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Abstract

Objective: Soil salinity is a major environmental constraint that significantly
influences plant growth and productivity. Application of carbon-rich materials
and rhizobacteria may reduce the negative impacts of environmental stresses
such as soil salinity on plants. Thus, this research aimed to investigate the
possible roles of solid and enriched biochars with Pseudomonas putida RS-
198 and Azotobacter chroococcum RS-106 on the physiological performance
and grain yield of oilseed rape under salinity.

Methods: A factorial experiment with randomized complete block design in
three replicates was laid out in a greenhouse at the University of Tabriz, Iran,
to find out the effects of solid biochar (30 g biochar per 1 kg soil) and enriched
biochars with Pseudomonas putida (100 ml bacteria in 1 kg™ of biochar),
Azotobacter chroococcum (100 ml bacteria in 1 kg* of biochar), and P. putida
+ A. chroococcum (50 ml P. putida + 50 ml A. chroococcum in 1 kg? of
biochar) on nutrient uptake, osmotic adjustment, photosynthetic activity, and
yield components of oilseed rape plants under salt stress (0, 6, and 12 dS m*
NaCl; as non-saline, and moderate and high salinities, respectively).

Results: The Na* uptake and osmolytes were enhanced, but the K* uptake,
Ca? and Mg?* contents, leaf water content, photosynthetic activity, plant
growth, grain yield, and yield components were decreased with increasing salt
stress. The biochar-related treatments reduced the negative impacts of salt
stress by decreasing Na* uptake and increasing nutrients and water contents,
soluble sugars, leaf pigments, plant biomass, seeds per plant, and grain yield,
particularly under high salinity. In addition, the combination of biochar and P.
putida + A. chroococcum was the superior treatment in enhancing pods per
plant of oilseed rape.

Conclusion: The integrated application of biochar and rhizobacteria could be
a new method worthy of consideration for improving plant growth and
productivity in saline soils.
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Introduction
Crop production relies on fertile soils and a stable environment. Therefore, any undesirable factor
that disrupts the sustainability of the environment can restrict agricultural production (Ghassemi-
Golezani and Mousavi 2022). Numerous environmental challenges, including salt stress, may limit
plant growth and survival (Tanveer and Shah 2017; Ghassemi-Golezani and Abdoli 2021). The
occurrence of elevated levels of toxic ions (especially Na* and CI) in saline soils has multifaceted
effects on plant physiology, biochemistry, and morphology, threatening the sustainability and
productivity of agricultural systems (Arif et al. 2020; Abdoli and Ghassemi-Golezani 2025). Salt
stress is specified by detrimental impacts on plant growth, productivity, and quality, which are
strongly associated with decline in osmotic potential of soil in the rhizosphere, ionic toxicity,
nutritional imbalance, oxidative stress, or a combination of these factors (Farouk et al. 2020; Ayuso-
Calles et al. 2021). Salt stress is initially realized by the root system and impairs root growth
(Ghassemi-Golezani and Abdoli 2023) by reducing water availability, ionic toxicity, and nutrient
imbalances in the cells. Excessive toxic ions also appear as reactive oxygen species (ROS)-mediated
oxidative stress (Abdoli and Ghassemi-Golezani 2021). Salt stress lowers the water potential of the
soil in the vicinity of roots, causing an osmotic stress, which elevates the energy required for water
and nutrient uptake. Many plants can maintain an osmotic equilibrium and water uptake by synthesis
of compatible solutes such as proline, glycine betaine, soluble proteins, and sugars (Abdoli et al.
2020) to overcome osmotic stress caused by salinity. Increasing ionic and oxidative stresses in plants
under salinity can reduce chlorophyll and other leaf pigments (Abdoli and Ghassemi-Golezani 2021).
Salinity has been shown to reduce Rubisco activity, photosynthesis rate, gas exchanges, and
metabolism of stressed plants (Ghassemi-Golezani and Farhadi 2021). Salinity negatively affects
chlorophyll synthesis and accelerates its degradation through enhancing ethylene production and
chlorophyllase activity (Jamil et al. 2007). Disturbances of photosynthesis under salinity may also be
related to the restricted electron transport through PSII and/or with structural injuries to PSII (Kan et
al. 2017). Stomatal closure under saline conditions reduces the ratio of CO2/O> and disrupts electron
transport, leading to an unbalanced ATP/NADPH ratio (Lokhande et al. 2011a, b) that limits plant
growth (Ghassemi-Golezani and Abdoli 2024).

