollutants 
within wetland systems. Bacteroidetes are widely recognized as 
polymeric organic degraders (Wang et  al., 2009). Firmicutes and 
Chloroflexi have demonstrated significant efficacy in degrading 
microbial extracellular polymeric compounds and soluble microbial 
substances (Liu et  al., 2019). Several studies indicate that 
Patescibacteria is a prominent bacterial phylum following the 
commencement of ANAMMOX and denitrification (Song et  al., 
2019). According to Chen et al. (2020), there is a significant correlation 
between the concentration of TN and gram-negative bacteria. 
Moreover, the matrix layer strongly correlates with denitrification, 
elucidating the efficient elimination of chemical oxygen demand 
(COD), nitrogen, and phosphorus in various wetland systems.T
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TABLE 4  NH4
+-N and OP in the substrates of CW1 and CW2.

Parameters Day 0 Day 7 Day 14 Day 28

CW1 CW2 CW1 CW2 CW1 CW2 CW1 CW2

NH4
+-N in substrate 0 0 0.85 ± 0.02 0.81 ± 0.05 0.92 ± 0.04 0.77 ± 0.05 0.74 ± 0.10 0.69 ± 0.09

OP in substrate 0 0 0.88 ± 0.17 0.85 ± 0.05 0.94 ± 0.15 0.79 ± 0.06 0.79 ± 0.02 0.53 ± 0.03

The significant statistical difference (p < 0.05) is indicated in bold numbers.

The microbial phylogenetic diversity at the class level in CW1 and 
CW2 SFCW systems is depicted in Figure 3B. The dominant groupings 
included Gammaproteobacteria, Alphaproteobacteria, Leptospirae, 
Bacteroidia, Clostridia, and Desulfovibrionia. In July, the relative 
abundances in CW1 were 47.35, 16.47, 11.71, 3.49, 2.47, and 0%, 
respectively. In CW2, their relative abundances were 48.72, 18.54, 

18.59, 5.35, 0.17, and 0%, respectively. In August, the relative 
abundances in CW1 were 40.89, 12.03, 2.13, 14.89, 8.38, and 5.14%, 
respectively, while in CW2, they were 35.46, 19.03, 1.59, 13.20, 9.5, 
and 6.94%, respectively. According to Han et al. (2021), Proteobacteria, 
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria 
play significant roles in nitrification and organic matter decomposition, 

FIGURE 2

Percentage removal of (A) BOD, (B) COD, (C) TSS, (D) TDS.

TABLE 3  NH4
+-N and OP in the plants of CW1 and CW3.

Parameters Day 0 Day 7 Day 14 Day 28

CW1 CW3 CW1 CW3 CW1 CW3 CW1 CW3

NH4
+-N in plants 62.34 ± 1.17 62.34 ± 0.8 68.41 ± 0.32 64.52 ± 0.31 64.56 ± 1.14 64.56 ± 1.3 64.52 ± 1.25 64.41 ± 1.33

OP in plants 102.78 ± 1.04 102.78 ± 0.94 104.57 ± 1.42 104.53 ± 1.27 107.21 ± 0.03 104.50 ± 0.05 104.51 ± 1.10 104.42 ± 1.59

The significant statistical difference (p < 0.05) is indicated in bold numbers.
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including anammox, nitrifying, and nitrite-oxidizing bacteria, which 
have important ecological roles in reducing nitrate and nitrite (He 
et al., 2016).

Figure 3C displays the microbial community composition at the 
family level. The dominant families were Rhodocyclaceae (2.48–
30.25%), Gallionellaceae (11.77%), Leptospiraceae (1.59–18.59%), 
Comamonadaceae (4.18–15.41%), and Zavarziniaceae (0.003–8.22%). 
Rhodocyclaceae, a significant group of denitrifying bacteria (Lu et al., 
2015), was more abundant in CW1, utilizing nitrate or nitrite as the 
ultimate electron acceptor and playing a role in the denitrification 
process (Pelissari et  al., 2016). Leptospiraceae facilitate biofilm 
development (Song et  al., 2021), while Gallionellaceae promotes 
nitrogen elimination (Tian et al., 2020).

Figure  3D displays the genus-level microbial community 
composition. The dominant genera observed were Thauera (12.09%), 
Leptonema (1.55–18.59%), Zavarzinia (4.96–8.22%), Thiobacillus 
(0.09–12.27%), and Desulfomicrobium (4.98–5.97%). Thauera, present 
exclusively in CW1, is recognized as a significant degrader of aromatic 

compounds in wastewater (Mao et al., 2010) and plays a crucial role in 
removing nitrogen and phosphorus from low-carbon source sewage 
(Ren et al., 2021). Leptonema, a member of the Leptospiraceae family, 
plays a crucial role in the production of lipopolysaccharides and 
facilitates biofilm development (Song et  al., 2021). Zavarzinia, an 
Alphaproteobacteria, can use carbon monoxide as a source of energy 
and is primarily responsible for breaking down benzene in oil-sands-
contaminated water (Rochman et  al., 2017; Lee et al., 2019). 
Thiobacillus converts NO3

−-N and NO2
−-N into N2 under facultative 

anaerobic conditions (Huang et  al., 2018) and is categorized as a 
sulfide-oxidizing bacteria (SOB) in constructed wetlands (Samsó and 
García, 2013).

Principal Coordinate Analysis (PCoA) is a valuable method for 
visually representing the dissimilarities or similarities between several 
groupings. The findings indicate that PC1 and PC2 accounted for 
31.38 and 16.28% of the contribution rates, respectively (Figure 4A). 
In July, the proximity of the bacterial communities in the substrates of 
CW1 and CW2 suggests a similarity in their community makeup. 

TABLE 5  Microbial community alpha diversity.

Month Constructed wetland Chao1 Shannon Simpson

July CW 1 1024.677 ± 266.23 7.111 ± 1.54 0.994197 ± 0.06

CW 2 537.4286 ± 107.40 5.606602 ± 0.44 0.940525 ± 0.000364

August CW 1 785.3163 ± 208.00 6.751978 ± 0.80 0.957896 ± 0.04

CW 2 457.9516 ± 56.40 5.245325 ± 0.78 0.930625 ± 0.02

FIGURE 3

Distribution of microorganisms at different taxon levels in the different SFCW (CW1 in July: july 1, CW1 August: august 1, CW2 in July: july 2, CW2 in 
August: august 2), (A) phylum level, (B) class level, (C) family Level, (D) genus level.
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Conversely, bacterial communities exhibited more dispersion in 
August, indicating significant differences in their composition and 
poor resemblance across the communities. The comparison reveals 
notable disparities in the distribution distances of communities, 
suggesting substantial dissimilarities in the makeup of CW1 and CW2.

Figure  4B illustrates the correlation between the microbial 
community and various pollutants, including BOD, COD, NH4

+-N, 
NO3

−-N, OP, TDS, TN, TP, and TSS. Chloroflexi exhibits a strong 
positive correlation with the removal of BOD and TN, indicating its 
significant role in eliminating these pollutants. Acidobacteriota is 
positively associated with BOD and NH4

+-N and shows a strong 
correlation with TN. Gemmatimonadota also demonstrates significant 
positive relationships with various parameters, including TN, OP, and 
BOD. Additionally, the Chao1 index exhibited a strong positive 
correlation with several pollutants, such as BOD, COD, NH4

+-N, 
NO3

−-N, TDS, and TN, suggesting that greater microbial diversity 
effectively enhances the removal of these pollutants.

