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and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China

Soil quality is defined as the ability of soil to maintain the soil environment and the
biosphere. Due to the limitation of salt and alkali stress, soil quality can be
reduced, which in turn affects agricultural production. Biochar is widely used in
saline—alkali land improvement because of its special pore structure and strong
ion exchange ability, while Piriformospora indica is widely used in saline—alkali
land improvement because it can symbiose with plants and improve plant stress
resistance. However, the synergistic effect of combined biochar application and
inoculation of P. indica on the quality of saline—alkali soil and plant development
is uncertain. Hence, we investigated the combined influences of biochar and P.
indica on the soil physicochemical characteristics, as well as the growth and
chlorophyll florescence of sorghum-sudangrass hybrids (Sorghum bicolor x
Sorghum sudane) in our study. The results indicated that after applying biochar
and P. indica together, there was a considerable drop in soil pH, conductivity,
Na*, and Cl™ concentrations. Meanwhile, the soil organic matter (SOM), available
phosphorus (AP), and alkaline hydrolyzable nitrogen (AN) increased by 151.81%,
50.84%, and 103.50%, respectively, when the Bamboo biochar was combined
with 120 ml/pot of P. indica. Eventually, sorghum-sudangrass hybrid biomass,
transpiration rate, and chlorophyll content increased by 111.69%, 204.98%, and
118.547%, respectively. According to our findings, using P. indica and biochar
together can enhance soil quality and plant growth. The results also provide
insights to enhance the quality of saline—alkali soils and the role of
microorganisms in nutrient cycling.
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GRAPHICAL ABSTRACT

1 Introduction

Soil salinization is a widespread problem globally, and the area is
approximately 1.1 billion hectares and is increasing by 10% annually
(Kumar et al., 2017; Yang et al., 2023). Coastal saline soils are
gradually formed from saline silt, and their primary source of salt is
seawater. The quality of coastal saline soils is generally poor, and
directly prevents photosynthesis and plant development, which is
undesirable for the health of plants (Peng et al., 2012). The strategies
used to improve saline-alkali soils mainly include physical,
biological, and chemical measures. The current approaches used to
improve saline—alkali soils involve the use of stable, effective, green,
and low-cost composite soil improvement agents.

Biochar has received considerable attention as a highly stable soil
amendment in recent years (Haider et al., 2022). Under salinity stress,
biochar can enhance soil quality and plant development (Haider et al,,
2020; Usman et al., 2016; Zheng et al., 2018; Mi et al., 2023). Biochar
has a variety of bioactive compounds, which are conducive to soil
nutrient sequestration, in addition to improving soil fertility, nutrient
utilization, soil properties, and microbial habitats (Lashari et al., 2015;
Chauhan et al, 2024). Biochar can regulate soil organic carbon
content and serve as a conditioner for the soil when there is a high
salinity stress (Luo et al, 2017; Wu et al., 2020; Mi et al., 2024). Tt is
possible to increase crop productivity and improve soil quality
simultaneously. Biochar was recently discovered to alleviate salt and
oxidative stress in saline soils, and promote nutrient uptake and
phytohormone regulation in plants (Usman et al., 2016). Although
biochar has numerous advantages over other amendments, variations
have been observed in the physicochemical properties (Uzoma et al,
2011) and adsorption characteristics (Luo et al, 2017) of biochars
derived from various materials due to the different raw materials used
to prepare biochar. High temperature-produced biochar is linked to
poor soil nutrient levels, and they limit soil nutrient improvement to a
certain extent (Yang et al,, 2021). It has been demonstrated that the
poor nutrient content of biochar can be efficiently improved by
applying chemical fertilizers, such as both organic and inorganic
fertilizers, in conjunction with biochar. Nevertheless, the application
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of chemical fertilizers is often associated with secondary pollution.
Microorganisms and biofertilizers derived from them have the
advantages of low pollution and high efficiency when compared to
conventional chemical fertilizers and have been gradually applied to
improve agricultural production. Soil pH tends to decrease after the
application of microorganisms (Anam et al., 2019). Microorganism
application is proven to substantially boost SOM content and improve
soil quality. The parameters to consider include characteristics such as
water retention capacity and permeability (Jabborova et al., 2022).

Piriformospora indica (P. indica, Sebacinaceae) is a plant root
endophytic fungus that has great potential for biocontrol against abiotic
stress and soil improvement, and its biological effects and mechanism
of action are currently subjects of interest among researchers (Gill et al,,
2016). According to a previous study, P. indica can colonize the roots
(Johnson et al, 2014) and raise plant tolerance to abiotic stress by
promoting mineral uptake (Xu et al,, 2018) inducing plant resistance
(Hussin et al, 2017; Karimi et al,, 2022). However, the efficiency of
microbial remediation may be hindered by nutrient limitation, lack of
sustained release, and lack of habitats. In this regard, biochar has
positive attributes due to its porous structure, which promotes
microbial growth and improves soil quality (Videgain et al, 2021).
We hypothesize that the limitations can be overcome by integrating
microbes and biochar in soil remediation. In summary, P. indica and
biochar have a high potential to improve soil quality; however,
comprehensive impacts on soil between P. indica and biochar have
only been studied in a few studies, and the underlying mechanisms are
yet unknown.

Therefore, this study investigated the influences of biochar and P.
indica on coastal saline soils and the growth of sorghum-sudangrass
hybrids. The research aimed to address the following research
questions: (1) whether biochar with P. indica reduces soil salinity
and alkalinity; (2) whether there is any effect of biochar and P. indica in
improving soil water holding capacity, nutrients, and soil quality; (3)
whether biochar and P. indica increases growth and photosynthesis of
sorghum-sudangrass hybrids. The results could provide valuable
information for the sustainable utilization of coastal saline soils and
enhance our understanding of biochar-microbial interactions. The
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findings could be useful for the long-term use of coastal saline soils, as
well as for better understanding of biochar-microbial interactions.

2 Materials and methods

2.1 Preparation of endophytic fungi,
biochar, and soil

The fungal strain P. indica was cultured as described by Liu et al.
(2022). For 1 week at 30°C, the fungus was inoculated on potato
dextrose agar (PDA) and then activated for a week at the same
temperature on a brand-new PDA tablet. The fungal culture
medium was transferred to a 300-ml conical flask with 200 ml of
the liquid medium added to each conical flask. Subsequently, eight
small pieces (1 cm’) of the conical flask were filled with a solid
medium containing mycelia. For 7 days in the dark, the mycelial
masses were inoculated in potato dextrose broth and allowed to
proliferate at 25°C and 150 r/min. Mycelia, as the inoculum, were
transferred to a conical flask, 200 ml of spore suspension was added,
and mixed using a stirrer.

