
Frontiers in Microbiomes

OPEN ACCESS

EDITED BY

Karin Jacobs,
Stellenbosch University, South Africa

REVIEWED BY

Santiago Cadena,
Autonomous University of the State of
Morelos, Mexico
Itumeleng Moroenyane,
Stellenbosch University, South Africa

*CORRESPONDENCE

Wei Min

minwei555@126.com

Huijuan Guo

guohjmw@163.com

RECEIVED 09 October 2024

ACCEPTED 17 January 2025
PUBLISHED 06 February 2025

CITATION

Ye Y, Guo X, Li Y, Min W and Guo H (2025)
Biochar and straw amendments drive
microbial regulation of phosphorus
dynamics in saline-irrigated cotton fields.
Front. Microbiomes 4:1508717.
doi: 10.3389/frmbi.2025.1508717

COPYRIGHT

© 2025 Ye, Guo, Li, Min and Guo. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 06 February 2025

DOI 10.3389/frmbi.2025.1508717
Biochar and straw amendments
drive microbial regulation of
phosphorus dynamics in saline-
irrigated cotton fields
Yang Ye, Xiaowen Guo, Yueyao Li, Wei Min* and Huijuan Guo*

Department of Resources and Environmental Science, Shihezi University, Shihezi, Xinjiang, China
Saline water drip irrigation is a potential solution for addressing freshwater

scarcity in arid regions. However, prolonged use can accumulate soil salinity

and reduce phosphorus (P) availability. Biochar and straw amendments have

been shown to alleviate these effects, but their mechanisms in regulating

microbial genes involved in P transformation under long-term saline irrigation

remain unclear. This study aimed to evaluate the impact of biochar and straw

incorporation on soil microbial community structure and P availability in saline-

irrigated cotton fields. Based on a 14-year field trial, three treatments were

developed: saline water irrigation alone (CK), saline water irrigation with biochar

(BC), and saline water irrigation with straw (ST). Results indicated that both

amendments significantly enhanced soil water content, organic carbon, total P,

available P, and inorganic P fractions (Ca10-P, Al-P, Fe-P, and O-P) while reducing

soil electrical conductivity and Ca2-P and Ca8-P fractions. Biochar increased the

relative abundance of Chloroflexi, Gemmatimonadetes, and Verrucomicrobia,

while straw promoted Proteobacteria and Planctomycetota. Both treatments

decreased the abundance of several P mineralization genes (e.g., phoD, phoA)

and increased genes associated with P solubilization (e.g., gcd). Microbial

populations and P cycling genes were shown to be tightly associated with soil

characteristics, with Ca2-P and Al-P serving as important mediators, according to

correlation studies. Generally, under long-term salty irrigation, biochar, and straw

amendments reduced soil salinity, raised soil P availability, decreased the

expression of phosphorus cycling-related microbial genes, and improved soil

characteristics. These results made them excellent techniques for sustainable

soil management.
KEYWORDS

saline water irrigation, biochar, straw, P transformation, functional genes
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/frmbi.2025.1508717/full
https://www.frontiersin.org/articles/10.3389/frmbi.2025.1508717/full
https://www.frontiersin.org/articles/10.3389/frmbi.2025.1508717/full
https://www.frontiersin.org/articles/10.3389/frmbi.2025.1508717/full
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frmbi.2025.1508717&domain=pdf&date_stamp=2025-02-06
mailto:minwei555@126.com
mailto:guohjmw@163.com
https://doi.org/10.3389/frmbi.2025.1508717
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiomes#editorial-board
https://www.frontiersin.org/journals/microbiomes#editorial-board
https://doi.org/10.3389/frmbi.2025.1508717
https://www.frontiersin.org/journals/microbiomes


Ye et al. 10.3389/frmbi.2025.1508717
Highlights
Fron
• Long-term saline water irrigation reduces soil phosphorus

(P) availability and increases soil salinity.

• Biochar and straw amendments improved soil P availability

and reduced salinity accumulation.

• Biochar and straw significantly altered the structure and

function of soil microbial communities.

• Key P-cycling genes (e.g., gcd, phnP and phnA) were

upregulated, enhancing P solubilization and mineralization.

• Correlation analysis identified Ca2-P and Al-P as primary

drivers of microbial and functional gene changes.
1 Introduction

The lack of freshwater in desert areas poses serious obstacles to

agricultural output (Awaad et al., 2020). In Xinjiang, a typical desert

region, annual evaporation is more than precipitation, resulting in a

serious lack of freshwater resources for irrigation of agriculture.

However, Xinjiang has abundant saline water resources, making

developing and utilizing saline water for agricultural purposes a

viable solution to address freshwater shortages (Cheng et al., 2021).

Cotton, one of China’s most important cash crops, plays a vital role

in agricultural development. Being a salt-tolerant crop, its yield and

quality are influenced by soil salinity and nutrient availability (Atta

et al., 2023; Vermue et al., 2013). Saline water drip irrigation has

been widely adopted as an efficient water-saving method in many

regions (Hu et al., 2023). However, long-term saline water drip

irrigation can lead to salt accumulation, negatively affecting soil

physicochemical properties, disrupting soil microbial communities

(Zhang W et al., 2019), reducing soil fertility (Guo et al., 2023; Zhu

et al., 2021), and impairing soil phosphorus (P) dynamics, which

subsequently influences cotton growth (Guo et al., 2019).