4 Discussion

4.1 Total nitrogen, NH4
+-N and NO3

−-N 
removal

Lemna minor L. effectively adsorbed nitrogen from wastewater in 
the wetland system, yielding better results within a short period of  
7 days, especially when substrates such as lignite and brick rubble were 
present. Nitrification and denitrification are the primary processes 
influencing the movement and transformation of nitrogen, carried out 
mainly by nitrifying and denitrifying bacteria (Fan et al., 2013; Sani 
et  al., 2013). However, the denitrification process in constructed 
wetlands, responsible for removing total nitrogen (TN), may 
be  adversely influenced by several factors (Zhou et  al., 2018). To 
overcome these constraints, lignite can serve as an effective carbon 
source and exhibit the system’s adsorption characteristics while 
avoiding pollution (Zhou et al., 2017). Brick rubble, with its porous 

structure, creates anaerobic conditions and provides a large surface 
area to promote the growth of biofilms rich in denitrifying bacteria, 
thereby reducing TN (Lima et al., 2018; Li H. et al., 2021). CW1, 
comprising substrates and plants, demonstrated a significantly higher 
capacity (74.8%) for total nitrogen removal from wastewater than 
CW2 and CW3. Lemna minor L. has been found to have a high 
capacity for nitrogen removal (Kern and Idler, 1999; Patel and 
Kanungo, 2010). Cedergreen and Madsen (2002) reported that Lemna 
minor L. can uptake NH4

+-N and NO3
−-N from water, with both roots 

and leaves absorbing nitrogen from wastewater, enhancing nitrogen 
removal capabilities. Substrates also play a crucial role in eliminating 
pollutants from wastewater. Findings from the CW2 study (Table 4), 
which focused exclusively on substrates, indicate that bricks can 
adsorb nitrogen from wastewater. Ren et al. (2007) demonstrated the 
effectiveness of using bricks as a substrate in wetlands for removing 
nitrogen and phosphorus from wastewater. An increase in the 
hydraulic retention time had improved the efficiency of all wetlands. 
The duckweed plant significantly contributed to this process, showing 
that longer hydraulic retention times led to higher removal rates of 
contaminants (Jing et al., 2002; Adhikari et al., 2015).

4.2 Phosphorous removal

The results from CW3 (Table 3) demonstrate that Lemna minor 
L. can adsorb phosphorus. Furthermore, its adsorption capacities are 
improved in the presence of substrates, as shown by CW1. CW1 
exhibited better phosphorus removal than CW2 and CW3 (Table 2). 
According to a study by Perniel et  al. (1998), Lemna minor 
L. monoculture consistently exhibited the highest phosphorus removal 
capacity from stormwater within 8 weeks. In the current study, Lemna 
minor L. utilized phosphate as a growth substance, resulting in a 
substantial decrease of 81% in total phosphorus levels in CW1 over 7 
days. This reduction can be attributed to absorption, adsorption, or 
direct uptake by the plant. Iqbal et al. (2019) examined Lemna minor 
L. (duckweed) growth and nutrient removal efficiency from synthetic 

FIGURE 4

(A) PCoA Analysis of microbial community. july 1: at the start of the experiment with plant; july 2: at the start of the experiment without plant; august 1: 
at the end of the experiment with plant; august 2: at the end of the experiment without plant, (B) Correlation Heat Map Between Microbial Community 
Composition and Pollutant Removal Efficiency.
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and dumpsite leachate in both artificial and natural environments, 
finding that Lemna minor L. effectively removes nutrients in both 
settings. Dinh et al. (2020) employed a laboratory-scale stabilization 
pond to cultivate duckweed using anaerobically treated wastewater 
diluted by a factor of 10, achieving 85% TP removal within 5 days. 
Ceschin et al. (2019) identified duckweed as a viable plant species for 
wastewater bioremediation due to its ability to withstand and absorb 
a wide range of contaminants and significant amounts of nutrients. 
Duckweed exhibits continuous vegetative development throughout 
the year, achieving high rates by utilizing nutrients from wastewater, 
which can accumulate within the cells or be  used to generate 
new biomass.

Bojcevska and Tonderski (2007) operated surface flow constructed 
wetlands planted with Cyperus papyrus and Echinochloa pyramidalis 
for 12 months, observing 48–84% TP removal. In the present 
experiment, comparable TP removal was observed in CW1 within 7 
days, indicating effective results in a short time. The substrate media 
plays a crucial role in phosphorus removal (Vymazal, 2011). In our 
experiment, CW1 removed more phosphorus than CW3, likely due 
to the presence of substrates. Bricks, being porous media, have an 
increased surface area when crushed, aiding in phosphorus adsorption 
from wastewater (Li J. et al., 2021). Constructed wetlands mainly get 
oxygen from atmospheric diffusion and plant roots (Zhou et al., 2019). 
Bricks as substrates may be responsible for the observed phosphorus 
reduction in CW2. They exhibit qualities to effectively remove 
phosphorus from wastewater, making them a suitable substrate (Ren 
et al., 2007).

The substrates in CW2 demonstrated the capacity to remove 
phosphorus from the influent effectively (Table 4). Additionally, these 
substrates can facilitate the proliferation of microbial communities 
and plants. The combined utilization of plants and substrates resulted 
in a greater phosphorus removal efficiency of 81% for CW1 (Table 2) 
compared to CW2 and CW3. A study by Wang et al. (2013) assessed 
the physicochemical characteristics and phosphorus adsorption 
capabilities of oyster shells, broken bricks, volcanic rock, and zeolite 
as substrates for treating swine wastewater. All substrates, except 
volcanic rock, demonstrated suitability for enhancing microorganism 
and plant development in water treatment systems. Billore et al. (2001) 
treated distillery effluent in a constructed wetland consisting of four 
cells. The effluent from cells one and two was directed to cells three 
and four, which contained plants and brick debris. Following a 
pretreatment process, the effluent decreased 79% in phosphorus 
content. Shi et  al. (2017) documented a 29.16% reduction in 
phosphorus using red bricks in a wetland system.

4.3 BOD and COD removal

Lemna minor L. has demonstrated potential for effectively 
removing BOD. The combined effects of plants and substrates, 
particularly the porous structure of bricks, enhanced the pollutant 
removal efficiency. The present experimental findings indicate that 
plants effectively removed a significant proportion of BOD and COD 
in CW3 (Table 2). The combined influence of plants and substrates in 
CW1 significantly impacts the removal of BOD and COD, resulting 
in notable reductions in these pollutants (Table 2). Körner et al. (2003) 
conducted a study examining the efficacy of duckweed in treating 
wastewater. Their findings indicated that duckweed facilitated the 

breakdown of organic matter, in terms of BOD and COD, by providing 
increased oxygen and a larger surface area for bacterial proliferation. 
Duckweed achieved a removal rate of 67.4% for COD and 95.8% for 
BOD after 20 days in a study by Oron et al. (1987). However, in the 
current experiment, Lemna minor L. removed 63.3% of BOD and 
59.3% of COD within 7 days. Mandi (1994) conducted an experiment 
treating water with the duckweed species Lemna gibba at low organic 
loading, leading to an 82% reduction in wastewater’s COD. Adhikari 
et al. (2015) found similar results when they introduced a mixture of 
diluted raw dairy manure into a combination of surface flow and 
subsurface flow wetlands using duckweed as vegetation. The removal 
of COD in primary duckweed wetlands ranged from 3 to 81%, 
whereas in secondary duckweed wetlands, it varied from 35 to 38%. 
These findings are consistent with the results obtained in the current 
experiment. The BOD of wetland systems CW1 and CW3 abruptly 
increased on the sixth day due to the generation of gaseous oxygen 
resulting from the photosynthetic processes of Lemna minor L.