Several economic and environmentally friendly ameliorative approaches have been established
to combat the toxic impacts of salinity on plants. A constructive strategy to reduce the destructive
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effects of salt stress on plants might be amending the soil with biochar (Solhi-Khajehmarjan et al.
2025). Biochar is a solid carbon-rich material, which is mainly manufactured from organic waste
residuals under high temperature and low oxygen conditions (Busch and Glaser 2015). The recent
progress in carbon-based technology in mitigating salt toxicity and improving plant tolerance
indicates great ameliorative effects of biochar on salt-affected plants through improving soil
properties (Amini et al. 2016), increasing relative photosynthetic electron transport rate,
photosynthetic pigments, maximum quantum yield of photosystem II, and decreasing sodium
accumulation and ROS generation (Ghassemi-Golezani et al. 2021). Addition of biochar to the soil
noticeably enhances soil pH, respiration, microbial metabolism, nutrient availability (Wu et al. 2020),
water holding (Adhikari et al. 2023), and cation exchange capacities (Simansky et al. 2018). Adding
biochar to the soil can also improve root growth, that in turn modifies soil structure and promotes
plant growth. Increasing plant nutrient absorption capacity is a key aspect of these improvements
(Ghassemi-Golezani and Abdoli 2023).

Another efficient approach to improve the growth and productivity of stressed plants is
inoculation with plant growth-promoting rhizobacteria (PGPR) (Arkhipova et al. 2020). The plant’s
roots may act as a niche for the multiplication of specific species of rhizosphere bacteria in the soil,
inculcating the suitable growth of plants, especially under adverse conditions. Numerous studies have
illustrated the beneficial effects of rhizobacteria on plant growth under high saline conditions with
detailed emphasis on nutrient acquisition, root growth, and potential roles in conferring salt tolerance
by releasing acids, proteins, hormones, antibiotics, and other chemicals (Gupta and Pandey 2019),
revealing that rhizosphere engineering with PGPR has a wide-ranging benefits in improving plant
tolerance against environmental stresses as well as developing eco-friendly sustainable agriculture.
Utilization of rhizobacteria enhances nutrient accessibility, antioxidant potential, photosynthetic
activities, and osmo-protectants, leading to an improvement in plant growth (Ansari et al. 2019; Abdel
Latef et al. 2020). According to Zhang et al. (2008), inoculation with PGPR downregulates HKT1
expression in roots, but upregulates it in the shoots, resulting in lower Na* uptake and translocation
under salt conditions. Banaei-Asl et al. (2015) found that increased salt tolerance of oilseed rape by
bacterial inoculation is associated with proteins for energy metabolism and division of root cells.
Inoculation with PGPR containing ACC deaminase significantly increases the growth of salt-affected
plants (Bal et al. 2013). Mayak et al. (2004) reported that a decrement in ethylene content by ACC-
producing Achromobacter piechaudii under salinity led to a 66% increment in the growth of tomato
seedlings under stress. Nia et al. (2012) and Ramadoss et al. (2013) also showed that inoculation with

saline-adapted rhizobacteria resulted in increased salinity tolerance and higher growth and grain
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productivity of wheat plants. The ameliorative effects of rhizosphere bacteria and carbon-rich
materials in mitigating the toxic impacts of salinity might be considered as potential tools and
approaches for improving the production of major crops such as oilseed rape (Brassica napus L.)
under saline conditions.