Soil P is a critical nutrient for plant growth, and its

bioavailability directly affects crop yield and quality (Pang et al.,

2024). The transformation and availability of soil P are primarily

regulated by microorganisms through complex biological processes,

including organic P mineralization, inorganic P solubilization,

phosphate fixation, and biological P uptake (Chen et al., 2023;

Andriamananjara et al., 2016). In the process of organic phosphorus

mineralization, microorganisms secrete acid and alkaline

phosphatases that hydrolyze organic phosphorus compounds,

converting them into inorganic phosphorus (e.g., phosphate) that

can be absorbed by plants (Wan et al., 2022). The expression of

alkaline phosphatase is regulated by homologous genes, including

phoA, phoD, and phoX, which are encoded by bacteria (Tan et al.,

2013). These genes play significant roles in both terrestrial and

aquatic ecosystems (He et al., 2020). Among them, the phoD gene

has been extensively studied in terrestrial ecosystems due to its

strong correlation with soil organic phosphorus mineralization

capacity and available phosphorus levels. It is widely used as a

molecular marker for assessing the diversity and functionality of

soil microbial communities (Hu et al., 2018). Generally, the

abundance of the phoD gene is negatively correlated with
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available phosphorus in soils, as phosphorus deficiency often

stimulates microbial communities to secrete more phosphatases

(Fraser et al., 2015). However, some studies have suggested that the

abundance of the phoD gene may exhibit positive or no correlation

with available phosphorus (Hu et al., 2018). Additionally, some

microorganisms release organic acids, such as citric acid and oxalic

acid, to dissolve phosphate minerals in the soil, thereby increasing

the availability of phosphorus (Aguiar et al., 2024). The gcd gene,

which encodes glucose dehydrogenase, plays a particularly

important role in this process as it facilitates the production of

gluconic acid, a strong organic acid capable of effectively dissolving

inorganic phosphate minerals, thereby making them more

accessible for plant uptake (Zeng et al., 2016). However, due to

high salt stress and low moisture conditions in arid regions, the

availability of soil P is often limited, posing challenges in meeting

the nutrient demands of crops (Ahmad et al., 2021). High salinity

levels can suppress soil microbial activity; however, soil microbes

play a key role in the P cycle and are crucial for regulating soil P

availability and maintaining plant productivity (Lychuk et al.,

2019). Due to natural selection under continuous salt stress,

microbes in high-salinity environments often develop greater salt

tolerance (Rath and Rousk, 2015). Studies have shown that there is a

beneficial relationship between soil P efficacy and salinity. At

moderate salinity levels, the abundance of P-cycling microbial

communities can be increased, promoting microbial P dissolution

and mineralization (Hu et al., 2023). Therefore, exploring effective

strategies to regulate soil P transformation is of significant

importance for the sustainable development of agriculture under

saline water irrigation in arid regions.

Biochar and straw, as soil amendments, have demonstrated

significant potential in improving soil structure, enhancing

microbial activity, and increasing the bioavailability of P (He

et al., 2020; Pu et al., 2023). The high specific surface area and

porous structure of biochar enable it to adsorb harmful substances,

alleviate soil salt stress, and promote P dissolution and

transformation by releasing organic acids and altering soil pH

(Pastore et al., 2020). Returning straw to the soil increases soil

organic matter content, providing abundant carbon sources and

habitats for microorganisms, while also enhancing soil enzyme

activity, further promoting the P cycling process (Ji et al., 2024;

Lai et al., 2023). Studies have shown that biochar and straw

incorporation not only reduce the inhibitory effects of salinity on

soil microbial activity but also optimize the biological

transformation of soil P by regulating the expression of functional

genes related to P transformation, such as P genes and organic P

mineralization genes (Yang and Lu, 2022). However, current

research on the effects of biochar and straw amendments on the

microbial mechanisms of soil P transformation under saline water

irrigation conditions in arid regions is still limited.

This study is based on a long-term saline water irrigation cotton

field experiment, systematically evaluating the effects of biochar and

straw return on soil physicochemical properties, inorganic P

component distribution, and P cycling microbial communities.

We hypothesize that: (1) Long-term saline water irrigation

increases soil salinity and reduces the availability of soil P.
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However, biochar and straw incorporation mitigate surface soil salt

accumulation caused by long-term saline water drip irrigation,

enhances soil phosphorus availability, and increases the potential

for available phosphorus. (2) Biochar and straw return alter the

composition of P-cycling microbial communities, driving the

expression of P-related functional genes to adapt to the changed

environment. The application of biochar and straw significantly

reduced the abundance and diversity of microbial communities

involved in phosphorus cycling, as well as the abundance of

functional genes. The main objectives of this study were to

evaluate the impact of biochar and straw amendments on soil

physicochemical properties and the distribution of inorganic P

fractions. Additionally, the study aimed to investigate changes in

the abundance, diversity, and composition of P-cycling microbial

communities, along with their associated functional gene responses

to biochar and straw incorporation. Furthermore, the study sought

to establish links between the functional genes of P-cycling

microorganisms, soil physicochemical properties, and inorganic P

fractions, thereby providing a comprehensive understanding of

microbial-mediated P-cycling processes. Ultimately, this research

aims to offer a theoretical foundation for optimizing soil P

management practices under long-term saline water drip

irrigation conditions in arid regions.
2 Materials and methods

2.1 Experimental site and design

The experiment was conducted in 2023 at the Agricultural

College of Xinjiang Shihezi University (44°18′N, 86°02′E), which
has a temperate continental climate with annual precipitation of

180-270 mm and evapotranspiration of 1,000-1,600 mm. The soil

was loamy irrigated gray desert soil, and the crop was cotton (‘Xinlu

Early 74’). In 2009, the initial soil properties were measured as

follows: bulk density of 1.3 g·cm−3, pH of 7.9, electrical conductivity

of 0.13 dS·m−1, organic matter content of 16.8 g·kg−1, total nitrogen

content of 1.1 g·kg−1, available phosphorus content of 25.9 mg·kg−1,

and available potassium content of 253 mg·kg−1. The study

continued a 14-year saline water irrigation experiment (8.04

dS·m−1, NaCl: CaCl2 = 1:1). Since 2019, the annual application

rates of biochar (BC) and straw (ST) have been set at 3.7 t·hm−2 and

6 t·hm−2, respectively. These rates were determined based on the full

return of cotton straw to the field. Specifically, the shredded cotton

straw biomass amounts to 6 t·hm−2, which, when converted into

biochar through pyrolysis, corresponds to an equivalent application

rate of 3.7 t·hm−2. Treatments included: (1) saline water drip

irrigation (CK), (2) CK + biochar (BC), and (3) CK + straw (ST)

in a randomized block design with three replicates (total: nine plots,

25 m² each). Cotton was sown on May 1st with a density of 222,000

plants·hm−2 under mulching. Irrigation (total 450 mm) was applied

over nine sessions from June to August. Fertilizers included urea

(360 kg·hm−2, split in six applications), P2O5 (105 kg·hm−2), and

K2O (60 kg·hm−2) applied as basal. Other management followed

local practices.
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2.2 Soil sample collection and processing