The biochar was provided by Lize Environmental Technology
Company. Biochar used in this study was derived from corn stover and
bamboo biochar obtained via pyrolysis for 3 h at 500°C in a muffle
furnace. The characteristics of corn stover-derived biochar are as
follows: pH of 9.5, electrical conductivity (EC) of 4.53 mS/cm, soil
organic carbon (SOC) content of 42.21%, pore volume of 57.28%, and
moisture content of 10%. The properties of bamboo-derived biochar
are as follows: pH of 8.5, EC of 1.74 mS/cm, SOC content of 79.00%,
pore volume of 58.61%, and moisture content of 10%.

Soil samples were collected from the surface saline—alkali soil layer
in Dongying, Shandong Province, China. The chemical properties of
soils collected for the pot experiments are as follows: pH of 8.10, soluble
Na® was 0.051%, soluble CI™ was 0.089%, soil organic matter (SOM)
was 0.91%, alkaline hydrolyzable nitrogen (AN) was 5.6 mg/kg, and
available phosphorus (AP) was 14.56 mg/kg. The soil type is saline tidal
soil with moderate and mild salt stress.

2.2 Experimental design

There were three replicates in the completely randomized
design of the study. Three treatments of biochars (corn stover-
derived biochar, bamboo-derived biochar, and non-biochar) and
four inoculation amounts of P. indica (0, 40, 80, and 120 ml/pot)
were used for the experiment. Thus, 12 combinations were used in
the experimental setup (Table 1). The pot experiment started on 25
May 2022 and ended on 9 August 2022; the trial lasted for 78 days.

2.3 Planting preparation and soil sampling

Five seeds of sorghum-sudangrass hybrids were selected,
dipped for 24 h in water, and then put in pots with 4 kg of
saline-alkali soil and 5% (w/w) biochar. After the seeds were
germinated, they were immediately inoculated and cultured by
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TABLE 1 All experimental treatments.

Inoculation
Treatments Types of biochar amounts of
P. indica
Py 0 ml/pot
Py 40 ml/pot
Non-biochar (P)
Pso 80 ml/pot
P20 120 ml/pot
CP, 0 ml/pot
CPyo Corn stover 40 ml/pot
CPso biochar (CP) 80 ml/pot
CPy0 120 ml/pot
BP, 0 ml/pot
BP, 40 ml/pot
Bamboo biochar (BP)
BPg, 80 ml/pot
BP,,0 120 ml/pot

root-filling method, and the liquid of Piriformospora indica was
broken up evenly. The seedlings were moderately watered during
growth to maintain the soil moisture content at 70% of the
maximum field water capacity. Management practices, such as
light and watering, were consistent in all treatments during the
experimental period. Mycorrhizal infection and plant height,
number of leaves, and biomass were determined at harvest. The
selected soil was air dried naturally, milled into fine particles,
besides sifted to determine the soil’s physicochemical properties
and nutrient content.

2.4 Soil and plant analyses

The dry and fresh weights of the roots and leaves were measured
after 10 weeks of treatment. After the plant samples were dried in an
oven at 70°C until a constant weight was reached, the dry weight was
calculated. The magnified intersection approach was used to measure
the extent of mycorrhizal colonization of plant roots. The roots were
initially digested in 10% potassium hydroxide (w/v) and then rinsed in
water. The amount of chlorophyll in plant leaves was determined by
extracting leaf samples (0.1 g) using 95% ethanol. At 663 and 645 nm,
the absorbance of total chlorophyll was measured. After three
measurements of each sample, the average value was determined.

For each area, three randomly selected plants, two fully developed
leaves, as well as associated metrics, which include net rates of
photosynthesis, transpiration of the leaves rate, and conductance of
stomatal cells, were utilized to assess gas exchange. The measurements
were taken 2 months following the planting. Gas exchange
measurements were carried out with a portable open-flow gas
exchange system (LI-6800; Li-Cor Biosciences, Lincoln, NE, USA) at
the top region of every leaf that was exposed to sunlight. Every
measurement was conducted with the same treatments: 25°C leaf
temperature, 300 pmol/s of flow rate, 400 umol/mol of CO,
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concentration inside the leaf chamber, and 50%-60% relative humidity.
Following a 5-min acclimatization period, the photosynthetic
parameters were measured three times to get stable data for
each treatment.

Soil pH and EC were measured using standard pH (soil/water,
1:5) and conductivity meters, respectively. Soil water content was
determined gravimetrically after drying the soil samples in an oven
at 105°C for 24 h. Soil-soluble CI~ content was measured by titrating
with silver nitrate standard solution using potassium chromate as
an indicator. Soluble Na™ was determined using flame photometry.
By applying the alkaline diffusion method, available nitrogen (AN)
was ascertained. AP was determined using the molybdenum-
antimony anti-spectrophotometric method followed by extraction
with sodium hydrogen carbonate solution. The volumetric
technique with potassium dichromate was used to calculate SOM.

2.5 Statistical analysis

Statistical analyses were performed using SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA). A two-way analysis of variance was used to
determine the effects of P. indica and biochar and their interactive
effects on soil quality and plant growth promotion. Duncan’s
multiple range was used for post hoc comparisons. Here, path
analysis was used to specifically identify the direct and indirect
effects of biochar and P. indica on growth and photosynthesis of
sorghum-sudangrass hybrids, as well as the soil physicochemical
properties and nutrient contents.

3 Results

3.1 Effect of biochar and P. indica on
soil properties

Soil water contents of CP and BP treatments were the highest at
P. indica doses of 80 and 120 ml, respectively (Figure 1A).
Compared with the control, The co-application of P. indica and
biochar significantly increased SOM by approximately 145.90%
(CP120) and 151.81% (BP120). Moreover, while biochar and P.
indica worked together, the SOM content in the BP treatment
slightly exceeded that in the CP treatment (Figure 1B). The highest
AP contents were observed in the CP and BP treatments (11.08 and
11.92 mg/kg) at P. indica doses of 80 and 120 ml/pot, respectively
(Figure 1C). Inoculation with P. indica had a significant effect on
AN content (p < 0.001), with AN content increasing slightly with an
increase in P. indica dosage (Figure 1D). Both BP and CP
treatments’ AN content did not work apparently by increasing
the dosage of P. indica.

