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Microbial-inoculated biochar
combined with nitrogen
mitigates salinity stress in rice by
reducing salt accumulation and
enhancing soil-plant interactions
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Microbial-inoculated biochar and N can enhance plant productivity under saline
conditions through improving the chemical and biological properties of soil and
the plants’ self-defense system. A pot experiment with 11 treatments was
conducted to evaluate the effectiveness of rice husk biochar, with and without
microbial (bacterial and fungal) inoculation, combined with nitrogen (N) in
mitigating salinity stress (6.8 ds/m EC) in rice. Treatments included sole
nitrogen (60 and 120 kg ha™ ), sole biochar (1%), microbial-inoculated biochar
(fungal or bacterial), and their combinations with nitrogen at 60 and 120 kg ha™ ,
applied under both saline and non-saline conditions. Two rice varieties were
used: the salt-tolerant Shuang Liang You 138 (SLY138) and the salt-sensitive Jing
Liang You 534 (JLY534). The experiment was conducted for 80 days. The
combined application of bacterial-inoculated biochar (BB) and nitrogen
fertilizer was more effective than rice husk biochar alone in improving soil
microbial and chemical properties. Notably, bacterial-inoculated biochar
combined with nitrogen 120 kg ha ' (BB + N) treatments increased the
abundance of pollution-degrading Desulfobacterota and salt-tolerant
Actinobacterota. The enrichment of these microbial groups was associated with
prolonged incubation time and reduced soil Na* concentrations, which
collectively contributed to improved rice growth. Compared to BC treatment,
BB + N120 treatment produced higher proline, total soluble sugar (TSS), leaf water
potential (Y w), superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
in SLY138 by 120%, 167%, 30.23%, 50%, 68%, and 57%, respectively, under saline
conditions and NH,"—N, OM, and bacterial and fungal community richness by
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113.33%, 40%, 65.33%, and 186.25%, respectively. The salt tolerance of SLY138
may be correlated with the enhanced activities of SOD, POD, and CAT and more
accumulation of proline and total soluble sugar. The ndings of our study
demonstrate the effectiveness of modi ed biochar applications in mitigating
salinity stress and enhancing rice growth in saline environments.
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1 Introduction

Rising global population necessitates an increase (87%) in staple
crop (Nations, 2022). This population growth exacerbates
environmental stresses (Karlen and Rice, 2015), potentially
leading to decreased crop yields. Salinity is a major threat to crop
production, affecting vast areas of global agricultural land (Wang
et al., 2024). Global estimates indicate that hundreds of millions of
hectares of land are affected by soil salinization worldwide, with
more than 20% of irrigated agricultural land experiencing salinity
constraints (Qadir et al., 2014; Huang et al., 2024). Saltwater
intrusion and increased human activity worsen soil degradation,
leading to saline soil with poor drainage and nutrient de ciencies,
low vegetation cover, and ultimately, less productive land with
reduced microbial activity (Amundson et al., 2015; Zhao
et al., 2020).