Soil samples were collected from the 0-20 cm plow layer during

the cotton bolling stage in 2023. After clearing surface debris with a

clean shovel, three samples were taken from each treatment plot,

combined, and passed through a 2 mm sieve to remove plant roots,

leaves, crop residues, stones, and any non-soil particles. A portion

of the fresh soil was immediately placed in an icebox, transported to

the laboratory, and stored at -80°C for soil microbial community

metagenomic sequencing. The remaining soil was air-dried,

ground, sieved through a 1 mm mesh, and stored to analyze soil

physicochemical properties and soil inorganic P fractions.
2.3 Soil sample analyses

Soil physicochemical properties and inorganic phosphorus

fractions were analyzed to assess soil quality. Soil bulk density was

determined using the core method. Soil water content (SWC) was

determined using the gravimetric method by oven drying. Soil

electrical conductivity (EC) and pH were measured using a

conductivity meter (MP522, Shanghai Precision Scientific

Instrument Co., China) and a pH meter, respectively, with water-

to-soil ratios of 5:1 for EC and 2.5:1 for pH. Total organic carbon

(TOC) was quantified using a TOC analyzer (Multi N/C 2100,

Analytikjena, Germany), while total phosphorus (TP) was assessed

using the HClO4-H2SO4 digestion method. Total nitrogen (TN) was

determined using the Kjeldahl method. Available phosphorus (AP)

was extracted using NaHCO3 and analyzed via the molybdenum-

antimony colorimetric method. Available potassium (AK) was

measured by ammonium chloride extraction followed by flame

photometry. The inorganic phosphorus (P) fractions in soil were

determined using the sequential extraction method described by Jiang

and Gu (1989). A 1.000 g air-dried soil sample was placed in a 50 ml

centrifuge tube, and sequentially extracted with six different extracting

solutions. The P concentration in each extract was measured using the

molybdenum-antimony colorimetric method at 700 nm.
2.4 DNA extraction and
metagenomic sequencing

DNA was extracted from soil samples stored at -80°C using the

Illumina NovaSeq Reagent Kits, following the manufacturer’s

protocol. The extracted genomic DNA was verified through 1%

agarose gel electrophoresis, and high-quality DNA fragments were

stored for further processing. The DNA was sheared into 400 bp

fragments using a Covaris M220 ultrasonicator, and the PE libraries

were constructed using the NEXTFLEX Rapid DNA-Seq Kit (USA).

Sequencing was performed on the Illumina HiSeq X-ten platform

(Illumina, USA) using the PE150 strategy by Meiji Biotech

(Shanghai, China). The raw sequencing data has been submitted

to the NCBI database (BioProject ID: PRJNA1200914). The quality

of the raw reads was checked using Fastp (v0.20.0, https://

github.com/OpenGene/fastp) to filter out low-quality sequences,
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retaining only high-quality reads for downstream analysis. High-

quality reads were assembled using MEGAHIT (v1.1.2, https://

github.com/voutcn/megahit), a software based on the De-Bruijn

graph principle, to generate contigs by aligning overlapping

sequences. Contigs longer than 350 bp were selected for further

analysis. Open Reading Frames (ORFs) were predicted using

Prodigal (v2.6.3, https://github.com/hyattpd/Prodigal) software,

and sequences were translated into amino acid sequences.

Redundancy was minimized using CD-HIT (v4.6.1, http://

www.bioinformatics.org/cd-hit/) software, clustering sequences at

95% identity and 90% coverage, with the longest sequence in each

cluster chosen as the representative. High-quality reads from each

sample were aligned to the non-redundant gene set using

SOAPaligner (soap2.21release, https://github.com/ShujiaHuang/

SOAPaligner) software, and the gene abundance in each sample

was calculated accordingly. Final contigs (Scaftigs) were annotated

and functionally categorized using the KEGG (Kyoto Encyclopedia

of Genes and Genomes, http://www.genome.jp/kegg) database,

enabling comprehensive gene prediction and species identification.
2.5 Data analysis

Data were organized using Microsoft Excel 2016 and analyzed

with IBM SPSS 21.0 using Duncan’s test (P<0.05). Heat maps for P-

cycling genes were created with MetaboAnalyst 6.0, and Alpha and

Beta diversity were calculated using the vegan package in R (v4.1.3).

Correlation analyses were conducted in Origin 2021 to identify key

environmental factors influencing species and gene expression.

Results are presented as mean ± standard deviation.
3 Results

3.1 Response of soil physicochemical
properties to biochar and
straw amendments

The incorporation of biochar (BC) and straw (ST) into the soil

significantly enhanced soil water content (SWC), soil organic

carbon (SOC), total phosphorus (TP), and available phosphorus

(AP) compared to the control (CK) under long-term saline water

drip irrigation conditions (Table 1). Additionally, both

amendments resulted in a notable reduction in soil electrical

conductivity (EC1:5), indicating decreased soil salinity. Although

changes in soil pH were relatively minor, a slight increase was
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observed following the addition of BC and ST. These findings

demonstrate that biochar and straw effectively improve soil

quality and reduce salinity stress in saline irrigation systems.
3.2 Soil inorganic P fractions

The results presented in Figure 1 show that biochar (BC)

application significantly increased the soil content of aluminum-

bound phosphorus (Al-P), iron-bound phosphorus (Fe-P), and

hydroxyapatite (Ca10-P) by 47.9%, 29.5%, and 10.9%, respectively,

compared to the control (CK). However, BC significantly reduced

the content of more soluble calcium-bound phosphorus fractions,

such as dicalcium phosphate (Ca2-P) and octacalcium phosphate

(Ca8-P), by 9.2% and 14.1%, respectively. Similarly, straw (ST)

application significantly elevated the concentrations of Al-P, Fe-P,

and occluded phosphorus (O-P) by 14.3%, 28.5%, and 198.7%,

respectively, but markedly decreased Ca2-P and Ca8-P content by

37.8% and 24.0%, respectively. Among the various soil inorganic

phosphorus (P) fractions, hydroxyapatite (Ca10-P) was the

predominant form, accounting for approximately 45% of the total

inorganic P, followed by Al-P, Ca8-P, Fe-P, O-P, and Ca2-P.
3.3 Soil P transformation microbial
community diversity

Figure 2 shows that both biochar (BC) and straw (ST)

amendments resulted in a decreasing trend in the Ace, Chao,

and Shannon indices, while the Simpson index exhibited an

increasing trend compared to the control (CK) treatment. The

changes observed in all ST treatments were statistically significant.