The CW2 substrates demonstrated a significant reduction in BOD 
and COD, indicating their ability to adsorb these pollutants from 
wastewater, as shown in Tables 2, 4. Saeed et al. (2018) conducted an 
experiment demonstrating a noteworthy reduction of 83.2% in COD 
and 87.0% in BOD through the utilization of a hybrid-built wetland 
system with bricks as the substrate medium. These findings coincide 
with the outcomes of the present study, which showed that the surface 
flow-constructed wetland with brick rubble and Lemna minor L. has 
the potential to remove BOD and COD from wastewater.

4.4 TDS, TSS, and pH

Lemna minor L. was primarily responsible for the removal of TDS 
from the wetland systems. The elimination of TDS was more significant 
in CW1 than in CW2 and CW3, with CW3 showing a higher reduction 
than CW2, as indicated in Table 2. The elevated total dissolved solids 
(TDS) removal can be attributed to the presence of Lemna minor L. A 
study by Amare et al. (2018) demonstrated a 68% reduction in TDS 
using Lemna minor L. in wastewater treatment in tropical semiarid 
areas of Ethiopia. Ali et al. (2024) constructed a free-water surface flow 
wetland planted with Pistia stratiotes and observed significant removal 
of TDS and TSS with a hydraulic retention time (HRT) of 30 days. In 
our experiment, a comparable amount of TDS and TSS removal was 
observed with an HRT of just 7 days, indicating that CW1 is capable of 
efficiently removing TDS and TSS in a short period. The substrates 
were shown to be responsible for the higher clearance rates of TSS seen 
in CW1. Findings from CW2 validate; bricks (due to their expansive 
surface area and pores) functioned as filters and effectively absorbed 
total suspended particles from wastewater. A study by Javani et al. 
(2016) produced similar results, showing that geotextile sheets and 
structural brick debris significantly impacted the removal of TSS 
contaminants in treated municipal wastewater. Saeed et  al. (2018) 
conducted an experiment using recycled bricks to treat industrial 
wastewater, with findings consistent with our experiment, indicating 
that bricks are valuable for removing TSS. The present experiment 
revealed that the elimination of TSS in CW2 was significantly higher 
than in CW3, attributed to the porous structure of the bricks. Obeng 
et al. (2023) also found that clay bricks effectively eliminated TSS from 
wastewater. While bricks are crucial for eliminating TSS, the findings 
from CW3 suggest that Lemna minor L. can also remove TSS from 
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wastewater. Consistent with our results, Papadopoulos and Tsihrintzis 
(2011) reported a 63% reduction in TSS using Lemna minor L. in 
wastewater treatment. As indicated in Table 2, a pH decrease was noted 
at the start of the experiment, particularly in CW2. Throughout the 
experiment, the continuous pH decrease in CW2 is linked to the 
presence of lignite, known for its pH-lowering effect due to its limited 
negative charge, reducing the removal action of H+ ions (Di et al., 
2022). The pH value from CW3 provides additional evidence 
supporting the pH decline observed in CW1 and CW2, attributed to 
the presence of lignite. However, the pH levels showed a noticeable 
upward trend during the second week. The observed increase in the 
ultimate pH values of 7.66 for CW1, 7.37 for CW2, and 7.59 for CW3 
can be linked to the photosynthetic process in the plant.

4.5 Microbial community

Brick rubble created an optimal environment for the growth of the 
microbial community due to its extended surface area and porous 
structure. Chloroflexi, Acidobacteriota, and Gemmatimonadota were 
identified as key contributors to the removal of BOD, COD, nitrogen, 
and phosphorus. In the present experiment, Proteobacteria exhibited 
the highest abundance at the phylum level. Additionally, at the class 
level, α-Proteobacteria and γ-Proteobacteria were identified as the 
most abundant microorganisms (Figure 3). These microorganisms 
play a crucial role in the degradation of organic matter and nitrification 
processes and are commonly encountered in sewage treatment 
systems (Chen et al., 2019; Al Ali et al., 2020). Table 5 demonstrates 
an increase in the variety and abundance of microbial communities 
on the substrates of CW1. The increased microbial diversity can 
be attributed to the presence of brick rubble, which possesses porous 
qualities that promote microbial development. Shi et  al. (2017) 
reported a comparable microbial composition in a constructed 
wetland containing diverse construction wastes, such as clay bricks. 
The predominant phylum identified in their study was Proteobacteria. 
The purification effects of recycled aggregates derived from 
construction waste as fillers in created wetlands were investigated by 
Li et al. (2022). They observed that red bricks exhibited the highest 
efficiency in terms of microbial community richness. The most 
prevalent microbial phylum identified was Proteobacteria (Li et al., 
2022), which aligns with the findings of the current experiment. Wang 
et al. (2020) observed that members of the Chloroflexi phylum play a 
crucial role in nitrogen removal. Similarly, Huber et  al. (2022) 
demonstrated that Acidobacteriota not only remove nitrogen but also 
phosphorus from wastewater and act as organic carbon degraders. 
Mujakić et al. (2023) reported that Gemmatimonadota is involved in 
the removal of various pollutants, including nitrogen and phosphorus. 
These findings align with our experimental results, where Chloroflexi, 
Acidobacteriota, and Gemmatimonadota contributed to the removal 
of nitrogen, phosphorus, biochemical oxygen demand, and chemical 
oxygen demand (Figure 4B).

The observed variations in microbial communities in the PCoA 
analysis (Figure 4A) can be associated with the presence of vegetation. 
The substrates of CW1, planted with Lemna minor L., exhibited a 
higher richness of microbial communities compared to CW2, which 
did not have any vegetation. Menon et al. (2013) reported similar 
results, indicating that variations in the bacterial population of the 
sediment were linked to the specific plant regime employed in their 

study. Wang et al. (2016) found that the presence of plants positively 
impacted both the abundance and diversity of microorganisms in a 
subsurface flow-constructed wetland. These findings align with the 
results obtained in the current experiment. Therefore, the presence or 
absence of plant species significantly influenced the composition of 
the microbial community in the constructed wetland system (Zhang 
et al., 2010).

Adding brick rubble, lignite, and Lemna minor L. to CW1 resulted 
in distinct bacterial communities at the phylum, class, family, and 
genus levels. The brick rubble and lignite dissolved organic compounds 
from wastewater due to their porous structure, promoting microbial 
growth. The substrates, along with the vegetation plant Lemna minor 
L., supported a rich and diverse microbial community for pollutant 
degradation. It partially explains the high pollutant removal rates of 
the SFCW wetland systems.