According to the results, inoculation with P. indica effectively
decreased soil pH as well as EC, with the effect of P. indica
increasing with an increase in its dosage. Compared with the
control, The co-application of P. indica and biochar significantly
decreased pH by approximately 7.57% (CP120) and 8.41% (BP120)
(Figure 1E). The combined addition of biochar and P. indica
reduced soil EC, and the effect was greater than that of either
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biochar or P. indica alone. Soil EC was the lowest in the BP
treatment with P. indica doses of 120 ml (Figure 1F). Soil-soluble
Na® and CI” contents reduced significantly in the P, CP, and BP
treatments (Figures 1G, H), with the strongest effect being observed
in the treatment with the highest dose of P. indica.

3.2 Colonization of plant roots by P. indica

Colonization of the plant root system by P. indica is illustrated in
Figure 2. The highest mycorrhizal colonization was discovered in the
CP treatment (52.70%-78.50%), followed by BP (50.45%-69.00%)
and P (26.50%-56.33%) treatments (Figure 2). P. indica colonization
of roots was in the order of CP > BP > P. The application of biochar
increased P. indica colonization of the root system of sorghum-
sudangrass hybrids. Colonization of plant roots by P. indica was
higher in treatments with corn stover-derived biochar than in the
treatments with bamboo biochar, and fungal colonization increased
with an increase in P. indica dosage (Figure 2).

3.3 Effects of biochar and P. indica on
sorghum-sudangrass hybrid growth and
photosynthetic parameters

The biomass of the plants was measured and recorded to
determine the tolerance of the hybrids to saline-alkali soils. The
combined application of biochar and P. indica significantly
increased the biomass of sorghum-sudangrass hybrids when
compared to that of the control group. Plant growth was higher
when biochar and P. indica were applied in combination than under
single treatments, and plant growth increased with an increase in P.
indica dose. The combined application of biochar and P. indica
increased plant height by 32.22% (CP120) and 48.06% (BP120),
biomass by 98.87% (CP120) and 111.69% (BP120), and leaf number
by 57.14% (CP120) and 33.33% (BP120) when compared to those of
the control (Figures 3A-C).

The findings indicated that the combined application of biochar
and P. indica substantially increased chlorophyll content, and net
photosynthetic and transpiration rates when compared to either
biochar or P. indica treatment alone (Figures 3D-F). When biochar
and P. indica were applied together, the net photosynthetic rate of
sorghum-sudangrass hybrids increased twofold above the control. The
net photosynthetic rate of plants treated with either BP or P. indica
alone increased gradually when compared to that of the control.
Furthermore, when biochar was applied, the net photosynthetic rate
reached the highest value when the P. indica dosage reached 80 ml/pot.
The highest transpiration rate was observed in P and CP treatments at
a P. indica dose of 80 ml/pot. Conversely, the BP therapy showed the
highest transpiration rate at a P. indica dose of 120 ml/pot.

3.4 Relationships between parameters

Correlation analysis revealed that soil pH, EC, Na™, and Cl~
were negatively correlated with the biomass of sorghum-sudangrass
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hybrids (Figure 4). On the contrary, SWC, AP, and AN were
positively correlated with the biomass of sorghum-sudangrass
hybrids.
photosynthetic and transpiration rates were positively correlated

Concurrently, chlorophyll content, and net

with the biomass of sorghum-sudangrass hybrids. Compared with

the leaf number, the correlation between plant height and biomass

was stronger.

Frontiers in Plant Science

3.5 Biochar and P. indica promote
sorghum-sudangrass hybrid growth by
improving the soil environment and
leaf photosynthesis

The direct and indirect effects of P. indica and biochar on the
development and photosynthesis of sorghum-sudangrass hybrids
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Colonization of sorghum-sudangrass hybrid roots by P. indica (magnification, x100). Colonization rates of P. indica in different treatments.

were predicted using path analysis, as well as the physicochemical
characteristics and nutrient contents of the soil (Figure 5). Path
analysis showed that EC and pH had a direct effect on biomass.
Biochar, P. indica, SOM, Tr, and Chl had positive effects
(standardized coefficients = 0.29, 0.60, 0.02, 0.13 and 0.03,
respectively), while SWC, pH, EC, and Pn had negative effects on
sorghum-sudangrass hybrid growth (standardized coefficients =
-0.19, —0.46, —0.34, and —0.07, respectively).

4 Discussion

4.1 Biochar and P. indica reduce soil pH
and salt ion concentration

In this study, the combined application of biochar and P. indica
exhibited a slight impact on pH likely due to the robust buffering
capacity of saline soils. The influence of P. indica alone on soil pH
was more pronounced than that of biochar alone, which might be
attributed to biochar’s high ash content enhancing alkalinity
(Nguyen et al, 2017). Soil pH is closely associated with plant
growth and soil quality, and the enhanced growth of sorghum-
sudangrass hybrids could be attributed to low soil pH and EC
(Kumar et al., 2017). The combined application of biochar and P.
indica reduced soil pH, although the reduction in pH was not
significant as it cannot entirely explain the improvement in plant
growth. Our findings are corroborated by a recent survey that
revealed an insignificant relationship between biochar and fungi, as
well as soil pH (Ndiate et al., 2021).

Notably, the combined application of biochar and P. indica
reduced soil EC by 19.05%-34.20%, with the effect of both
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treatments being stronger than that of either biochar alone, which
is consistent with hypothesis 1. The high adsorption capacity of
biochar for soil salts can mitigate soil salinity to a certain extent
(Haider et al., 2022; Qian et al,, 2023). Additionally, the application
of biochar to saline soils diminishes salinity by enhancing soil
porosity and expediting salt leaching, attributed to biochar’s porous
structure (Lashari et al, 2015). The study demonstrates biochar’s
capability to reduce high salt concentrations in coastal saline soils
evidenced by the decrease in soluble Na* and CI™ contents. For
instance, using biochar in corn fields reduced EC, Na®, and CI”
concentrations of corn fields by more than 30% (Lashari et al.,
2015). Although the application of both biochar and P. indica
enhanced the salt stress tolerance of Gordonia species, no significant
synergistic effect was observed between the two in improving soil
quality under salinity stress. Based on pertinent parameters, such as
stress indicators, P. indica exhibited a more pronounced mitigating
impact than biochar when subjected to salt stress. Furthermore,
sorghum-sudangrass hybrids are pioneer plants adept at tolerating
saline soils; hence, the combined application of biochar and P.
indica could have contributed to the reduction in soil salinity,
thereby enhancing the performance of the hybrids.