These results suggest that both BC and ST reduced the richness

and diversity of the soil microbial community involved in

phosphorus (P) transformation processes under saline water drip

irrigation conditions.

The soil phosphorus (P) cycling microbial community structure

was examined using Non-Metric Multidimensional Scaling

(NMDS) (Figure 3A) and Principal Component Analysis (PCA)

(Figure 3B). The NMDS analysis showed a stress value of less than

0.05, indicating a reliable representation of community differences.

With a cumulative contribution of 55.18%, the first two principal

components in the PCA analysis, PCA1 and PCA2, accounted for

35.59% and 19.59% of the total variation, respectively. The

microbial communities under saline water drip irrigation in

cotton fields were shown to be considerably affected by both
TABLE 1 Soil physicochemical properties under different amendment treatments.

Treatment SWC (%) EC1:5 (dS·m-1) pH SOC (g·kg-1) TP (g·kg-1) AP (mg·kg-1)

CK 16.47 b 1.43 a 7.65 a 19.86 c 1.16 c 25.62 c

BC 17.75 a 1.35 b 7.70 a 23.21 b 1.22 b 32.16 b

ST 18.08 a 1.32 b 7.67 a 26.21 a 1.26 a 36.16 a
Different lowercase letters indicate significant differences between the means of values in the same column (P < 0.05). CK, long-term saline water drip irrigation; BC, biochar return under long-
term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.
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biochar and straw amendments, as evidenced by the unique

microbial communities seen in the CK treatment compared to the

BC and ST treatments.
3.4 Soil P microbial community dynamics

The community composition of soil phosphorus (P)

transformation microorganisms at the phylum level is illustrated in

Figure 4. The predominant phyla included Proteobacteria (30.64%–

36.55%), Actinobacteria (17.18%–19.09%), Chloroflexi (5.21%–

6.13%), Bacteroidota (4.43%–5.86%), and Gemmatimonadetes
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(4.19%–6.32%), each with an average relative abundance exceeding

5%. Collectively, these phyla accounted for 67.59% (ranging from

66.25% to 69.24%) of the total microbial sequences. Biochar (BC)

treatment significantly reduced the sequence abundance of

Actinobacteria, Bacteroidota, Acidobacteria, and Planctomycetota

by 1.5%, 24.0%, 18.7%, and 28.4%, respectively. Conversely, BC

application markedly increased the relative abundance of

Proteobacteria (3.1%), Chloroflexi (17.7%), Gemmatimonadetes

(15.3%), Thaumarchaeota (13.1%), and Verrucomicrobia (163.9%).

In contrast, straw treatment (ST) significantly lowered the relative

abundance of Actinobacteria, Gemmatimonadetes, and

Thaumarchaeota by 10.0%, 23.5%, and 51.0%, respectively,

compared to the control (CK). However, ST notably increased the

abundance of Proteobacteria (19.3%), Chloroflexi (4.8%),

Acidobacter ia (4 .0%), Planctomycetota (52.5%), and

Verrucomicrobia (157.7%).
3.5 Functional metabolism of soil
P-transformation microorganisms

The KEGG functional annotation analysis of soil phosphorus

(P) transformation microorganisms (Figure 5) identified five

primary categories and sixteen secondary functional groups, with

metabolic functions being the most prevalent, constituting 50% of

the total. Among the metabolic pathways, the highest abundance

was observed in the “Global and overview maps” category, followed

by pathways involved in “Nucleotide metabolism,” “Carbohydrate

metabolism,” “Metabolism of cofactors and vitamins,” “Energy

metabolism,” “Lipid metabolism,” “Metabolism of other amino

acids,” and “Xenobiotics biodegradation and metabolism.” Besides
FIGURE 2

a-diversity indices of soil phosphorus (P) transformation microorganisms under different amendment treatments. Asterisks (*) indicate significant
differences at P < 0.05. CK, control under long-term saline water drip irrigation; BC, biochar amendment under saline irrigation; ST, straw
amendment under saline irrigation. In the figures, (A–D) represent the Ace, Chao, Shannon, and Simpson indices, respectively.
FIGURE 1

Soil inorganic P fractions under biochar and straw returned
conditions. Columns represent mean values ± standard error (n = 3).
Different lowercase letters above the columns indicate significant
differences between treatments within the same P fraction (P <
0.05). CK, control under long-term saline water drip irrigation; BC,
biochar amendment under saline irrigation; ST, straw amendment
under saline irrigation.
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metabolic pathways, microbial functions related to P cycling were

also enriched in “Signal transduction” and “Membrane transport”

pathways. Overall, the abundance of all P-related functional groups

in soils treated with biochar and straw showed a declining trend

under saline water drip irrigation conditions.

Further analysis of microbial contributions to soil phosphorus

(P) transformation functions (Figure 6) revealed that Proteobacteria

exhibited the highest contribution across all functions, followed by

Actinobacteria, Bacteroidota, and Gemmatimonadetes. The

application of both biochar (BC) and straw return (ST)

treatments improved the functional contributions of

Proteobacteria, Chloroflexi, and Verrucomicrobia compared to

the control (CK), but resulted in a reduction in the contributions

of Nitrospirae and Candidatus Rokubacteria. Additionally, ST

treatment enhanced the contribution of Bacteroidota specifically

to metabolic functions relative to CK, while decreasing its

involvement in other functional categories.
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3.6 Gene expression in P transformation

Six important enzyme genes involved in the production and

degradation of polyphosphates, their transport, regulation, and

inorganic P solubilization, organic P mineralization, and inorganic P

solubilization were the focus of a thorough macro-genomic

investigation carried out to study soil phosphorus (P)

transformation processes (Figures 7, 8). Compared to the control

(CK), biochar treatment (BC) resulted in a reduction in the expression

of the phoA, phoB, and phoD genes, which encode for alkaline

phosphatase (EC 3.1.3.1), as well as the phnG, phnH, phnI, and

phnL genes encoding P-containing group transferase (EC 3.7.8.37),

and the gcd gene encoding ubiquinone oxidoreductase (EC 1.1.5.2).