Soil salinization and the use of saline irrigation water are among
the most critical abiotic stresses threatening global food security by
reducing crop productivity and degrading soil health (Wang et al.,
2022; Hussein et al., 2023; Abbas et al., 2024b). In a study, it was also
reported that saline water signi cantly deteriorates both the
physicochemical and biological properties of soils due to excessive
salt accumulation, particularly sodium (Na*), which leads to soil
toxicity, reduced fertility, and impaired microbial activity (Abbas
etal., 2024b). Irrigating with saline water enhances soil salinization,
leading to a signi cant decline in agricultural soil quality and
causing physicochemical deterioration, due to salt accumulation
in the rhizosphere (Wang et al., 2011; El-Sayed et al., 2021). The
excessive amounts of salt, primarily in the form of sodium (Na*),
adversely affect soil properties, compromising the sustainability of
agricultural production. Salinity signi cantly threatens rice (Oryza
sativa L.), a staple food for over half of the world, due to its negative
impacts on growth and yield. According to Hafeez et al. (2024),
salinity negatively affects the wheat plant growth by disturbing the
physiological attributes, biochemical processes of plants, and the
availability of soil nutrients to plants. Moreover, it was also reported
that salinity has adverse effects on the shoot and root morphology of
brinjal plants (Jameel et al., 2024). Remediation of salt-affected soils
could substantially increase the production of crops, like rice, that
tolerate these conditions. Thus, the need to restore saline soils and
effectively utilize these lands has become a pressing issue. Therefore,
an effective measure that should be low-cost and eco-friendly is
urgently needed to ameliorate soil salinity, promote plant
productivity, and restore vegetation cover in coastal areas.
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Biochar (BC), a carbon-rich product obtained through the
pyrolysis of raw materials under high temperatures and limited
oxygen, is being explored for its potential as a soil conditioner (El-
Naggar et al., 2019; Wen et al., 2024) and for water pollution
treatment (Qin et al., 2020). A study suggests that it may also be
useful in mitigating salinity issues in soil by altering soil properties,
with studies investigating various modi cations to biochar to enhance
this effect (Dahlawi et al., 2018). However, due to its high application
rates, slow decomposition and slow release of nutrients in saline soil
remain signi cant challenges (Wang et al., 2016; Mehdizadeh et al.,
2020). On the other hand, Reddy et al. (2017) reported that
contaminated soil often struggles to support the rapid growth of
inoculated bacteria due to nutrient de ciency and competition from
other microbes. Therefore, biochar may prove to be an ideal shelter
for effective microorganisms because of its porous structure and
af nity for microorganisms. BC possesses properties favorable for use
as a bacterial carrier material, including high speci c surface area,
substantial internal porosity, and af nity for bacteria (Abbas et al.,
20243a). Moreover, according to Fedeli et al. (2024); Cui et al. (2021),
the synergistic effect of biochar and effective microorganisms offers an
environmentally sustainable approach to promote plant growth and
improve the remediation of saline and saline alkaline environment.
Combined application of biochar and microbes effectively mitigated
the salinity stress and improved the physicochemical properties and
nutrient pro le of soil, ultimately enhancing plant growth and yield
(Zhang et al., 2019a).

The bene cial impact of biochar, especially in conjunction with N
fertilizer, on agricultural productivity has been widely reported (Guo
et al., 2004; Khan et al., 2019). Nitrogen (N) fertilizer combined with
biochar can enhance biochar ef cacy by promoting more complex
microbial networks and potentially altering functions related to
microbial symbiosis (Li et al., 2020). Moreover, Lu et al. (2015)
reported that N fertilizer alters the soil microbial community, leading
to a shift in biogeochemical cycles like SOC cycling and potentially
enhancing biochar decomposition. To the best of our knowledge, the
interactive use of microbial-inoculated biochar (BB and BF) and N to
mitigate salinity effects on rice crop production has limited research
during the past few decades.

Based on the synergistic interaction among biochar,
microorganisms, and nitrogen (N), we hypothesize that:

1. Inoculated microbes within the biochar may survive more

readily in saline conditions compared to free microbes in
the soil.
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2. The synergistic effect of microbial-inoculated biochar and N
fertilizer may be higher than that of biochar and N
application alone to accelerate the negative effects of saline
water on plants and enhance their growth under saline stress
by improving soil properties.

. During synergistic effect of microbial-inoculated biochar
and N fertilizer, N may assist microbial-inoculated biochar
in alleviating salinity stress in paddy elds, promoting rice
crop growth.

In this study, bacteria and fungi with higher sodium removal
ef ciency and potential for biochar decomposition were inoculated
on biochar to prepare bacterial biochar (BB) and fungal biochar
(BF). This study investigated (1) the combined effect of BB and BF
with N fertilizer on remediating salinity in salt-affected sites, (2) the
synergistic effect of microbial-inoculated biochar and N fertilizer on
rice crop growth under saline conditions, and (3) the biological
response of soil, focusing on microbial richness and microbial
community structure. BB and BF were synthesized by physical
adsorption method. Through this study, we will be able to provide
an eco-friendly and sustainable way for the remediation of the salt
effect from the soil and to improve crop production.