4.2 Biochar and P. indica increase soil
moisture and nutrient contents

Biochar application can increase soil fertility and the soil’s
ability to hold water, which in turn, promotes plant growth
(Lashari et al., 2013; Liang et al., 2021; Qian et al., 2023).
Considering the study’s observations, the application of biochar
with or without P. indica increased SOM, AN, and AP contents of
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Effect of combined application of biochar and P. indica on plant height (A), leaf number (B), biomass (C), Chl (D), Tr (E), and Pn (F). Duncan’s multiple
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transpiration rate.

the saline-alkali soils, and the effect of the combined application of
biochar and P. indica was significantly higher than that of either
biochar alone (Figure 1), which supported hypothesis 2.

The rise in soil moisture and nutrient contents might be linked to
the ability of P. indica to form a network of mycelium and hyphae
around plant roots that extends to the inter-roots (Hammer et al,
2015), which promotes water and nutrient uptake (Ma et al., 2011).
Furthermore, the mycelial network within the inter-root soil stabilizes
soil aggregates, which in turn, enhanced the soil water holding
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capacity (Jisha et al,, 2019). A significant increase in SOM content
was observed following the application of biochar proposing an
increase in soil nutrients that, in turn, enhanced plant growth. The
results could be associated with the high carbon content of biochar
(Kamau et al,, 2019) and the promotion of effective phosphorus
utilization by biochar (Borng et al., 2018). Besides, the application of
P. indica stimulates the production of some functional enzymes in
plants (Sahu et al, 2019), such as phosphatase, which effectively
promotes nutrient cycling, accelerates the conversion of ineffective
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FIGURE 4
Correlations between soil properties and sorghum-sudangrass hybrids properties. The correlation was evaluated by Pearson correlation coefficient. Red
indicates a negative correlation, and blue a positive correlation, and the strength of color reflects the strength of the correlation. *p < 0.05; **p < 0.01.

phosphorus in the soil (Veresoglou et al., 2012; Babu et al,, 2014). In
this study, the nutrient content of soil amended with a combination
of biochar and P. indica was higher than that of soil amended with
biochar alone, which demonstrates the role of biochar and P. indica
in improving nutrient utilization (Li et al., 2022a; Li et al., 2022b).
Furthermore, P. indica can increase the number of microorganisms

Biochar P.indica
-0.34*

-0.48**

in saline soils, improve the soil microbial community structure and
the soil environment, and enhance soil fertility (Mukherjee et al,
2021). The results demonstrated that using P. indica and biochar
together increased the nutrient content of coastal saline soils.
However, no discernible synergistic benefit was observed after the
application of P. indica and biochar on soil nutrients in this study
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FIGURE 5

Direct and indirect effects of biochar and P. indica on growth and photosynthesis of sorghum-sudangrass hybrids, as well as the soil
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physicochemical properties and nutrient contents. Models satisfactorily fitted to our data, as suggested by the Chi-square (x2), goodness of fit index
(GFI) and root square mean error of approximation (RMSEA) values [x2 = 21.114 (p =0.331), GFI = 0.901, RMSEA = 0.056]. Blue lines indicate positive
effects, while red lines indicate negative effects. Non-significant effects are indicated by gray lines. The width of the arrows indicates the strength of
the significant standardized path effect. *p < 0.05; **p < 0.01; ***p < 0.001. Chl, chlorophyll content; Pn, net photosynthetic rate; Tr, transpiration
rate; EC, electrical conductivity; SWC, soil water content; SOM, soil organic matter.
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suggesting that various mechanisms underlie the effect of both
amendments on plant yield. Consequently, further studies on plant
physiology, microbial communities, and soil parameters are required.

4.3 Biochar and P. indica promote
sorghum-sudangrass hybrid growth by
improving the rhizosphere micro-
ecological environment and
photosynthetic performance

In the current study, the application of biochar, either
independently or in conjunction with P. indica, considerably
increased the biomass, height, and quantity of leaves of sorghum-
sudangrass hybrids, which corresponds with the results of an earlier
investigation (Kamau et al., 2019). The combined application of
biochar and P. indica promoted plant growth, biomass
accumulation, and seed germination when compared to the
application of biochar alone. The highest plant biomass was
recorded in the BP120 treatment (Figure 3). The findings
corroborate hypothesis 3 and demonstrate that biochar and P.
indica application are effective strategies for facilitating the
growth of plants. Ndiate et al. (2022) observed that the integrated
use of biochar and fungi markedly elevated root fresh weight
(24.9%), shoot fresh weight (75.7%), and plant height (14.1%),
and photosynthetic pigment production (30.2%-54.8%) of wheat
when stressed by salinity.

The results of correlation analysis and path analysis showed that
biochar and P. indica increased sorghum-sudangrass hybrids
biomass mainly by reducing EC and pH and increasing SOM, Tr,
and Chl (Figures 4, 5). Biochar enhanced root colonization by P.
indica by promoting colonization of beneficial microorganisms in
the inter-root soil and improving the survival of fungi (Ferreiro and
Fu, 2016). Concurrently, the addition of biochar promoted the
growth and metabolism of superior salt-tolerant bacteria further
improved plant stress resistance and promoted plant growth (Wang
et al.,, 2024). P. indica contains soil activators that increase soil
fertility, quicken the decomposition of organic matter, and
encourage the uptake of nutrients and plant development (Liang
et al,, 2021; Boorboori and Zhang, 2022). They are backed by the
fact that soil nutrient concentrations and plant biomass positively
correlate after P. indica inoculation (Figure 4).