However, BC enhanced the expression of the phnP gene encoding 5-

phosphate-a-D-ribose 1,2-cyclic phosphate hydrolase (EC 3.1.4.55)

and the phnX gene encoding 2-oxoethylphosphonate

phosphonohydrolase (EC 3.11.1.1). In contrast, straw return (ST)

decreased phoB expression but increased the expression of phoA and

phoD, which also encode alkaline phosphatase. ST also downregulated

the expression of phnG, phnH, phnI, and phnL genes (P-containing

group transferase) and phnL (P-monoester hydrolase, EC 3.1.3.5,

3.1.3.6), but upregulated the gcd gene (ubiquinone oxidoreductase),

phoN (acid phosphatase, EC 3.1.3.2), and phnA (phosphonoacetic acid

phosphonolipase, EC 3.11.1.2).
3.7 Soil microbial contribution to
functional genes for P transformation

The contributions of soil phosphorus (P) transformation

microorganisms to their respective functional genes are illustrated

in Figure 9. Proteobacteria exhibited the highest contribution to

each gene function, followed by Actinobacteria. Proteobacteria’s

contribution to the ugpQ and pstB genes was decreased by applying

biochar (BC) as opposed to the control (CK), but it was raised to

other functional genes. On the other hand, Proteobacteria’s

contribution to all functional genes examined was enhanced by

straw return (ST). In comparison to CK, BC for Actinobacteria

increased its contribution to the ppx, pstC, spoT, and ppk1 genes
FIGURE 4

Illustrates the relative abundance of the top 10 microbial phyla
involved in soil phosphorus (P) transformation under biochar (BC)
and straw return (ST) treatments compared to the control (CK). The
abbreviations are CK, control with long-term saline drip irrigation;
BC, biochar under saline drip irrigation; ST, straw under saline
drip irrigation.
FIGURE 3

NMDS and PCA analyses of soil phosphorus (P) transformation microbial communities under different amendment treatments. The ellipses represent
95% confidence intervals around each treatment group. CK, control under long-term saline water drip irrigation; BC, biochar amendment under
saline irrigation; ST, straw amendment under saline irrigation. In the figures, (A, B) represent the NMDS and PCA analyses, respectively.
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while decreasing its contribution to the other genes. Meanwhile, ST

elevated Actinobacteria’s contribution to the ugpQ gene but reduced

its involvement in other functional genes.
3.8 Microbial genes and
phosphorus correlations

The physicochemical characteristics of soil, as well as the

amounts of inorganic phosphorus (P) fractions, are strongly

linked to the existence and activity of microbial genes related to

the breakdown and synthesis of polyphosphate, organic P

mineralization, inorganic P solubilization, regulation, and

transport (Figure 10). More specifically (Figure 11), the

abundance of genes encoding regulatory functions (phoU),

transport proteins (phnC, pstC, and pstS), polyphosphate

degradation (ppgK, ppnK, and surE), organic P mineralization

(phnI), and inorganic P solubilization (ppa) showed a consistent

and significant negative correlation with soil water content (SWC).
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Conversely, soil electrical conductivity (EC) was significantly and

positively correlated with genes encoding available P (HDDC3,

ppgK, spoT, and surE). Soil pH displayed significant positive

correlations with genes encoding regulatory (phoU), transport

(pstB, pstC, and pstS), polyphosphate degradation (PK and ppnK),

and organic P mineralization (ppnW).

The abundance of genes encoding transport (pstA, pstC, pstS,

and ugpA), polyphosphate degradation (ppnK, spoT, and surE), and

inorganic P solubilization (ppa) was significantly and negatively

correlated with soil organic matter (OM), total phosphorus (TP),

available phosphorus (AP), and occluded P (O-P), but positively

correlated with soil calcium-bound P fractions (Ca2-P and Ca8-P).

Additionally, soil Fe-P and Al-P were significantly negatively

correlated with genes encoding transport proteins (phnC, phnD,

and phnE) and organic P mineralization (phnH and phnI). Genes

associated with polyphosphate degradation (ppgK) and organic P

mineralization (phnH) were negatively connected with soil Ca8-P,

but genes involved in transport (phnF) and polyphosphate synthesis

(ppaC) showed a substantial positive connection.
FIGURE 6

Shows the contributions of soil phosphorus (P) transformation microorganisms to various functions under biochar (BC) and straw (ST) treatments
compared to the control (CK) with long-term saline water drip irrigation. CK, control under saline drip irrigation; BC, biochar addition; ST,
straw addition.
FIGURE 5

Functional annotation of KEGG for soil P transformation under biochar and straw returned conditions. Different lowercase letters indicate significant
differences between the means of values in the same column (P < 0.05). Columns with bars represent the mean ± standard error (n= 3). CK, long-
term saline water drip irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip
irrigation conditions.
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The Redundancy Analysis (RDA) of functional genes and

environmental factors (Figure 12) revealed that axes 1 and 2

explained 44.45% and 17.69% of the total variation in functional

genes in Figure 12A, and 48.39% and 28.87% in Figure 12B,

respectively. Both treatments separated the biochar (BC) from the
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control (CK) along axis 2, and the straw return (ST) treatment from

the CK along axis 1, suggesting that both had a substantial impact

on the functional genes involved in soil P transformation. The RDA

also showed that functional gene variation was significantly

associated with Ca2-P (39.3% explained, P = 0.002) and Al-P
FIGURE 8

Shows the abundance values of key enzymes involved in soil phosphorus (P) transformation pathways under biochar (BC) and straw return (ST)
treatments. Lowercase letters denote significant differences between the means within the same column (P < 0.05). Columns with error bars
represent mean values ± standard error (n = 3). The horizontal axis displays the enzyme commission (EC) numbers. CK, control with long-term
saline drip irrigation; BC, biochar under saline drip irrigation; ST, straw under saline drip irrigation.
FIGURE 7