2 Materials and methods
2.1 Soil, biochar, and microbial strains

The soil used in this study was collected from a typical forest (C.
nucifera) in Lingao County located in the northwestern part of
Hainan Island, China. The physicochemical properties of pre-
experimental soil were tested according to Xue et al. (2017).
Coastal sandy soil was air-dried, sieved to 2 mm, and used for
this study. Details on the physicochemical properties are presented
in Supplementary Table 1. Rice-straw-derived bhiochar was
commercially obtained from Henan Lize Environmental
Technology Co., Ltd. The pH and nutrient status of biochar are
presented in Supplementary Table 2. The biochar was passed
through a 1.5-mm mesh before use. The bacterial strain
Mycobacterium sp. (191574) and fungal strain Penicillium sp.
(353380) was purchased from “BeNa Culture Collection” China
(BNCC) and further multiplied in our lab. The bacteria and fungi
were grown in “Lowenstein—-Jensen medium” and “PDA media”,
respectively, in a shaking incubator (120 rpm) at 30 C for 72 h.

2.2 Microbial biochar preparation and
characterization

The Mycobacterium sp. and Penicillium sp. with higher salt
removal ef ciency were used to prepare bacterial- and fungal-
loaded biochar (BB and BF, respectively). BB and BF were
prepared by physical adsorption. Details about the preparation
and characterization of BB and BF are presented in
Supplementary Information Section 1.
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2.3 Persistence of free and biochar-
immobilized microorganisms under salt
stress conditions

When comparing the survival rate of free- oating microbes to
that of microbes immobilized in biochar in saline soil, it is crucial to
ensure that both groups have the same initial concentration of
microbes within the soil. The living cell numbers of Mycobacterium
sp., Penicillium sp., BF, and BB were measured as described by Luo
et al. (2021). Further details are presented in Supplementary
Information Section 2.

2.4 Pot experiment and morphological
traits of plants

A greenhouse experiment was carried out at Hainan University
in Haikou, China (19.5664 N, 109.9497 E). Hainan is the second
largest island in China, with an offshore area of approximately 2
million km , representing 42.3% of the nation’s total maritime area.
The province’s annual precipitation is 2,176.7 mm, and the mean
annual temperature is 25.1 C. Plastic pots lled with 5 kg pot * soil
were used, and these were laid out in a completely randomized
block design with three replications. Following this, different
combinations of biochemical materials were introduced to the soil
alone or together; detailed information about the applied treatments
is presented in the supplementary information (Table 1), and on the
basis of morphological attributes, the best-performing treatments
were selected for further analysis and presented in Table 2. Two rice
cultivars were used in this study: the salt-tolerant Shuang Liang You
138 (SLY138) collected from Xike Agricultural Group Co., Ltd., and
the salt-sensitive Jing Liang You 534 (JLY534) collected from
Hunan Longping Hi-tech Seed Science and Technology Co., Ltd.
These were subjected to two NaCl salinity levels: 0% (control) and
6.84 ds/m EC (salt stress) (Li and Stanghellini, 2001). Biochar (1%)
was incorporated into the soil prior to pot lling, and nitrogen
fertilizer (Table 1) was applied in three stages: at sowing, during the
seedling stage, and 40 days after sowing (Sun et al., 2017). To
promote early germination, seeds were soaked overnight and
subsequently incubated for 36 h in a growth chamber. Six
germinated seeds were sown in each pot, and after establishing a
nursery, three plants per pot were sustained by thinning. Nitrogen
was applied at rates equivalent to 60 and 120 kg N ha™,
corresponding to 0.33 and 0.65 g urea per pot (5 kg soil),
respectively. Nitrogen was supplied in the form of urea (46% N)
and applied in three equal splits: at sowing, tillering, and panicle
initiation stages. The nitrogen application rate was kept constant
across treatments, irrespective of biochar or microbial (bacterial
and fungal) inoculation, to allow an assessment of biochar-
mediated nitrogen use ef ciency rather than nitrogen dose effects.
Phosphorus was applied uniformly to all treatments at a rate
equivalent to 120 kg ha™ as P,Os and potassium at 130 kg ha™ as
K,0. Both phosphorus and potassium were applied as basal doses
prior to sowing. Biochar application did not contribute additional
mineral nitrogen; its role was limited to improving nutrient
retention, microbial activity, and soil physicochemical properties.