The accumulation and transportation of photosynthates and
dry matter within plant leaves are closely related. It has been
established that salinity stress not only diminishes the production
of photosynthetic pigments but also inhibits plant growth and
development (Peng et al., 2012). This is explained by the build-up
of reactive oxygen species in stressed plants, which has a
detrimental effect on the growth and metabolism of plants
(Sharma et al,, 2012). The results of this study showed a
significant increase in net photosynthetic and transpiration rates
of plants under the co-application of biochar and P. indica, which
suggests that biochar and P. indica can reduce the negative effects of
salinity on plants by improving their biological growth and
photosynthetic activity (Thomas et al,, 2013). The observation is
primarily ascribed to the increased antioxidant enzyme activity
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induced by P. indica, thereby enhancing photosynthetic pigment
synthesis (Shukla et al., 2008), improving the photosynthetic rate of
plants, and alleviating salinity stress by maintaining tissue osmotic
pressure (Zhao, 2011; Zarea et al., 2012). Reports indicate that the
application of biochar enhances chlorophyll synthesis and
maintains leaf water content, while concurrently reducing the
accumulation of proline, H,O,, and malondialdehyde (Huang
et al., 2023).

The variation in the effects of the various forms of biochar on
intercellular CO, concentration and stomatal conductance could be
associated with the variations in the properties of biochar materials
that, in turn, affected the inter-root microbial community and
population (Wang et al., 2024). Prevention of water loss from
plant leaves through transpiration under limited water availability
conditions, such as saline soils, is essential and can be achieved by
stomatal closure or reduction of leaf area (Parmar et al., 2013; Lin
et al,, 2017). Likewise, Usman et al. (2016) found that biochar
application improved gas exchange parameters in tomato leaves,
promoted nutrient uptake and phytohormone regulation, and
improved the quality of tomatoes irrigated with brackish water.

Leaf chlorophyll content increased significantly with an increase
in P. indica dosage under the combined application of biochar and
P. indica. The elevated chlorophyll content observed in this study
was paralleled by an increased net photosynthetic rate and
enhanced plant growth consistent with findings from a previous
study (Zhang et al., 2018). The combined application of biochar and
P. indica protects plants against salinity stress, enhances the
photosynthetic capacity of plants, and accelerates dry matter
accumulation, thereby encouraging plant growth (Gururani
et al,, 2015).

5 Conclusions

The synergistic application of biochar and P. indica has been
shown to enhance the growth of sorghum-sudangrass hybrids by
optimizing the rhizosphere micro-ecological environment and
augmenting plant photosynthetic efficiency. Specifically, the
co-application of biochar and P. indica resulted in a reduction of
electrical conductivity and pH levels, facilitated the absorption of
water and nutrients, and notably increased chlorophyll content, net
photosynthetic rate, and transpiration rate. These enhancements
collectively led to a boost in the biomass of the sorghum-sudangrass
hybrids. Notably, bamboo biochar exhibited superior performance
over corn stover biochar in elevating the transpiration rate and net
photosynthetic rate. Moreover, when combined with a high dosage
of P. indica (120 ml/pot), bamboo biochar demonstrated enhanced
efficacy in improving soil quality and fostering the growth of
sorghum-sudangrass hybrids. Consequently, the integrated
application of biochar and P. indica represents a viable strategy
for ameliorating the quality of coastal saline-alkali soils and
ensuring the normal growth of plants in saline environments.
Moving forward, greater emphasis should be placed on research
pertaining to the optimal dosages and application methods of
biochar and microbial agents, with the aim of achieving enhanced
outcomes in soil quality improvement and plant growth promotion.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1434097
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wu et al.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author. Requests to access these
datasets should be directed to ZD, dongzhi@sdau.edu.cn.

Author contributions

QW: Conceptualization, Data curation, Funding acquisition,
Methodology, Validation, Visualization, Writing — original draft,
Writing - review & editing. KN: Conceptualization, Data curation,
Methodology, Validation, Visualization, Writing — original draft. BL:
Resources, Writing - review & editing. XZ: Formal Analysis, Writing
- review & editing. CL: Data curation, Software, Writing - review &
editing. XL: Software, Writing — review & editing. XZ: Visualization,
Writing - review & editing. JWL: Resources, Writing - review &
editing. JYL: Resources, Writing — review & editing. CZ: Funding
acquisition, Visualization, Writing — original draft. ZD: Funding
acquisition, Supervision, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

Anam, G. B, Reddy, M. S., and Ahn, Y. H. (2019). Characterization of Trichoderma
asperellum RM-28 for its sodic/saline-alkali tolerance and plant growth promoting
activities to alleviate toxicity of red mud. Sci. Total Environ. 662, 462-469. doi: 10.1016/
j.scitotenv.2019.01.279

Babu, A. G., Shim, J., Shea, P. J., and Oh, B. T. (2014). Penicillium aculeatum PDR-4
and Trichoderma sp. PDR-16 promote phytoremediation of mine tailing soil and
bioenergy production with Sorghum-Sudangrass. Ecol. Engineering. 69, 186-191.
doi: 10.1016/j.ecoleng.2014.03.055

Boorboori, M. R,, and Zhang, H. Y. (2022). The role of Serendipita indica
(Piriformospora indica) in improving plant resistance to drought and salinity
stresses. Biology 11, 952. doi: 10.3390/biology11070952

Borng, M. L., Miiller Stéver, D. S., and Liu, F. (2018). Contrasting effects of biochar
on phosphorus dynamics and bioavailability in different soil types. Sci. Total Environ.
627, 963-974. doi: 10.1016/j.scitotenv.2018.01.283

Chauhan, P. K., Upadhyay, S. K., Rajput, V. D., Dwivedi, P., Minkina, T., and Wong,
M. H. (2024). Fostering plant growth performance under drought stress using
rhizospheric microbes, their gene editing, and biochar. Environ. Geochem. Health 46,
41. doi: 10.1007/s10653-023-01823-1

Ferreiro, P., and Fu, S. (2016). Biological indices for soil quality evaluation:
perspectives and limitations. Land Degrad. Dev. 27, 14-25. doi: 10.1002/1dr.2262

Gill, S. S., Gill, R,, Trivedi, D. K., Anjum, N. A,, Sharma, K. K., Ansari, M. W, et al.
(2016). Piriformospora indica: potential and significance in plant stress tolerance.
Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00332

Gururani, M. A., Venkatesh, J., and Tran, L. S. P. (2015). Regulation of
photosynthesis during abiotic stress-induced photoinhibition. Mol. Plant 8, 1304-
1320. doi: 10.1016/j.molp.2015.05.005

Haider, F. U,, Coulter, J. A., Cai, L., Hussain, S., Cheema, S. A., W, ., et al. (2022).
An overview on biochar production, its implications, and mechanisms of biochar-
induced amelioration of soil and plant characteristics. Pedosphere 32, 107-130.
doi: 10.1016/S1002-0160(20)60094-7