5 Conclusion

This research examined the composition of the microbial 
community and the effects of different wetland configurations on 
the purification of artificial wastewater generated by the sugar 
industry. Lemna minor L. plants assimilated nitrogen, phosphate, 
and other contaminants. Lignite functioned as a carbon source, 
promoting the growth of both plants and microbial life in the 
substrates. These substrates served as efficient filter media, with 
their porous structure providing adequate space for a thriving 
microbial population. Plants regulated the diversity of the microbial 
population. The findings clearly demonstrate that Lemna minor 
L. and brick rubble have significant potential for efficiently 
removing nutrients from wastewater, particularly sugar mill 
effluent. Our results support the hypothesis that a constructed 
wetland system utilizing plants and substrates is effective in treating 
effluents from sugar industries. This effectiveness is attributed to the 
rich microbial community fostered by the substrates and plants 
within the system. This study aims to improve the removal of 
contaminants from wastewater treatment plants, specifically those 
connected to sugar mills, by utilizing economical and widely 
available materials. Additionally, it contributes to the global goal of 
achieving carbon neutrality and can be  easily implemented in 
underdeveloped nations worldwide.
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Alpine tundra, covering 3% of the Earth’s land surface, harbors approximately

4% of higher plant species. Changes in this vegetation significantly impact

biodiversity and ecosystem services. Recent studies have primarily focused

on large-scale and long-term vegetation changes in polar and high-latitude

regions. However, the study of short-term vegetation changes and their primary

drivers has received insufficient attention in alpine tundra. This study aimed to

investigate vegetation changes and their dominant drivers in the alpine tundra

of Changbai Mountains-located at the southern edge of the alpine tundra

distribution in Eastern Eurasia-over a short period by re-surveying permanent

plots in 2019 and comparing them with data from 2014. The results showed

that significant changes were observed in alpine tundra vegetation during

the study period. The importance values of typical alpine tundra plants such

as Rhododendron chrysanthum, Vaccinium uliginosum, and Dryas octopetala

decreased noticeably, while those of herbaceous species such as Deyeuxia

angustifolia and Sanguisorba sitchensis increased significantly. Species richness,

diversity, and evenness at different altitudinal gradients showed varying degrees

of increase. A distinct expansion trend of herbaceous species was observed

in the alpine tundra, contributing to a shift in plant community composition

toward herbaceous dominance. This shift might result in the meadowization of

the dwarf shrub tundra. Our findings further revealed that soil nutrients rather

than climate factors, dominated the changes of plant communities over a short

period. These findings provide scientific references for the conservation and

management of biodiversity, as well as for projecting future vegetation dynamics

in alpine tundra.

KEYWORDS

short-term vegetation change, soil nutrient content, herb encroachment, alpine tundra,
Changbai Mountains
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1 Introduction

Alpine tundra, an integral part of alpine ecosystems, covers
3% of the Earth’s land surface and harbors approximately 4%
of higher plant species (Körner, 1999). Alpine ecosystems
are highly sensitive to climate change because the plant
species within these ecosystems are adapted to harsh climate
conditions, such as low temperatures and high humidity (Walker
et al., 2006; Danby et al., 2011; Alatalo et al., 2017; Czortek
et al., 2018; Rantanen et al., 2022). Numerous studies have
documented notable shifts in vegetation composition, biomass,
and diversity in tundra regions for the past decades, driven by
climate change (Lenoir and Svenning, 2014), environmental
change (Chu et al., 2016; López-Angulo et al., 2019), and
human activities such as land use change (Steinbauer et al.,
2018), grazing (Dunwiddie and Research, 1977), and tourism
(Walther et al., 2005). These changes could alter biophysical
and biogeochemical processes, affecting the exchanges of
energy, water, carbon, and nutrients between the soil and
the atmosphere (Tarnocai et al., 2009; Myers-Smith et al.,
2011). Therefore, understanding the changes in alpine tundra
vegetation and their underlying mechanisms is essential
for accurately forecasting, alleviating, and adapting to the
influences of future environmental shifts on these ecosystems
(Rixen et al., 2022).

Recent studies on vegetation changes in alpine tundra
have predominantly focused on polar and high-latitude regions
(Hallinger et al., 2010; Salminen et al., 2023; Lagergren et al.,
2024). Low-elevation vegetation in polar regions and high
latitudes was encroaching upon alpine tundra (Sturm et al.,
2001; Tape et al., 2006; Formica et al., 2014; Shevtsova et al.,
2020), which gradually reduced the area of alpine tundra.
Shevtsova et al. (2020) observed vigorous shrub expansion in
the northeastern Siberian tundra. Meanwhile, studies focusing on
high-mountain vegetation change typically employed large-scale
research methods, facilitating the identification and monitoring
of spatial and temporal patterns in vegetation changes (Ju
and Masek, 2016; Nill et al., 2022). For example, Nill et al.
(2022) analyzed Landsat data from 1984 to 2020 and found
that shrub cover increased on average by 1.4–4.2% per decade
across the entire ecological zone of western Canada. However,
these large-scale methods failed to capture subtle vegetation
changes and processes, as they were unable to detect changes
in the composition, structure, and species diversity within plant
communities (Myers-Smith et al., 2019). Establishing permanent
monitoring plots could help overcome the limitations associated
with large-scale studies by providing a more detailed and accurate
representation of actual ecosystem dynamics (Kapfer et al., 2016).
By consistently and regularly monitoring these plots, researchers
could quantitatively evaluate shifts in the composition and
diversity of plant communities (Pauli et al., 2012; Gazol et al.,
2017). This approach was particularly effective when permanent
plots were established along elevation gradients, as it allowed
for a more precise analysis of the dynamics across different
vegetation zones (Metcalfe et al., 2018; Walker et al., 2018).
Given the high spatial heterogeneity and temporal variability of
tundra landscapes (Epstein et al., 2012; Reichle et al., 2018),
employing this method is essential to thoroughly investigate

changes in the composition, structure, and species diversity of
alpine tundra.

Climate warming has long been regarded as the primary
driver of vegetation changes (Pickering et al., 2008; Grabherr
et al., 2010; Danby et al., 2011; Lenoir and Svenning, 2014).
For example, Pickering et al. (2008) demonstrated that climate
warming led to shifts in the distribution of thermophilic shrubs,
herbs, and invasive weeds towards higher elevations. However,
these studies typically analyzed the drivers of long-term vegetation
changes (Holzinger et al., 2007), and the impacts of long-term
climate change may interact with other environmental changes
(Hamid et al., 2020), such as disturbances from typhoons,
land use changes, and soil nutrient variations. To avoid biased
conclusions that might arise from confounding factors, we focused
on investigating the driving factors of plant community changes
at short time scales. Short-term studies of changes in plant
communities often relied on controlled experiments, such as
warming experiments (Klein et al., 2004) and nitrogen fertilization
(Britton and Fisher, 2008). However, this approach could only
evaluate the impact of controlled environmental factors on plant
communities and fails to identify the dominant factors that actually
drive changes in these communities (Clark et al., 2007). There
is a knowledge gap regarding actual vegetation changes and
their dominant drivers over a short period in alpine dwarf-shrub
tundra.

The alpine tundra of Changbai Mountains (ATCBM), located
at the southern edge of the alpine tundra distribution in Eastern
Eurasia, represents one of the most archetypal mountain tundra
vegetation ecosystems in China (Huang and Li, 1984). The mean
growing season temperature showed a significant increasing trend
for the past six decades, with a rate of 0.23◦C/decade in the
ATCBM, which was higher than the average global surface warming
rate over the past 50 years (Wang et al., 2019). Vegetation changes
in the ATCBM have increasingly attracted attention in recent
years, such as the upward migration of tree line (Du et al.,
2017) and the herb encroachment (Jin et al., 2019a). Wang et al.
(2019) evaluated changes in the vegetation of the ATCBM for
the past three decades by comparing the historical and current
vegetation survey results. However, this comparison using non-
permanent plot surveys introduced considerable uncertainty into
the observed vegetation changes and hindered the attribution
analysis of these changes (Kapfer et al., 2016). Therefore,
conducting regular field permanent plot surveys is crucial for
monitoring changes in alpine tundra vegetation and associated
environmental factors, thereby identifying the dominant drivers of
vegetation change.