Heat map of functional genes of soil P transformation pathway under biochar and straw returned conditions. CK, long-term saline water drip
irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.
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(13.1% explained, P = 0.024) (Figure 12B). Specifically, the ppaC

gene was positively correlated with Al-P, whereas the ugpB, phnG,

phnI, phnD, phnH, phnE, phnK, and phnM genes showed significant

negative correlations with Al-P.
3.9 Enhancing phosphorus cycling in saline
soils with biochar and straw

The application of biochar and straw can effectively regulate the

cycling process of phosphorus (P) nutrients in soils of cotton fields

subjected to long-term saline water drip irrigation. In this study, we

compared soil P nutrient cycling under conditions of biochar and

straw application, analyzing the differences in soil physicochemical

properties and inorganic P components. We also examined the

variations in soil P-cycling microbial communities and the trends

of functional gene changes from both microbiological and
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macrogenomic perspectives. This exploration aims to elucidate the

regulatory mechanisms of soil P cycling in cotton fields under long-

term saline and drip irrigation conditions (Figure 13). Specifically, the

return of biochar and straw to the soil can mitigate salt accumulation

in the surface layer, enhance the physicochemical properties of cotton

soils, and increase nutrient availability. The efficiency of soil P

nutrients and the soil’s ability to supply P are both enhanced by

these additions. Additionally, they stimulate the expression of

functional genes linked to phosphorus cycling and affect the

activity of microorganisms involved in the soil P cycle, facilitating

adaptation to the new environment. Under long-term salty water drip

irrigation, after straw and charcoal were once again available, both

metrics dropped in the structural diversity of microbial communities

involved in soil phosphorus (P) transformation and the number of

functional genes. It is crucial to understand that microbial gene

sequences are assessed under certain circumstances and at particular

times in macrogenomic and microbiome analyses.
FIGURE 10

Illustrates the correlation between soil phosphorus (P) transformation microbial communities and soil environmental factors. Red and blue colors
indicate positive and negative correlations, respectively. Asterisks (*) denote significant correlations (P < 0.05), while double asterisks (**) indicate
highly significant correlations (P < 0.01). Triple (***) asterisks indicate extremely significant correlations (P < 0.001). CK—control under long-term
saline drip irrigation; BC—biochar amendment under saline drip irrigation; ST—straw amendment under saline drip irrigation.
FIGURE 9

Contribution of soil P transformation microorganisms to functional genes. CK, long-term saline water drip irrigation; BC, biochar return under long-
term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.
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FIGURE 12

RDA analysis between soil P transformation functional genes and environmental factors. CK, long-term saline water drip irrigation; BC, biochar
return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions. In the figures, (A)
represents the correlation analysis between functional genes and physicochemical properties, while (B) represents the correlation analysis between
functional genes and inorganic phosphorus components.
FIGURE 11

Presents a correlation matrix between soil phosphorus (P) transformation functional genes and soil environmental factors. Red and blue colors
represent positive and negative correlations, respectively. Single asterisks (*) indicate significant correlations (P < 0.05), while double asterisks (**)
denote highly significant correlations (P < 0.01). CK—control under long-term saline drip irrigation; BC—biochar amendment under saline drip
irrigation; ST—straw amendment under saline drip irrigation.
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4 Discussion

4.1 Effects of biochar and straw on soil
phosphorus dynamics

It has been demonstrated that long-term saline water drip

irrigation increases soil electrical conductivity (EC) and reduces

soil available phosphorus (AP). However, adding both biochar and

straw to the soil under long-term saline water drip irrigation

increases soil water content (SWC), soil organic carbon (SOC),

total phosphorus (TP), and available phosphorus (AP) levels

significantly while lowering soil electrical conductivity (EC). Straw

and biochar naturally contain nutrients, and their surfaces’ capacity

to absorb charges accounts for the increase in soil nutrients (Aziz

et al., 2023). Biochar and straw can serve as phosphorus sources by

gradually releasing phosphates through microbial activity,

providing P to the soil and enhancing uptake by cotton roots,

thereby increasing soil total phosphorus (TP) (Li et al., 2020). The

dissolved organic matter in biochar forms organo-metallic

complexes with iron and aluminum oxides, affecting metal ion

adsorption and phosphorus immobilization, which improves soil

available phosphorus (AP) (Xu et al., 2014). The porous structure of

biochar adsorbs salt ions, reducing soil electrical conductivity (EC)

(Zhang J. et al., 2019), while its binding properties promote

agglomeration, enhancing water retention and soil water content

(SWC) (Liu R et al., 2024; Blanco-Canqui, 2017; Meyer et al., 2024).

Biochar and straw also increase soil organic matter and the carbon

pool (Liu et al., 2020; Gu et al., 2022) due to their stable carbon

content, which supports carbon sequestration (Aziz et al., 2023),
Frontiers in Microbiomes 11
and their high surface area, which adsorbs C and N from the soil.

This interaction forms stable organic-inorganic complexes,

mitigating carbon release from decomposition (Mukherjee and

Lal, 2014; Guo et al., 2023). These findings validate our

hypothesis that long-term saline irrigation increases soil salinity

and reduces phosphorus (P) availability, while biochar and straw

amendments effectively enhance soil phosphorus availability and

mitigate salt accumulation.

Our study indicated that biochar amendment significantly

increased the content of Al-P, Fe-P, and Ca10-P in the soil, while

notably reducing the content of Ca2-P and Ca8-P. This suggests that

biochar may enhance phosphorus transformation, thereby

increasing the proportion of more stable phosphorus pools in the

soil (Li et al., 2019). Ca10-P is a highly stable phosphorus form, and

its formation may be attributed to the alkaline nature and high

cation exchange capacity (CEC) of biochar. These properties allow

biochar to adsorb large amounts of Ca²+ in calcareous soils, forming

stable calcium-phosphorus compounds with phosphate, consistent

with the findings of Sun et al. (2018). Additionally, the abundant

functional groups on the surface of biochar, such as carboxyl and

phenolic hydroxyl groups, may promote the formation of Al-P and

Fe-P through coordination with Al³+ and Fe³+ (Wang et al., 2012).