frontiersin.org


https://doi.org/10.3389/fpls.2026.1751156
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abbas et al.

TABLE 1 Treatment plan for the experiment.

10.3389/fpls.2026.1751156

Treatments Salt levels Treatment name Application rates
0% N60 Nitrogen (60 kg ha™)
™ 0.40% N60 Nitrogen (60 kg ha™)
0% N120 Nitrogen (120 kg ha*)
& 0.40% N120 Nitrogen (120 kg ha™)
0% BC Simple rice straw biochar
e 0.40% BC Simple rice straw biochar
0% BF Fungal-inoculated biochar
™ 0.40% BF Fungal-inoculated biochar
0% BB Bacterial-inoculated biochar
™ 0.40% BB Bacterial-inoculated biochar
0% BC + N60 Simple rice straw biochar + nitrogen (60 kg ha™)
T 0.40% BC + N60 Simple rice straw biochar + nitrogen (60 kg ha™)
0% BC + N120 Simple rice straw biochar + nitrogen (120 kg ha™)
v 0.40% BC + N120 Simple rice straw biochar + nitrogen (120 kg ha™)
0% BF + N60 Fungal-inoculated biochar + nitrogen (60 kg ha™)
T 0.40% BF + N60 Fungal-inoculated biochar + nitrogen (60 kg ha™)
0% BF + N120 Fungal-inoculated biochar + nitrogen (120 kg ha™)
" 0.40% BF + N120 Fungal-inoculated biochar + nitrogen (120 kg ha™)
0% BB + N60 Bacterial-inoculated biochar + nitrogen (60 kg ha™)
o 0.40% BB + N60 Bacterial-inoculated biochar + nitrogen (60 kg ha™)
0% BB + N120 Bacterial-inoculated biochar + nitrogen (120 kg ha™*)
e 0.40% BB + N120 Bacterial-inoculated biochar + nitrogen (120 kg ha™*)

Salt was applied in irrigated water after 20 days of sowing by making
0% and 6.84 ds/m EC saline solution until 6.84 ds/m EC salt level
was maintained in pots irrigated with NaCl salt solution. The pots
with 0% salt (control) were irrigated with tap water. The salt levels
of pots were determined with a salinometer (WS-200 PLUS) with a
time domain. The plants were harvested before the reproductive
stage (80 days after sowing).

2.5 Morphological indicators of plants

Before harvesting the rice plants of both varieties, we measured their
plant height using a ruler and determined the number of tillers manually.
Plant fresh weight (g/pot) was measured after harvesting using a
weighing balance. Then, fresh biomass was transferred into the oven
for 48 h at 105 C to measure its dry weight using a weighing balance.

TABLE 2 Selected treatments on the basis of best performance in morphology of rice plants.

Treatments Salt levels Treatment name Application rates
0% BC Simple rice straw biochar
e 0.40% BC Simple rice straw biochar
0% BF Fungal-inoculated biochar
T 0.40% BF Fungal-inoculated biochar
0% BB Bacterial-inoculated biochar
™ 0.40% BB Bacterial-inoculated biochar
0% BF + N120 Fungal-inoculated biochar + nitrogen (120 kg ha™)
™ 0.40% BF + N120 Fungal-inoculated biochar + nitrogen (120 kg ha™)
0% BB + N120 Bacterial-inoculated biochar + nitrogen (120 kg ha™)
T 0.40% BB + N120 Bacterial-inoculated biochar + nitrogen (120 kg ha™)