In this study, we established permanent plots in the ATCBM
and conducted detailed monitoring in 2014 and 2019. By
comparing the results from these two surveys, we systematically
analyzed changes in the tundra vegetation over five years and
evaluated the underlying mechanisms driving these changes within
a short period. We proposed the following hypotheses: (1) the
vegetation underwent significant changes over a short period in
the ATCBM, characterized by the rising importance of herbaceous
plants and increased species diversity; (2) the encroachment
of herbaceous species significantly altered the composition and
structure of the native plant communities; (3) changes in soil
nutrient content, rather than climate factors, were the more
significant drivers of alpine vegetation changes over a short period.
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2 Materials and methods

2.1 Study area

The alpine tundra is situated on the main peak of
Changbai Mountains, at an altitude exceeding 2000 meters
(m), spanning from 41◦ 56’N to 42◦04’N and 127◦58’E to 128◦11’E
(Figure 1A). This region experiences a harsh alpine tundra
climate, characterized by low temperatures (5.8◦C) and abundant
precipitation (958 mm) during the growing season (June to
September), coupled with a winter that extends over eight months
(Hao et al., 2001). The average snow depth reaches about 1 m
during winter. The soil in the tundra is notably shallow, typically
not exceeding 30 cm in depth, and characterized as coarsely
bony, thinly layered, and poorly stratified (Huang and Li, 1984).
Vegetation in the area is sparse, primarily composed of a few
dwarf shrubs, mosses, and lichens. Prominent plant species include
dwarf shrubs such as Rhododendron chrysanthum, Vaccinium
uliginosum, and Dryas octopetala, along with herbaceous plants
like Carex pachyneura, Sanguisorba sitchensis, and Saussurea
tomentosa (Huang and Li, 1984). Recent decades of rapid warming
have prompted shifts in alpine tundra vegetation, particularly the
upward shift of the tree line (Du et al., 2017) and the increasing
prevalence of herbaceous plant encroachment (Wang et al., 2019).

2.2 Vegetation and soil sampling

The field survey utilized a systematic sampling method,
establishing permanent quadrats along a transect. At each altitude
range within this transect, three replicate 1m x 1m plots were set
up, spaced 25 m apart (Figure 1C). These plots were positioned at
100-meter intervals along the slope, extending from the tree line
at 2050 m to the upper edge of the tundra at 2560 m. Each set
contains 25 quadrats, resulting in a total of 75 quadrats (Figure 1B).
To minimize human disturbance and accurately capture changes
in plant communities, each set was located at least 50 m away
from the nearest highway. The establishment of this transect
and permanent quadrats, as well as the initial detailed vegetation
survey, occurred in 2014 and 2015 (Wang et al., 2019). We
conducted a re-survey of these permanent quadrats in 2019. To
accurately capture changes in plant species, we used the same
indicators as the previous survey of the quadrats, such as plant
name, coverage, number of plants, and plant height. We also
used soil auger (3 cm diameter) to collect soil samples from each
quadrat to analyze the physicochemical properties of soil, such
as particle size (clay, silt, and sand), organic matter (Org), total
nitrogen (TN), available nitrogen (AN), available phosphorus (AP),
available potassium (AK), and carbon-to-nitrogen ratio (C/N).
Specifically, particle size (clay, silt, and sand) was analyzed using
the Bouyoucos hydrometer method (Pauwels et al., 1992); Org
was determined by using titrimetric methods, and its contents was
estimated from the organic carbon content by multiplying by a
factor of 1.724 (Walkley and Black, 1934); TN was evaluated using
the Kjeldahl distillation method, while AN was assessed through
titration (Bremner and Mulvaney, 1982); AP was determined using
the Olsen method (Lajtha and Jarrell, 1999); AK was measured
using a flame photometer (Olorunfemi et al., 2016). Moreover, the

soil microbial community was characterized using Phospholipid
Fatty Acid analysis (Bligh and Dyer, 1959; Frostegård et al., 1991).

2.3 Climate data

Since the mid-1980s, herbaceous plants such as D. angustifolia
have begun encroaching upon the alpine dwarf-shrub tundra from
lower altitudes (Zong et al., 2016). Consequently, we utilized
historical climate data spanning from 1985 to 2020, acquired from
Tianchi Station (42◦01’N, 128◦05’E), located about 4 kilometers
from our research site at an elevation of 2623 m. It should
be noted that winter climate data from this station have been
unavailable since 1989. These data were subjected to quality control
and homogeneity assessments by the National Meteorological
Information Center prior to their release.

To accurately monitor soil temperature, we buried a
temperature recorder (Tidbit@Tv2) at a depth of 5 cm within
each quadrat starting in 2015 (Figure 1E). The soil temperature
data used in this study cover five complete growing seasons from
June to September, spanning from 2015 to 2020. Additionally, we
positioned two automatic weather stations (WeatherHawk 610,
Campbell Scientific, Logan, UT, USA) at altitudes of 2135 m and
2246 m to monitor precipitation in the tundra (Figure 1D). Our
observations indicated that precipitation increases with altitude
in the Changbai Mountains. During the growing seasons from
2014 to 2019, mean precipitation at both elevations were 1270 mm
and 1348 mm, respectively. We used the established relationship
between precipitation and elevation to interpolate the precipitation
value for each plot (Hao et al., 2001; Wang et al., 2019).

2.4 Data analysis

In this study, we applied importance value index (IVI) to assess
the structural composition and community dynamics within the
tundra vegetation of the Changbai Mountains (Lu et al., 2011;
Niu et al., 2017). We calculated the IVI for each species using the
following formula (Equation 1):

IVI = Rd + Rh + Rc (1)

Relative density (Rd) is calculated by dividing the number of
individuals of a particular plant species by the total number of
individuals across all species and multiplying the result by 100.
Relative height (Rh) is determined by dividing the height of a
particular plant species by the cumulative height of all species and
then multiplying by 100. Similarly, Relative cover (Rc) is calculated
by dividing the cover of a single species by the total cover of all
species and then multiplying by 100. By calculating these metrics,
we systematically analyze the species’ IVI in descending order to
identify their dominance within the vegetation.

To facilitate the analysis of tundra vegetation changes with
altitude, we divided the 75 quadrats into five altitudinal gradients:
2050–2150 m, 2150–2250 m, 2250–2350 m, 2350–2450 m, and
2450–2550 m. This division was established to facilitate a
comparative analysis of species diversity across each altitudinal
gradient. Specifically, we aimed to compare the species richness,
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FIGURE 1

Location of the study area in the ATCBM (A) and the setup of plots (B,C), automatic weather stations (D), and temperature recorder (Tidbit@Tv2) (E).

diversity and evenness between 2014 and 2019 across each elevation
gradient. The calculation formulas for the Patrick index (R),
Shannon-Wiener index (H′) and Pielou index (E) of species
richness, diversity and evenness were as follows (Equations 2–4; Ma
et al., 1995):

Patrick index:

R = S (2)

Shannon-Wiener index:

H
′

= −

s∑
i = 1

PilnPi (3)

Pielou index:

E = H
′

/lnS (4)

Where: S is the number of species in the sample plots, and Pi is
the relative IVI of species i. The Shannon-Wiener index and Pielou
index represent α -diversity.

In our study, we used ordination analysis methods to
examine the connections between vegetation dynamics and
environmental factors in the ATCBM. We first employed detrended
correspondence analysis (DCA) to determine the gradient length
of the ordination axes and found that the maximum value
exceeded 4 for the first four axes. Therefore, we utilized canonical
correspondence analysis (CCA). This ordination technique, a key
statistical method, was conducted using R software (version 3.0.1,
R Foundation for Statistical Computing, Vienna, Austria), which
was widely recognized for its robust capabilities in ecological data
analysis (Greig-Smith, 1983; Šmilauer and Lepš, 2014). The CCA
allowed us to directly correlate changes in plant species with
variations in environmental parameters, such as Org, TN, AN,
AP, AK, C/N, precipitation (PRE), growing season temperature
(TEMP), diurnal temperature range (DTR), growing season length

(GSL), and winter snow protection (WSP). A paired t-test
was conducted to assess the statistical differences in vegetation
and environmental changes between the two surveys, using a
significance threshold of p < 0.05.