This transformation reduces the proportion of highly active Ca2-P

and Ca8-P, thereby decreasing the mobility and loss risk of

phosphorus while enhancing the stability and long-term

availability of the phosphorus pool. Relevant studies have also

pointed out that biochar contains a large amount of P-metal

complexes, such as FePO4, AlPO4, and CaPO4, which directly

increase the soil contents of Ca-P, Al-P, and Fe-P (Sun et al.,
FIGURE 13

Microecological Mechanisms of biochar and straw influence on soil phosphorus transformation in saline water drip-irrigated cotton fields.
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2018). This effect can be attributed to two primary mechanisms: (1)

biochar may release more stable phosphorus forms during pyrolysis

(Tian et al., 2021); and (2) biochar can adsorb phosphorus from the

soil solution, thereby increasing the content of stable phosphorus

pools (Xu et al., 2019). This transformation demonstrates that

biochar amendment primarily increases the proportion of stable

phosphorus pools, which is critical for long-term phosphorus

retention and supply in soils but may reduce the short-term

bioavailability of phosphorus. Furthermore, our study found that

straw return significantly increased the soil contents of Al-P, Fe-P,

and O-P while reducing the contents of Ca2-P and Ca8-P. This

aligns with the findings of Zhang et al. (2022), who reported that

straw incorporation can enhance the stability of inorganic

phosphorus pools. Organic acids released during straw

decomposition may be the key mechanism driving this

transformation. These organic acids can dissolve highly active

Ca2-P and Ca8-P, promoting their conversion to Al-P, Fe-P, and

O-P (Wang et al., 2014). In addition, the increase in soil organic

matter due to straw decomposition provides an important

foundation for the formation of O-P. The increase in O-P

suggests that straw return improves short-term phosphorus

supply while significantly enhancing the stability and storage

potential of the phosphorus pool (Chang et al., 2024). In

summary, under saline water drip irrigation, both biochar and

straw return have significant regulatory effects on soil phosphorus

transformations and mitigate the impact of salinity on soil

phosphorus utilization to some extent. These findings support our

hypothesis that biochar and straw return under saline water drip

irrigation significantly improve the stability and availability of soil

phosphorus pools.
4.2 Effects of biochar and straw on soil
microbial diversity and
phosphorus availability

Microbial communities play a crucial role in regulating soil

phosphorus (P) transformation (Amini et al., 2016). The return of

biochar and straw significantly impacts the activity and persistence

of these microorganisms (Shamim and Joann, 2016; Yang and Lu,

2022). According to our findings, in saline water drip-irrigated

cotton fields, the use of biochar and straw led to a decrease in the

richness and diversity of the soil microbial community, as shown by

decreases in the Ace, Chao, and Shannon indices and an increase in

the Simpson index (Shang et al., 2023). The observed increases in

soil pH and nutrient levels after the restoration of biochar and straw

may be the cause of this loss in microbial diversity. These increases

can promote the growth of particular microbial communities

(Zhang et al., 2024). Through competition, the synthesis of

antibiotics, and other mechanisms, some particular microbes may

prevent the growth of others, resulting in a general decline in

microbial diversity and abundance. In our study, the dominant

phyla among soil P-transforming microorganisms included

Proteobacteria, Actinobacteria, and Gemmatimonadetes.

Numerous taxonomic analyses have identified Proteobacteria,

Actinobacteria, and Gemmatimonadetes as highly adaptable and
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widely distributed in the soil (Liu et al., 2023). By secreting different

enzymes, including phosphatases, that break down complicated

organic P molecules into forms that plants can use, these phyla play

a critical role in the mineralization of organic P (Li et al., 2022). The

relative abundance of Proteobacteria increased in our investigation

with both the addition of biochar and straw, supporting findings

from (Shang et al., 2023). Some members of the Proteobacteria

phylum can reduce soil pH through the secretion of organic acids,

which promotes the dissolution of inorganic phosphate and

enhances P bioavailability (Shang et al., 2023). Additionally,

Actinobacteria produce antibiotics that suppress pathogenic

bacteria, thereby indirectly promoting plant health and improving

P uptake (Zhang et al., 2024). In this study, the reapplication of

biochar and straw decreased the relative abundance of

Actinobacteria, which typically thrive under high salt conditions

and may proliferate under salt stress (Menasria et al., 2022). Biochar

and straw mitigated this effect to some extent. Gemmatimonadetes

may either compete or cooperate with other P-solubilizing microbes

like Actinobacteria and Ascomycetes in soil P cycling through

distinct metabolic pathways (Wang H et al., 2024), highlighting

their critical role in phosphorus transformations (Pang et al., 2024).

Biochar application significantly reduced Bacteroidota,

Acidobacteria, and Planctomycetota while increasing Chloroflexi,

Gemmatimonadetes, Thaumarchaeota, and Verrucomicrobia. In

contrast, straw return lowered the abundance of Actinobacteria,

Gemmatimonadetes, and Thaumarchaeota, but the abundance of

Proteobacteria, Planctomycetota and Verrucomicrobia increased

significantly. Biochar significantly enhances the abundance of

phosphorus-transforming microorganisms, such as Chloroflexi,

Gemmatimonadetes, Thaumarchaeota, and Verrucomicrobia, by

regulating soil pH, increasing phosphorus availability, and

improving soil structure (Zhao et al., 2024). The alkaline nature

of biochar helps provide an optimal growth environment,

particularly for microorganisms that are more active in neutral to

mildly alkaline soils. Additionally, biochar improves soil aeration

and water retention, fostering microbial growth and metabolic

activity (Wang X et al., 2024). Biochar also promotes the

degradation of organic matter, releasing stable carbon sources

that supply energy to phosphorus-transforming microorganisms,

thereby enhancing their synergistic roles in phosphorus

cycling (Jones et al., 2011). For example, Chloroflexi and

Gemmatimonadetes may participate in the mineralization of

organic phosphorus, while Thaumarchaeota may indirectly

influence phosphorus desorption and dissolution through

interactions with nitrogen cycling (Wang et al., 2019). Biochar

improves the soil’s physical environment, providing a more stable

microhabitat that promotes the activity and abundance of these

microorganisms. Furthermore, certain species of Chloroflexi and

Verrucomicrobia have been shown to secrete phosphatases, and

biochar may enhance the activity of these enzymes by providing

additional carbon sources, thereby effectively increasing the

concentration of available phosphorus in the soil (Hou et al.,

2024). The organic carbon sources supplied by straw return

promote the proliferation of these microorganisms, particularly

through organic phosphorus mineralization and inorganic

phosphorus transformation, which increases the availability of
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phosphorus in the soil (Bai et al., 2024). Proteobacteria degrade