Frontiers in Plant Science
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2.6 Microbial and chemical properties of
post-harvest soil

Post-harvest soil was analyzed for changes in chemical
properties and microbial populations. Rhizosphere soil samples
were subjected to total genomic DNA extraction using a TGuide
S96 Magnetic Sol/Stool DNA Kit. DNA quality and quantity were
determined by gel electrophoresis and NanoDrop
spectrophotometry. The V3-V4 hypervariable region of the
bacterial 16S rRNA gene was ampli ed using the primer pair
338F (5 ACTCCTACGGGAGGCAGCA3 ) and 806R (5
GGACTACHVGGGTWTCTAAT-3), which were modi ed with
lllumina index sequences. Both 16S primers were tagged with
unique lllumina barcodes for deep sequencing. The PCR
reactions were conducted under speci ¢ conditions, and the
ampli ed DNA fragments (amplicons) were puri ed and
quanti ed before being sequenced using paired-end sequencing
technology on an lllumina NovaSeq6000 platform. The details
about the analysis for the chemical properties of post-harvest soil
are presented in Supplementary Information Section 3.

2.7 Changes in relative water content, leaf
water potential, and membrane stability
index

The relative water content (RWC) of the leaves was measured
using the gravimetric method as described by Barrs and Weatherley
(1962). Leaf water potential (Yw) was determined using Psypro
Water Potential Measurement System and was reported ( MPa),
while the membrane stability index (MSI) was estimated following
the protocol described by Sairam et al. (1997). Additional
information is provided in Supplementary Information Section 4.

2.8 Photosynthetic performance

During full shine from 10:00 a.m. to 2:00 p.m., we measured the
amount of chlorophyll by using SPAD meter (SPAD-502 from
Minolta Co., Ltd., Japan). One plant per replication was randomly
selected, and the SPAD values of three fully mature leaves were
measured from top to bottom. To assess photosynthetic
performance, including chlorophyll uorescence (Fv/Fm), non-
photochemical quenching (NPQ), photochemical quenching
coef cient (qP), and photosystem 1l excitation pressure (1-gP), a
portable DUAL-PAM-100: P700 & Chlorophyll Fluorescence
instrument was used. The photosynthetic parameters were
measured after dark adaptation of the leaves for 30 min, with
measurements conducted under controlled light conditions (7,500

mol (photon) m™2 s for a duration of 0.7 s).

2.9 External morphology of the leaves by
scanning electron microscopy

Based on the morphological ndings, we selected rice leaves
treated with biochar BC, BF, BB, BF + N120, and BB + N120 for
further analysis using scanning electron microscopy (SEM). For
each chosen treatment, we took three small, equal-sized samples (1
mm?) from the middle sections of the leaves. The samples were
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rinsed with distilled water before being examined under an electron
microscope. To preserve the samples, they were immersed in 4%
glutaraldehyde solution buffered with 0.2 M sodium phosphate (pH
6.8) for 6 h at 4 C. After xation, the samples were rinsed four
times with a solution of 0.1 M sodium phosphate buffer, still
maintaining a pH of 6.8. Following the rinses, the samples were
washed with a series of diluted ethanol solutions. The samples were
washed twice with isoamyl acetate before being freeze-dried. Small
sections of the leaf samples were adhered to stubs using a double-
sided tape. Then, the samples were coated with a thin layer of gold
by using a sputtering machine, lon Sputter Coater (J20) (Khan et al.,
2021; Kong et al., 2013). Finally, we examined the external features
(morphology) of leaves by using a scanning electron microscope
(SEM) Verios G4 UC, Thermo Fisher Scienti c, Inc. (USA), and the
areas of stomatal pore width (st.p.W) were determined by using the
software Image J.