3 Results

3.1 Changes in tundra vegetation

3.1.1 Changes in the importance value of plant
species

The IVI of plant species exhibited significant changes (p< 0.05)
from 2014 to 2019 (Table 1). Native plants, such as R. chrysanthum,
V. uliginosum, and D. octopetala, experienced varying degrees
of declines in Rd, Rh, and Rc over the 5-year period in the
alpine tundra. These declines resulted in a reduction in their
IVI, with rates of decrease at 21.36%, 17.71%, and 13.68%,
respectively. Despite experiencing the highest rate of decline in IVI,
R. chrysanthum still ranked first in species importance, significantly
surpassing the other species. While encroaching herbaceous plants
such as Deyeuxia angustifolia and S. sitchensis showed different
degrees of increase in their Rd, Rh, and Rc over the 5-year period,
these changes resulted in a corresponding rise in their IVI, with
rates of increase of 22.14% and 7.46%, respectively. In the past 5
years, among the dominant species (with IVI greater than 2), only
30.8% (R. chrysanthum, S. sitchensis, D. angustifolia, and Geranium
dahuricum) maintained the same ranking of IVI, which indicated
that the species composition and structure of the tundra vegetation
was not stable but rather undergoing continual change.

3.1.2 Changes in species diversity along elevation
gradients

The species richness of tundra vegetation exhibited a declining
trend with rising altitude on Changbai Mountains (Figure 2). In
both 2014 and 2019, species richness in the tundra vegetation
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TABLE 1 Changes in Rd, Rh, Rc, IVI, and ranking of different plant species from 2014 to 2019 in the ATCBM.

Plant species Rd Rh Rc IVI Rank
change

2014 2019 2014 2019 2014 2019 2014 2019

Rhododendron
chrysanthum

31.76 22.37 6.24 6.12 25.84 21.71 21.28 16.73 0

Sanguisorba sitchensis 7.97 8.02 9.65 9.76 10.32 12.25 9.31 10.01 0

Deyeuxia angustifolia 7.66 6.54 11.09 10.10 5.28 4.47 7.42 9.06 0

Sanguisorba teriuifolia 4.96 7.96 7.49 6.07 6.20 9.12 6.81 5.69 −1

Ligularia jamesii 4.37 4.27 6.23 6.36 3.99 3.67 5.14 5.84 1

Vaccinium uliginosum 4.43 4.82 1.51 1.11 4.75 6.34 3.62 2.98 −3

Trollius japonicus 3.65 2.90 6.50 4.53 5.70 4.93 3.58 2.59 −4

Saussurea tomentosa 4.37 3.81 2.31 2.89 1.94 2.10 3.56 3.61 1

Polygonum viviparum 2.79 1.90 3.25 3.15 4.57 4.41 3.19 3.02 1

Dryas octopetala 2.54 4.13 0.46 0.44 1.69 1.98 2.61 2.25 −2

Rhodiola cretinii 1.90 1.34 3.35 2.56 2.35 1.90 2.53 2.89 1

Carex pachyneura 1.94 2.37 2.99 4.49 1.78 1.46 2.26 3.85 6

Geranium dahuricum 2.65 2.85 2.44 2.29 1.88 1.70 2.05 2.04 0

on Changbai Mountains peaked at a maximum of 47 and 48,
respectively, at an altitude range of 2050–2150 m, while the
minimum values recorded were 26 in 2014 and 29 in 2019 at an
altitude range of 2350–2450 m. Between 2014 and 2019, species
richness increased at each elevation gradient. Specifically, the
minimal increase was observed in the 2050–2150 m elevation range,
with an addition of just one species, whereas the most substantial
increase occurred in the 2150–2250 m range, where species richness
expanded by six species. In both 2014 and 2019, the Shannon-
Wiener index exhibited a consistent decreasing trend with rising
altitude, peaking at 2050–2150 m and reaching its lowest value
at 2350–2450 m. From 2014 to 2019, the Shannon-Wiener index
increased at varying degrees across different altitudinal gradients,
with the most significant increase observed at 2150–2250 m. In
both 2014 and 2019, the Pielou index displayed consistent trends
with increasing altitude, peaking at 2250–2350 m and reaching
a minimum at 2350–2450 m. During this period, the Pielou
index exhibited varying degrees of increase across the elevation
gradients, with the most significant change observed in the
2350–2450 m range.

3.1.3 Changes in species composition and
coverage of typical plant communities

Five representative plant communities including three native
dwarf shrub communities (S. sitchensis, R. chrysanthum, and
V. uliginosum) and two herbaceous communities (D. angustifolia
and D. octopetala) were chosen to examine changes in species
composition and cover at the community scale over the
period from 2014 to 2019. Species richness decreased in the
D. angustifolia community and remained essentially unchanged
in the S. sitchensis community. In contrast, it increased in the
R. chrysanthum, V. uliginosum, and D. octopetala communities,
with significant increases (p< 0.05) observed in the R. chrysanthum
and V. uliginosum communities (Figure 3A). The coverage
of dominant species significantly increased (p < 0.05) in

the D. angustifolia community, while these exhibited declining
trends in the S. sitchensis, R. chrysanthum, V. uliginosum,
and D. octopetala communities. Notably, the coverage of
dominant species showed a significant decline (p < 0.05) in
the R. chrysanthum community (Figure 3B). Simultaneously,
we investigated changes in species cover of D. angustifolia in
the S. sitchensis and R. chrysanthum communities, as well as
changes in species cover of S. sitchensis in the D. angustifolia
and R. chrysanthum communities. We found a significant increase
(p < 0.05) in the coverage of D. angustifolia in both the S. sitchensis
and R. chrysanthum communities (Figure 4A), as well as a
significant increase (p < 0.05) in the coverage of S. sitchensis
in both the D. angustifolia and R. chrysanthum communities
(Figure 4B).

3.2 Changes in environmental factors

3.2.1 Changes in climate factors
From 2014 to 2019, various climate factors including TEMP,

PRE, DTR, GSL, and WSP showed different variations across
five plant communities (Figure 5). TEMP increased across
all communities, with significant increases in the S. sitchensis
and R. chrysanthum communities. PRE decreased significantly
in all plant communities (p < 0.05). DTR increased in the
D. angustifolia, R. chrysanthum, and V. uliginosum communities,
with a significant increase in the R. chrysanthum community
(p < 0.05); however, it decreased in the S. sitchensis and
D. octopetala communities. In line with the TEMP trend,
GSL also increased in all communities, particularly with
significant increases in the S. sitchensis and R. chrysanthum
communities. WSP decreased in four of plant communities,
except for an increase in the V. uliginosum community; a
significant decrease was noted in the R. chrysanthum community
(p < 0.05).
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FIGURE 2

The changes in species richness, diversity, and evenness of vegetation along the altitudinal gradient from 2014 to 2019 in the ATCBM.

FIGURE 3

Changes in species abundance (A) and dominant species cover (B) from 2014 to 2019 in typical plant communities. **represents a difference that is
significant at the 0.05 level.