organic matter to release phosphate and, through phosphatase

secretion or interactions with other microorganisms, enhance

phosphorus desorption; Planctomycetota receives abundant

organic carbon sources after straw return, enhancing its effective

utilization of phosphorus; Verrucomicrobia also releases more

available phosphorus through the degradation of organic matter,

driving phosphorus mineralization (Liu F et al., 2024). In

conclusion, straw return improves the supply of soil organic

matter and nutrients, providing an optimal growth environment

for phosphorus-transforming microorganisms, thereby enhancing

their activity and the biological availability of phosphorus in

the soil.

These findings indicate that both biochar and straw significantly

altered the microbial communities involved in soil phosphorus (P)

transformation, albeit with differences. Biochar promoted the activity

of phosphorus-related microorganisms by improving the soil physical

environment and providing slowly released nutrients, whereas straw

return enhanced microbial metabolic activity through the addition of

organic matter, particularly in organic phosphorus mineralization

and phosphorus transformation processes. Correlation analysis

confirmed a strong relationship between soil P fractions,

physicochemical properties, and microbial community

composition. Both biochar and straw amendments reshaped the

soil microbial community by altering the soil’s physicochemical

properties and increasing organic matter, thereby influencing

phosphorus cycling and availability. This shift in the soil microbial

community may be a key mechanism underlying their promotion of

phosphorus transformation processes.
4.3 Effects of biochar and straw
amendments on soil P dynamics and
microbial functionality

Soil phosphorus (P) cycling microbial functional genes provide

crucial insights into changes in microbial communities and are

essential for understanding soil P dynamics (Widdig et al., 2020).

The processes involved in organic P mineralization, inorganic P

solubilization, transport, control, and polyphosphate breakdown

and synthesis in cotton field soils were examined in this work using

macrogenomic analysis. By influencing microbial development and

the physicochemical characteristics of the soil, the introduction of

biochar and straw changed important P transformation pathways

(Zhang P et al., 2022). The inorganic P solubilization pathway was

influenced differently by biochar and straw return. Biochar

application decreased the content of soil methanol dehydrogenase

(EC 1.1.5.2) and its related gene gcd, while straw increased both,

likely due to the differing carbon availability (Sigmund et al., 2023;

Zhang P et al., 2022; Che et al., 2023). Additionally, soil inorganic

pyrophosphatase (EC 3.6.1) and dephosphatase (EC 3.6.1.40) levels

were elevated by biochar and straw, although the corresponding ppx

gene was less common. This implies a change in the pathways

responsible for the metabolism of P, suggesting that microbes are

maximizing their adaptation to the soil environment (Mizukami

et al., 2024; Zhi et al., 2023). In the organic P mineralization route,
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biochar and straw both boosted the act iv i ty of soi l

phosphodiesterase (EC 3.11.1.2). Because of the availability of

carbon and energy supplies, biochar increased the PhnP gene’s

abundance whereas straw lowered it (Turner et al., 2002; Wang

et al., 2023). Moreover, because of increased inorganic P and

feedback inhibition, biochar and straw decreased alkaline

phosphatase (EC 3.1.3.1) (Zhou et al., 2021). Biochar decreased

the abundance of phoA, phoB, and phoD genes by raising soil pH

and inducing feedback inhibition, while straw enhanced phoA and

phoD expression by supplying organic matter (Cao et al., 2022;

Zhou et al., 2021).

These results indicate that biochar and straw significantly

reduce the abundance of functional genes associated with soil P

transformation. Although biochar improves soil health, it also has

complicated regulatory effects on microbial populations involved in

soil P cycling. This means that maximizing the use of biochar and

straw is essential for enhancing soil management and sustainability.

The findings support our theory that biochar and straw modify the

microbial populations involved in soil P cycling and induce changes

in gene expression to adapt to novel settings. To learn more about

these dynamics, long-term monitoring of the P availability in the

soil, enzyme activity, and gene expression is required.

This study enhances our understanding of functional genes in

P-transforming microorganisms during the amelioration of saline

soils with biochar and straw, contributing to our predictive

understanding of P-cycling mechanisms in future arid zone soils.

To better understand how biochar and straw alter specific microbial

functional genes and how they work intrinsically to improve saline

soils, future studies should concentrate on these genes. This paper

provides a theoretical framework for the development of microbial

agents to improve cotton yields, mitigate the problems associated

with long-term salt irrigation in arid regions, and modify saline

soil conditions.
5 Conclusions

This study was performed to investigate the regulatory effects of

biochar and straw return on soil phosphorus cycling and microbial

functional genes under long-term saline water drip irrigation

conditions. We found that the application of biochar and straw

significantly reduced the salt accumulation in the surface soil caused

by long-term saline irrigation, enhanced the stability and

availability of phosphorus in the soil, and decreased the richness

and diversity of microbial communities involved in phosphorus

cycling, as well as the abundance of functional genes. Biochar return

regulated soil phosphorus cycling under long-term saline water drip

irrigation by increasing the abundance of Proteobacteria and the

gene encoding 5-phospho-a-D-ribose 1,2-cyclic phosphate

hydrolase (PhnP), while decreasing the relative abundance of

Actinobacteria, and genes encoding ubiquinone oxidoreductase

(gcd) and alkaline phosphatase (phoA, phoB, and phoD). Straw

return regulated phosphorus cycling under long-term saline water

drip irrigation by increasing the abundance of Proteobacteria and

alkaline phosphatase genes (phoA and phoD), while decreasing the

relative abundance of Actinobacteria, and genes encoding
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ubiquinone oxidoreductase (gcd) and 5-phospho-a-D-ribose 1,2-

cyclic phosphate hydrolase (PhnP). Among these factors, Ca2-P and

Al-P were identified as the main contributors to soil phosphorus

transformation and microbial community dynamics.
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