2.10 Determination of malondialdehyde,
antioxidant enzymes, and osmotic
substances

The amount of malondialdehyde (MDA) in the samples was
measured following a previously described procedure by Heath and
Packer (1968). The activities of antioxidant enzymes SOD, POD,
and CAT were measured by following the protocols reported by
Chance and Maehly (1955); Kono (1978); Aebi (1984). The nal
results for all enzyme activities were expressed in units (U g * FW).

Proline content was determined using the method described by
Bates et al. (1973). Approximately 300 mg of fully expanded
functional leaf tissue was homogenized in 10 mL of 3% (w/v)
aqueous sulfosalicylic acid and Itered. Then, 2 mL each of
ninhydrin acid and glacial acetic acid were added to 2 mL of the

Itrate, and the mixture was heated for 60 min. The absorbance of
the toluene layer was measured at 520 nm using a
spectrophotometer. Proline content was computed using
spectromax and expressed as mg g * fresh weight.

Total soluble sugar (TSS) content was analyzed using glucose as
a standard (Bates et al., 1973). Soluble sugar content was measured
as mg g * FW, using Spectromax.

2.11 Determination of Na* and K* in leaves

Before measuring the sodium (Na*) and potassium (K*) levels in
the leaves, the leaves were washed with ddH,O to remove any salt
particle adhering to the surface of the leaves. The washed leaves were
gently dried with tissue paper and then placed in an oven at 80 C
until completely dehydrated. The dried leaves were ground using a
mechanical grinder (Retsch MM 400). A 0.1-g sample of the ground
material was transferred to a 50-mL glass tube, followed by the
addition of 0.2 mL of ddH,O and 5 mL of concentrated H,SO,. For
further analysis, the samples were placed in a digestion instrument
(LWY84B, Siping Institute of Electronics Technique, Siping, China).
After 1.5 h of digestion, the samples were supplemented with 0.2 mL
of 30% H,0, and mixed for 30 min. The digestion tubes were then
returned to the digestion unit and heated until the appearance of
white fumes, indicating completion of the digestion process. Once the
white smoke indicating complete digestion appeared, the samples

frontiersin.org


https://doi.org/10.3389/fpls.2026.1751156
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abbas et al.

were carefully removed from the digestion instrument and allowed to
cool. To make a 50-mL solution, ddH,O was added in glass tubes. To
measure Na“ and K*, a ame photometer (INESA, FP 640) was set
with the standard curve according to the manufacturer. Leaf Na* and
K" concentrations were determined using a calculation method
described by Khan et al. (2024).

2.12 Statistical analysis

Statistical analyses were conducted using SPSS software version
8.1. Data were presented as means — standard deviation (n = 3).
Two-way and three-way ANOVAs, followed by LSD tests (p < 0.05),
were used to compare the treatment effects. Pearson correlation
analysis was performed using R software version 4.4.1. The

10.3389/fpls.2026.1751156

correlation plot was constructed using various R packages,
including corrplot, extrafont, viridis, dplyr, stats, ggplot2,
corrplot, metan, and RColorBrewer.

3 Results

3.1 Characterization of biochar and
microbial-loaded biochar

The SEM images showed that biochar has a rough and porous
surface (Figure 1A), while microbial-loaded biochar was porous.
This rough and porous surface might help the microbes stick and
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grow on the biochar. Many bacterial and fungal cells stick well to
the biochar surface, either scattered out or clumped together
(Figures 1B, C).

Moreover, the EDS analysis showed that C and O were the main
elements found in all kinds of biochar. Na* was not detected in
these three kinds of biochar, whereas K* was found in simple
biochar (BC) and biochar modi ed by microbes, while biochar
inoculated with Mycobacterium sp. has the most K™ (0.56 wt.%)
than the others (Figures 1J-L). Furthermore, the EDS analysis also
showed that other elements like N, O, S, and Mg were also found to
be highest in bacterial-inoculated biochar (BB) than simple biochar
BC. To better understand how the special molecules (functional
groups) on biochar interact with Mycobacterium and Penicillium
was analyzed by using FTIR spectroscopy (Figures 1D-F). Strong
peaks were observed at 3,431.457, 3,422.947, and 3,423.661 in BC,
BF, and BB, respectively. The second strongest and wide peaks were
observed at 1,617.583, 1,629.550, and 1,619.497, respectively, in BC,
BF, and BB. It needs to be emphasized that although all biochars
(with and without immobilization) exhibited similar peaks, the
structures were also not very different.