Hammer, E. C,, Forstreuter, M., Rillig, M. C., and Kohler, J. (2015). Biochar increases
Arbuscular mycorrhizal plant growth enhancement and ameliorates salinity stress.
Appl. Soil Ecol. 96, 114-121. doi: 10.1016/j.apso0il.2015.07.014

Frontiers in Plant Science

10.3389/fpls.2024.1434097

was financially supported by the Strategic Priority Research Program
of the Chinese Academy of Sciences (Grant No. XDA0440103),
National Natural Science Foundation of China Youth Science
Foundation (42207373), National Key Research and Development
Program Projects (2022YFD150050202, 2022YFD1500903), the
Natural Science Foundation of Shandong Province (ZR2021QD018),
the Major Science and Technology Project of Inner Mongolia
Autonomous Region (2019ZD003-03, 2019ZD003-02), the Teaching
Reform and Practice Project of “Soil and Water Conservation, Shrub
and Grass Plant Cultivation” under the background of high-quality
development in the Yellow River Basin (XM2023014).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Huang, K., Li, M,, Li, R,, Rasul, F,, Shahzad, S., Wu, C,, et al. (2023). Soil acidification
and salinity: the importance of biochar application to agricultural soils. Front. Plant Sci.
14. doi: 10.3389/fpls.2023.1206820

Hussin, S., Khalifa, W., Geissler, N., and Koyro, H. W. (2017). Influence of the root
Endophyte Piriformospora indica on the plant water relations, gas exchange and
growth of chenopodium quinoa at limited water availability. J. Agron. Crop Sci. 203,
373-384. doi: 10.1111/jac.12199

Jabborova, D., Davranov, K., Jabbarov, Z., Bhowmik, S. N, Ercisli, S., Danish, S., et al.
(2022). Dual inoculation of plant growth-promoting bacillus endophyticus and
funneliformis mosseae improves plant growth and soil properties in ginger. ACS
Omega. 7, 34779-34788. doi: 10.1021/acsomega.2c02353

Jisha, S., Sabu, K. K., and Manjula, S. (2019). Multifunctional aspects of
piriformospora indica in plant endosymbiosis. Mycology 10, 182-190. doi: 10.1080/
21501203.2019.1600063

Johnson, J., Alex, T., and Oelmiiller, R. (2014). Piriformospora indica: the versatile
and multifunctional root endophytic fungus for enhanced yield and tolerance to biotic
and abiotic stress in crop plants. J. Trop. Agric. 52, 103-122. doi: 10.3389/fmicb.2016.
00332

Kamau, S., Karanja, N., Ayuke, F., and Lehmann, J. (2019). Short-term influence of
biochar and fertilizer-biochar blends on soil nutrients, fauna and maize growth. Biol.
Fertil. Soils. 55, 661-673. doi: 10.1007/s00374-019-01381-8

Karimi, R,, Amini, H., and Ghabooli, M. (2022). Root endophytic fungus Piriformospora
indica and zinc attenuate cold stress in grapevine by influencing leaf phytochemicals and
minerals content. Sci. Hortic. 293, 110665. doi: 10.1016/j.scienta.2021.110665

Kumar, K., Manigundan, K., and Amaresan, N. (2017). Influence of salt tolerant
Trichoderma spp. on growth of maize (Zea Mays) under different salinity conditions.
J. Basic Microbiol. 57, 141-150. doi: 10.1002/jobm.201600369

Lashari, M. S., Liu, Y., Li, L., Pan, W., Fu, J., Pan, G,, et al. (2013). Effects of
amendment of biochar-manure compost in conjunction with pyroligneous solution on
soil quality and wheat yield of a salt-stressed cropland from central China great plain.
Field Crop Res. 144, 113-118. doi: 10.1016/j.fcr.2012.11.015

Lashari, M. S, Ye, Y., Ji, H., Li, L., Kibue, G. W, Lu, H., et al. (2015). Biochar-manure
compost in conjunction with pyroligneous solution alleviated salt stress and improved

frontiersin.org


mailto:dongzhi@sdau.edu.cn
https://doi.org/10.1016/j.scitotenv.2019.01.279
https://doi.org/10.1016/j.scitotenv.2019.01.279
https://doi.org/10.1016/j.ecoleng.2014.03.055
https://doi.org/10.3390/biology11070952
https://doi.org/10.1016/j.scitotenv.2018.01.283
https://doi.org/10.1007/s10653-023-01823-1
https://doi.org/10.1002/ldr.2262
https://doi.org/10.3389/fmicb.2016.00332
https://doi.org/10.1016/j.molp.2015.05.005
https://doi.org/10.1016/S1002-0160(20)60094-7
https://doi.org/10.1016/j.apsoil.2015.07.014
https://doi.org/10.3389/fpls.2023.1206820
https://doi.org/10.1111/jac.12199
https://doi.org/10.1021/acsomega.2c02353
https://doi.org/10.1080/21501203.2019.1600063
https://doi.org/10.1080/21501203.2019.1600063
https://doi.org/10.3389/fmicb.2016.00332
https://doi.org/10.3389/fmicb.2016.00332
https://doi.org/10.1007/s00374-019-01381-8
https://doi.org/10.1016/j.scienta.2021.110665
https://doi.org/10.1002/jobm.201600369
https://doi.org/10.1016/j.fcr.2012.11.015
https://doi.org/10.3389/fpls.2024.1434097
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wou et al.

leaf bioactivity of maize in a saline soil from central China: A 2-year field experiment. J.
Sci. Food Agric. 95, 1321-1327. doi: 10.1002/jsfa.6825

Li, D,, Zheng, X, Lin, L., An, Q,, Jiao, Y., Li, Q., et al. (2022a). Remediation of soils
co-contaminated with cadmium and Dichlorodiphenyltrichloroethanes by king grass
associated with Piriformospora indica: insights into the regulation of root excretion and
reshaping of rhizosphere microbial community structure. . Hazard. Mater. 422,
126936. doi: 10.1016/j.jhazmat.2021.126936

Li, S, Chi, S, Lin, C,, Cai, C, Yang, L., Peng, K,, et al. (2022b). Combination of
biochar and AMF promotes phosphorus utilization by stimulating rhizosphere
microbial co-occurrence networks and lipid metabolites of phragmites. Sci. Total
Environ. 845, 157339. doi: 10.1016/j.scitotenv.2022.157339