3.2.2 Changes in soil nutrient content
Between 2014 and 2019, the distributions of Org, TN, AN,

AP and AK exhibited a pattern of initially increasing and then
decreasing with increasing elevation (Figure 6). From 2014 to
2019, Org, TN, AN, and AP generally increased across elevation
gradients, with the exception of Org in the 2250–2350 m range.
Notably, significant increases (p < 0.05) were observed in the
following elevation ranges: Org within 2350–2450 m; TN within
2050–2150 m and 2450–2550 m; AN within 2050–2150 m and
2450–2550 m; and AP within 2050–2150 m, 2150–2250 m, and
2450–2550 m. AK and C/N decreased across most elevation
gradients. However, C/N increased within the 2350–2450 m range.
Notably, AK experienced a significant decrease (p < 0.05) in the
2150–2250 m range.

Soil nutrient content showed different changes across various
plant communities from 2014 to 2019 (Table 2). Specifically,
the D. angustifolia community exhibited significant increases

(p < 0.05) in TN, AN, and AP. In contrast, the S. sitchensis
community experienced a significant decline (p < 0.05) in AK.
The R. chrysanthum community displayed significant increases
(p < 0.05) in TN, AN, and AP, along with a significant decrease
(p < 0.05) in AK. Significant increases (p < 0.05) were observed
in Org, TN, AN, and AP within the V. uliginosum community.
Finally, in the D. octopetala community, Org, TN, AN, and AP all
showed significant increases (p < 0.05), whereas C/N significantly
decreased (p < 0.05).

3.3 Driving forces of tundra vegetation
changes

Through canonical correspondence analysis, we observed
that the explanatory power of environmental factors on plant
community distribution remained consistent across both surveys,
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FIGURE 4

Changes in species coverage of D. angustifolia from 2014 to 2019 in the S. sitchensis and R. chrysanthum communities (A); Changes in species
coverage of S. sitchensis from 2014 to 2019 in the D. angustifolia and R. chrysanthum communities (B). **represents a difference that is significant at
the 0.05 level.

with the dominant factors largely unchanged. In 2014, axes 1 and
2 together explained 49.8% of the variation in plant community
distribution (Figure 7A), while in 2019, they explained 48.28%
of the variation (Figure 7B). The environmental factors most
influential on plant community distribution in 2014 were DTR,
PRE, GSL, and C/N. By 2019, the dominant factors shifted slightly
to include DTR, TEMP, Org, and PRE. We could find that climate
factors, rather than soil nutrients, dominated the distribution of
plant communities.

Compared to their explanatory power for plant community
distribution, environmental factors demonstrated a lower
explanatory power for changes in plant community from 2014 to
2019. Axes 1 and 2 together explained 31.72% of these changes
in plant communities (Figure 8). The AN factor, indicated by the
longest arrow in the analysis, had the greatest impact on these
changes. Among the 11 environmental factors assessed, the impact
on changes in the five plant communities, ranked from largest to
smallest, were as follows: AK, AN, TEMP, GSL, TN, C/N, PRE, AP,
WSP, DTR, and Org. Soil nutrients exhibited a greater impact than
climate factors on the short-term changes in plant community.

4 Discussion

4.1 Changes in the importance value of
plant species

Permanent plot surveys offer a nuanced examination of shifts
in the composition and structure of tundra vegetation, providing
a detailed contrast to remote sensing methods, which generally
capture only large-scale greening or browning trends in ecosystems
with lower precision (Myers-Smith et al., 2019). We observed a
significant decrease in the IVI of typical dwarf shrub species in
the alpine tundra, including R. chrysanthum, V. uliginosum, and
D. octopetala. Conversely, the IVI of herbaceous plants such as
D. angustifolia and S. sitchensis exhibited noticeable increases. This
change was primarily attributed to the gradual encroachment of
herbaceous plants, such as D. angustifolia and S. sitchensis, into
the traditional growth areas of tundra vegetation (Jin et al., 2019a).

This indicated intense competition between the native dwarf shrub
species of the tundra and encroaching herbaceous species. It
confirmed that the composition and structure of tundra vegetation
had undergone significant changes in a short period under
the pressure of environmental changes, with a trend towards
meadowization (Wang et al., 2019). Moreover, this change further
led to the fragmentation of the alpine tundra landscape, contrasting
with the trend of tundra shrubification observed in polar and high-
latitude regions in the past (Sturm et al., 2001; Cannone et al., 2007;
Formica et al., 2014; Schore et al., 2023).

4.2 Changes in plant species diversity
along elevation gradients

This study observed a decrease in plant species richness
with increasing altitude, consistent with findings from other
research (Kazakis et al., 2006; Vanneste et al., 2017; Hamid et al.,
2020). This was attributed to temperature directly influencing
the ecological niches of plants, affecting their distribution and
diversity (Waldock et al., 2018). Additionally, as the terrain’s
slope increased with altitude, the steeper areas became more
susceptible to erosion, thereby reducing the potential growth
areas for vegetation (Theurillat et al., 2007). Species diversity and
evenness peaked at elevations between 2250 and 2350 m, coinciding
with the upper boundary expansion of the encroaching herbaceous
species. Although there were signs of encroachment from lower-
altitude plant species within this range, the native tundra plat
species still dominated. In this region, although the number of
species was not the highest, each species had relatively high
abundance, and species distribution was relatively even (Han et al.,
2023). Consistent with our hypothesis, species diversity increased
over time (Steinbauer et al., 2018; Salminen et al., 2023; Zemlianskii
et al., 2024), but the degree of change varied across different altitude
gradients. Over a five-year period, the greatest changes in species
richness and diversity were observed between 2150 m and 2250
m, where six plant species were added and the diversity index
increased by 0.36. This was due to the area serving as a mixing zone,
where encroaching plant species and native tundra plant species
intermingled. Many plants migrated upwards from lower altitudes,
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FIGURE 5

Changes in climate factors [TEMP (A), PRE (B), DTR (C), GSL (D), WSP (E)] from 2014 to 2019 in different plant communities in the ATCBM.
**represents a difference that is significant at the 0.05 level.

intensifying resource competition between encroaching and native
species, which ultimately resulted in significant changes in species
composition (Dolezal et al., 2016).

4.3 Changes in species composition and
coverage of typical plant communities

Plant encroachments significantly influenced the composition
and dynamics of communities (Fahey et al., 2020; Livingstone
et al., 2020). After encroaching on the alpine tundra, D. angustifolia
competed with the native dwarf shrub communities, leading to
significant changes in the composition and structure of the native

tundra plant communities. Species richness increased in these
communities of R. chrysanthum, V. uliginosum, and D. octopetala,
while it decreased in the communities of D. angustifolia and
S. sitchensis. This may confirm that environment change led to
the homogenization of previously heterogeneous tundra plant
communities (Stewart et al., 2018). The coverages of dominant
species were decreasing to different degrees in the other four
plant communities, except for an increase the D. angustifolia
community. Moreover, the coverage of D. angustifolia increased
within the S. sitchensis and R. chrysanthum communities, while
S. sitchensis coverage also expanded within the D. angustifolia and
R. chrysanthum communities. This indicated that both low-altitude
herbaceous plants, such as D. angustifolia, and native tundra
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FIGURE 6

Changes in soil nutrient contents [Org (A), TN (B), AN (C), AP (D), AK (E), C/N (F)] at different altitudes from 2014 to 2019 in the ATCBM. **represents
a difference that is significant at the 0.05 level.

TABLE 2 Changes in soil nutrient content (Org, TN, AN, AP, AK, and C/N) in typical plant communities in the ATCBM.