Different crystal structures can in uence the properties of the
biochar, which is important for its various applications. The X-ray
diffraction patterns of rice straw biochar (BC), fungal biochar (BF),
and bacterial biochar (BB) are presented in Figures 1G—I. The X-ray
diffraction patterns of all three kinds of biochar (BC, BF, and BB)
show a broad peak between 15 and 30 on the 2 theta (2q) scale.
This peak is assigned to the re ection of amorphous carbon,
indicating that all kinds of biochar possess a disordered structure
with randomly oriented aromatic carbon sheets. The XRD analysis
of the bacterial biochar revealed the formation of a diverse range of
mineral crystals and other inorganic materials, as evidenced by the
appearance of new, narrower peaks within the 2q range of 15 —40
and 40 —-60 (Figure 11). The X-ray diffraction pattern revealed
some additional small peaks, and due to the overlapping nature of
some minor peaks in the X-ray diffraction pattern, a qualitative
approach was adopted for analysis. The XRD analysis of bacterial
biochar revealed a prominent peak at 28 , indicating the presence of

uorite. Additionally, smaller peaks at 31 and 35 were attributed
to gibbsite and pyrophylite. The XRD analysis of microbial biochars
(BF and BB) demonstrated a diverse range of mineral components,
including aluminum, carbon, silicon, calcium, magnesium,
potassium, iron, and sulfur.

3.2 Aliveness of free microbes and the BF/
BB immobilized microbes in saline soil

The experimental results revealed a declining trend in free
microbial populations, while immobilized microbial populations
(BF/BB) exhibited a signi cant initial reduction in viable cell
numbers within the rst 10 days, thereafter transitioning to a
phase of stable growth (Figure 2F). Overall, the microbes
immobilized on biochar (BF and BB) exhibited greater survival
rates in salt-contaminated soil compared to free-living cells.
Notably, the density of viable cells followed the order: BB > BF >
Mycobacterium > Penicillium. These results proved that our rst
hypothesis is correct.
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3.3 Effect of microbial biochar on the
chemical properties of post-harvest soil

The soil pH of saline soils is a direct indication of nutrient
availability and crop growth. Overall, soil pH was increased by
salinity and simple biochar (BC) compared to pre-experimental soil
values. However, under saline conditions, a decrease in soil pH, by
23%, was reported in the BB + N120 treatment compared to the BC
treatment. Additionally, a decrease in soil pH, by 20%, was also
reported in the BF + N120 treatment compared to the BC treatment
under saline conditions (Figure 2A). Salinity negatively affects soil
OM, while all types of biochar (BC, BF, and BB) and N have positive
effects on soil OM. However, BB + N120 and BF + N120 increased
OM by 40% and 30%, respectively, compared to the BC treatment
under saline conditions (Figure 2B).

As expected, application of saline water enhanced the soluble Na* in
soil as compared to non-saline conditions in the case of both varieties.
However, BB + N120 decreased Na* by 66%; similarly, BF + N120
decreased Na* by 53% compared to the BC treatment under saline
conditions (Figure 2C). In contrast to soluble Na*, salinity has negative
effects on soluble K* in soil. However, the soil soluble K™ content was
increased by 440% and 252% in BB + N120 and BF + N120 than the
lone application of BC under saline conditions (Figure 2D).

Compared with initial soil, the addition of biochar, microbial
biochar (BF and BB), combined with N fertilizer resulted in elevated
NH,*-N concentrations in both non-saline and saline conditions
(Figure 2E). In contrast, salinity has negative effects on NH,"™—N.
However, BB + N120 and BF + N120 increased NH, "N by 113%
and 93%, respectively, compared to BC treatment under
saline conditions.