Liang, J., Li, Y., Si, B., Wang, Y., Chen, X., Wang, X,, et al. (2021). Optimizing biochar
application to improve soil physical and hydraulic properties in saline-alkali soils. Sci.
Total Environ. 771, 144802. doi: 10.1016/j.scitotenv.2020.144802

Lin, J., Wang, Y., Sun, S, Mu, C,, and Yan, X. (2017). Effects of arbuscular
mycorrhizal fungi on the growth, photosynthesis and photosynthetic pigments of
leymus chinensis seedlings under salt-alkali stress and nitrogen deposition. Sci. Total
Environ. 576, 234-241. doi: 10.1016/j.scitotenv.2016.10.091

Liu, B, An, C, Jiao, S., Jia, F., Liu, R, Wu, Q,, et al. (2022). Impacts of the inoculation
of Piriformospora indica on photosynthesis, osmoregulatory substances, and
antioxidant enzymes of alfalfa seedlings under cadmium stress. Agriculture 12, 1928.
doi: 10.3390/agriculture12111928

Luo, S., Wang, S, Tian, L., Li, S,, Li, X, Shen, Y, et al. (2017). Long-term biochar
application influences soil microbial community and its potential roles in semiarid
farmland. Appl. Soil Ecol. 117-118, 10-15. doi: 10.1016/j.apsoil.2017.04.024

Ma, Y., Prasad, M. N. V., Rajkumar, M., and Freitas, H. (2011). Plant growth
promoting rhizobacteria and endophytes accelerate phytoremediation of metalliferous
soils. Biotechnol. Adv. 29, 248-258. doi: 10.1016/j.biotechadv.2010.12.001

Mi, W., Hong, Y., Gao, F., Ma, Y., Sun, T., Wu, L., et al. (2024). Effect of different
form of N fertilization on yield sustainability and soil quality in double cropped rice
system in a long-term experiment. J. Soil Sci. Plant Nutr. 24, 2815-2824. doi: 10.1007/
542729-024-01706-2

Mi, W., Sun, T., Ma, Y., Chen, C, Ma, Q,, Wu, L, et al. (2023). Higher yield
sustainability and soil quality by manure amendment than straw returning under a
single-rice cropping system. Field Crops Res. 292, 108805. doi: 10.1016/
j.fcr.2022.108805

Mukherjee, A., Bhowmick, S., Yadav, S., Rashid, M. M., Chouhan, G. K., Vaishya, J.
K., et al. (2021). Re-vitalizing of endophytic microbes for soil health management and
plant protection. 3 Biotech. 11, 399. doi: 10.1007/s13205-021-02931-4

Ndiate, N. I, Saeed, Q., Haider, F. U,, Liqun, C., Nkoh, J. N., and Mustafa, A. (2021).
Co-application of biochar and arbuscular mycorrhizal fungi improves salinity
tolerance, growth and lipid metabolism of maize (Zea Mays L.) in an alkaline soil.
Plants 10, 2490. doi: 10.3390/plants10112490

Ndiate, N. I, Zaman, Q., Francis, I. N., Dada, O. A., Rehman, A., Asif, M., et al.
(2022). Soil amendment with arbuscular mycorrhizal fungi and biochar improves
salinity tolerance, growth, and lipid metabolism of common wheat (Triticum aestivum
L.). Sustainability 14, 3210. doi: 10.3390/su14063210

Nguyen, T. T. N,, Xu, C. Y., Tahmasbian, I, Che, R, Xu, Z.,, Zhou, X,, et al. (2017).
Effects of biochar on soil available inorganic nitrogen: A review and meta-analysis.
Geoderma 288, 79-96. doi: 10.1016/j.geoderma.2016.11.004

Parmar, P., Kumari, N., and Sharma, V. (2013). Structural and functional alterations
in photosynthetic apparatus of plants under cadmium stress. Bot. Stud. 54, 45.
doi: 10.1186/1999-3110-54-45

Peng, Y., Tong, X,, Feng, Z., Hongjian, W., Chunyin, Z., Ruiting, Z., et al. (2012).
Response of plant growth and photosynthetic characteristics in suaeda glauca and
atriplex triangularis seedlings to different concentrations of salt treatments. Acta
Prataculturae Sinica. 21, 64.

Frontiers in Plant Science

11

10.3389/fpls.2024.1434097

Qian, S., Zhou, X, Fu, Y., Song, B., Yan, H., Chen, Z,, et al. (2023). Biochar-compost
as a new option for soil improvement: Application in various problem soils. Sci. Total
Environ. 870, 162024. doi: 10.1016/j.scitotenv.2023.162024

Sahu, P. K, Singh, D. P., Prabha, R.,, Meena, K. K., and Abhilash, P. C. (2019).
Connecting microbial capabilities with the soil and plant health: options for agricultural
sustainability. Ecol. Indic. 105, 601-612. doi: 10.1016/j.ecolind.2018.05.084

Sharma, P., Jha, A. B,, Dubey, R. S., and Pessarakli, M. (2012). Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism in plants under
stressful conditions. J. Botany. 2012, 1-26. doi: 10.1155/2012/217037

Shukla, U. C., Murthy, R. C,, and Kakkar, P. (2008). Combined effect of ultraviolet-B
radiation and cadmium contamination on nutrient uptake and photosynthetic
pigments in brassica Campestris L. Seedlings. Environ. Toxicol. 23, 712-719.
doi: 10.1002/t0x.20378

Thomas, S. C,, Frye, S., Gale, N., Garmon, M., Launchbury, R., MaChado, N., et al.
(2013). Biochar mitigates negative effects of salt additions on two herbaceous plant
species. J. Environ. Manage. 129, 62-68. doi: 10.1016/j.jenvman.2013.05.057

Usman, A. R. A,, Al wabel, M. I, Ok, Y. S., Al harbi, A., Wahb allah, M., El-naggar, A.
H., et al. (2016). Conocarpus biochar induces changes in soil nutrient availability and
tomato growth under saline irrigation. Pedosphere 26, 27-38. doi: 10.1016/S1002-0160
(15)60019-4

Uzoma, K. C, Inoue, M., Andry, H., Fujimaki, H., Zahoor, A., and Nishihara, E.
(2011). Effect of cow manure biochar on maize productivity under sandy soil condition:
cow manure biochar agronomic effects in sandy soil. Soil Use Manage. 27, 205-212.
doi: 10.1111/j.1475-2743.2011.00340.x