Plant communities Org TN AN AP AK C/N

D. angustifolia 4.22± 2.12 2554.76± 933.92** 223.68± 93.92** 14.37± 5.16** 5.38± 14.47 −1.28± 1.08

S. sitchensis 0.55± 1.77 870.55± 602.67 57.33± 29.73 8.02± 4.18 −70.12± 12.74** −1.28± 0.78

R. chrysanthum 4.88± 1.76** 2033.64± 500.86** 167.11± 9.65** 24.51± 2.86** −26.08± 11.99** −0.52± 1.03

V. uliginosum 10.14± 3.92** 4263.87± 723.02** 205.33± 55.41** 17.17± 4.71** −8.84± 14.55 −1.57± 1.76

D. octopetala 7.33± 2.96* 4203.83± 970.87** 171.17± 58.66* 12.18± 4.98* −24.15± 25.35 −2.34± 0.67**

**Represents a difference that is significant at the 0.05 level.
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FIGURE 7

Canonical correspondence analysis of the distributions of plant communities and environmental factors in 2014 (A) and 2019 (B) over the ATCBM.

herbaceous species like S. sitchensis, were expanding in the alpine
tundra. This expansion contributed to a shift in plant community
composition toward herbaceous dominance, ultimately leading to
the meadowization of the tundra. In this competitive process, low
the dwarf shrubs like R. chrysanthum and V. uliginosum in lower
altitude were at risk of disappearing (Jin et al., 2015; Zong et al.,
2016; Wang et al., 2019).

4.4 Analysis of drivers of tundra
vegetation change

Vegetation changes were closely related to environmental
changes (Dolezal et al., 2016). With climate-induced changes
in abiotic mountain environmental factors, the structure and
distribution of mountain plants also changed accordingly (López-
Angulo et al., 2019; Zu and Wang, 2022). Numerous studies have
attributed the distribution of alpine tundra plant communities
primarily to global warming (Lenoir and Svenning, 2014), which
was confirmed in this study. Both surveys confirmed that climate
factors such as PRE, DTR, and TEMP were primary drivers of plant

community distribution, surpassing the influence of soil nutrients.
However, our findings indicated although climate factors showed
some influence on vegetation dynamics, the principal drivers of
changes in plant communities during the study period were not
climate factors but rather shifts in soil nutrients, particularly AN
and AK. Increasing nitrogen levels in alpine tundra areas has
been observed to promote the growth of herbaceous plants, while
simultaneously leading to a reduction in the population of local
dwarf shrubs (Nilsson et al., 2002). Zong et al. (2016) also found
that nutrient perturbation had a greater impact than temperature
on the expansion of D. angustifolia in the ATCBM, which was
consistent with our results.

4.5 Potential mechanisms of soil nutrient
changes mediated by microbial
communities

Changes in soil nutrients were influenced by shifts in the soil
microbial communities (Eskelinen et al., 2009; Philippot et al.,
2024). Although the temperature change was not significant during
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FIGURE 8

Canonical correspondence analysis of the changes of plant communities and environmental factors from 2014 to 2019 over the ATCBM.

the study period, the relatively higher temperatures resulting from
decades of warming were stimulating microbial decomposition
activity in the ATCBM (Jin et al., 2019b). This heightened
microbial activity could accelerate the breakdown of organic
matter, thereby affecting soil nutrient levels (Maes et al., 2024).
Additionally, the trend towards meadowization of the alpine tundra
intensified with the encroachment of D. angustifolia, resulting in
an increase in herbaceous vegetation. Herbaceous plants contained
higher proportions of easily degradable compounds such as
monosaccharides and proteins, making their litter more prone
to decomposition (Hobbie, 1996; Dorrepaal et al., 2005). At
different elevations in our study area, the ratio of Gram-positive
to Gram-negative bacteria in the soil microbial communities was
significantly lower in areas with D. angustifolia encroachment
compared to areas without such encroachment (Figure 9). The
proportion of Gram-positive bacteria specialized in decomposing
recalcitrant substrates, such as the litter of R. chrysanthum rich
in lignin, cellulose, and other recalcitrant organic compounds,
decreased in the microbial community, while the proportion
of Gram-negative bacteria specialized in decomposing easily
degradable substrates increased (Li et al., 2023). Such microbial
changes accelerated the decomposition of herbaceous plant
substrates, leading to an increase in nutrient cycling rates, a
decrease in soil C/N, and an increase in available nutrients (Li
et al., 2017). These changes in soil nutrients further affected
vegetation changes (Zhang et al., 2018), promoting the further
expansion of herbaceous plants in the alpine tundra. However, due
to experimental limitations, this study was unable to separately
investigate how changes in soil microorganisms affected changes in
soil physicochemical properties.

4.6 Study implications and limitations

In this study, detailed monitoring of permanent plots in the
ATCBM revealed significant short-term changes in tundra plant
communities. Soil nutrient changes, rather than climate change,

FIGURE 9

Changes in the ratio of Gram-positive to Gram-negative bacteria in
soil microbial communities at different elevations in the ATCBM
between areas with and without D. angustifolia encroachment
(D0 = no D. angustifolia encroachment, D1 = D. angustifolia
encroachment). **represents a difference that is significant at the
0.05 level.

were identified as the main drivers of these vegetation changes.
This is particularly notable given that the ATCBM is located
in the core area of a national nature reserve, unaffected by
agricultural or grazing activities, highlighting the importance of
natural factors in influencing alpine tundra vegetation dynamics.
Our regular plot surveys effectively pinpointed the actual drivers
of vegetation changes, addressing the limitations inherent in
controlled experiments (Clark et al., 2007). However, our study
faced certain limitations and uncertainties. Although the three plot
replicates at each altitude range were spaced only 25 m apart, the
variations in elevation, slope, and vegetation types across different
sites ensured the independence of the data. Future studies would
benefit from expanding the study area and increasing the number
of sample plots to enhance data representativeness and reliability.
Additionally, due to the complexity of the alpine environment,
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we resorted to using interpolation methods to acquire precipitation
data. Although these interpolation results were highly correlated
with observed data, they still had some uncertainties, necessitating
more precise climate data for future analyses (Tapiador et al.,
2017). Continuous monitoring of tundra vegetation changes
will enable managers to more effectively identify and address
ecological challenges, devising robust strategies to respond to
future environmental shifts (Reid et al., 2022). This proactive
approach is crucial for maintaining the health and stability of the
tundra ecosystem, thereby ensuring its long-term sustainability
(Rani et al., 2020).

5 Conclusion

This study investigated vegetation changes and their dominant
drivers in the ATCBM over a short period by re-surveying
permanent plots in 2019 and comparing them with data from
2014. The results revealed significant changes in alpine tundra
vegetation during the study period. The importance values of
typical alpine tundra plants such as R. chrysanthum, V. uliginosum,
and D. octopetala decreased noticeably, while those of herbaceous
species such as D. angustifolia and S. sitchensis increased
significantly. Species richness, diversity, and evenness at different
altitudinal gradients showed varying degrees of increase. A distinct
expansion trend of herbaceous species was observed in the alpine
tundra, contributing to a shift in plant community composition
toward herbaceous dominance. This shift might result in the
meadowization of the dwarf shrub tundra. Soil nutrients rather
than climate factors, dominated the changes of plant communities
over a short period. These findings provide scientific references
for the conservation and management of biodiversity, as well
as for projecting future vegetation dynamics in alpine tundra.
Furthermore, to accurately simulate vegetation changes and reduce
uncertainties in alpine tundra, our findings suggest that vegetation
dynamic models should take into account the effect of soil nutrient
variation on short-term changes in plant communities.
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