3.4 Relative abundance of bacterial and
fungal communities in saline conditions

Although salinity has negative effects on the biological properties
of soil, compared to simple biochar (BC), microbial modi ed biochar
(BF and BB) combined with N enhanced bacterial and fungal
abundance in the rhizosphere saline soil of paddy elds
(Supplementary Figures 1A, B). There were some large changes
in the composition of bacterial and fungal communities
(Figures 3A-D). A high relative abundance of three ecologically
bene cial phyla of bacteria and one phylum of fungi Nitrospirota,
Actinobacteriota and Acidobacterota and Ascomycota (fungi),
respectively, was reported in the BB + N120 treatment. Both
pollution-removal bacteria (Desulfobacterota) and salt-resistant
bacteria (Actinobacteriota) were present in high concentrations in
the microbial-biochar-treated soil (Figure 3C). Our analysis of the
bacterial communities across all soil samples revealed Proteobacteria,
Actinobacteriota, and Chloro exi as the dominant phyla, and
Proteobacteria emerged as the most abundant phylum in the
ternary phase diagram (Supplementary Figure 2).

3.5 Effect of microbial biochar and N on
MDA and antioxidant enzymes

Salt stress and the application of modi ed biochar signi cantly
in uenced malondialdehyde (MDA) concentrations within the
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FIGURE 2

Synergistic effect of microbial-inoculated biochar and N fertilizer on the chemical properties of soil for both cultivars (A) pH of soil, (B) organic
matter of soil, (C) soluble Na* in soil, (D) soluble K* in soil, (E) NH,*—N content in soil, (F) survival dynamics of free Mycobacterium, free Penicillium,
mixed bacteria-loaded biochar (BB), and Penicillium-inoculated biochar (BF) in salt-contaminated soil. BC, simple biochar; BF, fungal biochar; BB,
bacterial biochar; BF + N, fungal biochar and nitrogen; BB + N, bacterial biochar and nitrogen. The means that have the same letter do not differ
substantially at p > 0.05 for a parameter. *, signi cantat p 0.05; ns, non-signi cant (p > 0.05); T, treatment; S, salt; V, variety.

leaves of the two investigated rice cultivars (Figure 4A). Notably,
both rice varieties exhibited elevated MDA levels under saline
conditions compared to the non-saline conditions. Under salt
stress, SLY138 and JLY534 showed lesser MDA content in the BB
+ N120 treatment by 42% (1,490 nmol g * FW) and 40.18%
(1,771.62 nmol g * FW), respectively, compared to BC treatment.
Furthermore, JLY534 showed a higher MDA activity than SLY138
in the BC treatment under saline conditions. Notably, the
synergistic effect of microbial biochars (BF and BB) and N
fertilizer consistently demonstrated the strongest interactive effect,
enhancing overall antioxidant activity in both rice varieties. There
are signi cant variations between treatments in the activities of
antioxidant enzymes, including superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) within the leaves of both
rice cultivars under saline conditions (Figures 4B-D). SOD, POD,
and CAT activities were increased in the BB + N120 treatment for
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SLY138 and JLY534 by 50%, 68%, and 64.5% and 52.4%, 68.33%,
and 57%, respectively, compared to the BC treatment alone.
Notably, SLY138 displayed a superior antioxidant response than
JLY534 under saline conditions, as evidenced by elevated levels of
key antioxidant enzymes catalase (CAT), peroxidase (POD), and
superoxide dismutase (SOD).

3.6 Changes in osmotic substances

Proline and total soluble sugars (TSS) are key osmotic
substances actively involved in rice osmoregulation under
stressful conditions. However, proline content was enhanced in
the BB + N120 treatment by 120% and 114% in SLY138 and
JLY534, respectively, compared to the BC treatment (Figure 4E).
Similarly, TSS was also higher by 168% in BB + N120 for SLY138
and 127% for JLY534 compared to the BC treatment (Figure 4E).
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