Veresoglou, S. D., Chen, B., and Rillig, M. C. (2012). Arbuscular mycorrhiza and soil
nitrogen cycling. Soil Biol. Biochem. 46, 53-62. doi: 10.1016/j.s0ilbi0.2011.11.018

Videgain, M. M., Marco Montori, P., Marti Dalmau, C., Jaizme Vega, M. C., Manya
Cervello, J. J., and Garcia Ramos, F. J. (2021). The effects of biochar on indigenous
arbuscular mycorrhizae fungi from agroenvironments. Plants 10, 950. doi: 10.3390/
plants10050950

Wang, X., Riaz, M., Babar, S., Eldesouki, Z., Liu, B., Xia, H., et al. (2024). Alterations
in the composition and metabolite profiles of the saline-alkali soil microbial
community through biochar application. J. Environ. Manage. 352, 120033.
doi: 10.1016/j.jenvman.2024.120033

Xu, L., Wu, C,, Oelmiiller, R, and Zhang, W. (2018). Role of phytohormones in
Piriformospora indica-induced growth promotion and stress tolerance in plants: more
questions than answers. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01646

Yang, C., Chen, Y., Zhang, Q., Qie, X,, Chen, J,, Che, Y., et al. (2023). Mechanism of
microbial regulation on methane metabolism in saline-alkali soils based on metagenomics
analysis. J. Environ. Manage. 345, 118771. doi: 10.1016/j,jenvman.2023.118771

Yang, W,, Li, C., Wang, S., Zhou, B., Mao, Y., and Rensing, C. (2021). Influence of
biochar and biochar-based fertilizer on yield, quality of tea and microbial community in
an acid tea orchard soil. Appl. Soil Ecol. 166, 104005. doi: 10.1016/j.aps0il.2021.104005

Zarea, M. ]., Hajinia, S., Karimi, N., Mohammadi Goltapeh, E., Rejali, F., and Varma,
A. (2012). Effect of Piriformospora indica and azospirillum strains from saline or non-
saline soil on mitigation of the effects of NaCl. Soil Biol. Biochem. 45, 139-146.
doi: 10.1016/j.s0ilbio.2011.11.006

Zhang, T., Hu, Y., Zhang, K,, Tian, C., and Guo, J. (2018). Arbuscular mycorrhizal
fungi improve plant growth of ricinus communis by altering photosynthetic properties
and increasing pigments under drought and salt stress. Ind. Crops Prod. 117, 13-19.
doi: 10.1016/j.indcrop.2018.02.087

Zhao, Y. (2011). Cadmium accumulation and antioxidative defenses in leaves of
Triticum aestivum L. and Zea Mays L. Afr. J. Biotechnol. 10, 2936-2943. doi: 10.5897/
AJB10.1230

Zheng, H., Wang, X,, Chen, L., Wang, Z, Xia, Y., Zhang, Y., et al. (2018). Enhanced
growth of halophyte plants in biochar-amended coastal soil: roles of nutrient availability and
rhizosphere microbial modulation. Plant Cell Environ. 41, 517-532. doi: 10.1111/pce.12944

frontiersin.org


https://doi.org/10.1002/jsfa.6825
https://doi.org/10.1016/j.jhazmat.2021.126936
https://doi.org/10.1016/j.scitotenv.2022.157339
https://doi.org/10.1016/j.scitotenv.2020.144802
https://doi.org/10.1016/j.scitotenv.2016.10.091
https://doi.org/10.3390/agriculture12111928
https://doi.org/10.1016/j.apsoil.2017.04.024
https://doi.org/10.1016/j.biotechadv.2010.12.001
https://doi.org/10.1007/s42729-024-01706-z
https://doi.org/10.1007/s42729-024-01706-z
https://doi.org/10.1016/j.fcr.2022.108805
https://doi.org/10.1016/j.fcr.2022.108805
https://doi.org/10.1007/s13205-021-02931-4
https://doi.org/10.3390/plants10112490
https://doi.org/10.3390/su14063210
https://doi.org/10.1016/j.geoderma.2016.11.004
https://doi.org/10.1186/1999-3110-54-45
https://doi.org/10.1016/j.scitotenv.2023.162024
https://doi.org/10.1016/j.ecolind.2018.05.084
https://doi.org/10.1155/2012/217037
https://doi.org/10.1002/tox.20378
https://doi.org/10.1016/j.jenvman.2013.05.057
https://doi.org/10.1016/S1002-0160(15)60019-4
https://doi.org/10.1016/S1002-0160(15)60019-4
https://doi.org/10.1111/j.1475-2743.2011.00340.x
https://doi.org/10.1016/j.soilbio.2011.11.018
https://doi.org/10.3390/plants10050950
https://doi.org/10.3390/plants10050950
https://doi.org/10.1016/j.jenvman.2024.120033
https://doi.org/10.3389/fmicb.2018.01646
https://doi.org/10.1016/j.jenvman.2023.118771
https://doi.org/10.1016/j.apsoil.2021.104005
https://doi.org/10.1016/j.soilbio.2011.11.006
https://doi.org/10.1016/j.indcrop.2018.02.087
https://doi.org/10.5897/AJB10.1230
https://doi.org/10.5897/AJB10.1230
https://doi.org/10.1111/pce.12944
https://doi.org/10.3389/fpls.2024.1434097
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Co-application of biochars and Piriformospora indica improved the quality of coastal saline soil and promoted the growth of forage
	1 Introduction
	2 Materials and methods
	2.1 Preparation of endophytic fungi, biochar, and soil
	2.2 Experimental design
	2.3 Planting preparation and soil sampling
	2.4 Soil and plant analyses
	2.5 Statistical analysis

	3 Results
	3.1 Effect of biochar and P. indica on soil properties
	3.2 Colonization of plant roots by P. indica
	3.3 Effects of biochar and P. indica on sorghum–sudangrass hybrid growth and photosynthetic parameters
	3.4 Relationships between parameters
	3.5 Biochar and P. indica promote sorghum–sudangrass hybrid growth by improving the soil environment and leaf photosynthesis

	4 Discussion
	4.1 Biochar and P. indica reduce soil pH and salt ion concentration
	4.2 Biochar and P. indica increase soil moisture and nutrient contents
	4.3 Biochar and P. indica promote sorghum–sudangrass hybrid growth by improving the rhizosphere micro-ecological environment and photosynthetic performance

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