Oilseed rape, as an important oilseed crop (Song et al. 2020), is moderately salt-tolerant (Ashraf
and McNeilly 2004). Cultivation of this plant has increased tremendously for its various critical
economic uses such as human food, animal fodder, and fuel. Understanding the mechanism of biochar
inoculation with rhizobacteria on plant growth and tolerance can contribute toward the long-term goal
of improving plant-bacteria—biochar triple interactions for saline soils. As a strategic crop, the
changes in plant growth and reproductive characteristics of oilseed rape in response to biochar
inoculated with rhizobacteria have not been documented so far. Hence, this research was conducted
to scrutiny the possible roles of biochar inoculation with Pseudomonas putida RS-198 and
Azotobacter chroococcum RS-106 on nutrient uptake, photosynthetic pigments, osmolytes, plant
growth, and yield related traits of oilseed rape under various salinity levels.

Materials and Methods

Soil and biochar characteristics

The peach (Prunus persica L. Batsch) residues were used to produce biochar by pyrolysis under
anoxic conditions at about 560 °C (Qian et al. 2013). The method of Carter and Gregorich (2008)
was applied to analyze the soil and biochar samples. An elemental analyzer (Elementar group, Hanau,
Germany) was used to assay the carbon, hydrogen, nitrogen, and oxygen contents of soil and biochar.
Other nutrients were measured by a flame photometer (Corning flame photometer, 410). The pH and
CEC of soil and biochar were analyzed by a pH meter (Model: HI 99121, Hanna Instrument, USA)
and the ammonium acetate method (Chapman 1965), respectively. The soil and biochar properties

are listed in Table 1.

Experimental conditions and treatments

A greenhouse experiment as factorial based on randomized complete block design with three
replicates was conducted at the University of Tabriz, to evaluate the possible roles of the combination
of biochar and rhizobacteria on physiological and yield components of salt-exposed oilseed rape
plants. The bacterial strains (108 cfu mL™) were obtained from the Soil and Water Research Institute,
Karaj, Iran. In the first step, salt-tolerant strains of Pseudomonas putida RS-198 and Azotobacter

chroococcum RS-106 were mixed with biochar (100 mL bacteria in 1 kg™* of biochar) individually
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Table 1. Some physical and chemical properties of the experimental soil and biochar.

Soil Biochar

Texture Silty loam pH 7.8

pH 6.3 C (%) 52.6

EC (dS m) 1.95 N (%) 0.61
Organic carbon (g kg?) 9.8 H (%) 1.9
K (mg kg?) 120.1 O (%) 26.2
Ca (mg kg?) 73.6 mg kg* Na (mg kg™) 3.04
Mg (mg kg™l) 82.8 mg kg K (mg kg1 4380
Total N (%) 1.1% Ca (mg kg™) 2600

P (mg kg?) 42.7 mg kg Mg (mg kg) 102
CEC (cmol kg™?) 19.8 cmol kg P (mg kg?) 5180
S (mg kgt 4840

CEC (cmol kg?) 24.6

CEC: Cation exchange capacity, EC: Electrical conductivity.

and/or in combined form. Treatments were salinity levels (0, 6, and 12 dS m™ NaCl; as non-saline,
moderate, and high salinities, respectively) and soil amendments (NB: non-biochar, B: biochar, BP:
combination of biochar and P. putida RS-198, BA: combination of biochar and A. chroococcum RS-
106, and BPA: combination of biochar and P. putida RS-198 + A. chroococcum RS-106). In this
experiment, 50 plastic pots (20 x 20 cm), each filled with 3 kg untreated and treated soil (30 g biochar
per 1 kg soil) were used. All of the pots were placed in a glass greenhouse with day and night
temperatures of 28 and 23 °C, respectively, 146 W m light intensity, 33-40% relative humidity, and
about 13 h photoperiod. 45 pots were considered for sowing, and 5 pots were kept unsown for
measuring the water loss of the pots. 10 seeds of Brassica napus (cv. Delgan) were then sown at a
depth of 1 cm from the soil surface of each pot and instantly irrigated with tap water and saline
solutions up to field capacity (FC) according to the treatments. Specific amounts of sodium chloride
were dissolved in tap water (pH of 7.2 and EC of 0.6 dS m™), and then saline solutions were uniformly
added to the pots until the electrical conductivity of leaked water from the pots reached the intended

EC (6 and 12 dS m™ NaCl). The established seedlings were thinned to keep four plants per pot.

lons analysis
At early flowering, two plants from each pot were harvested, and the nutrient content of the plants

was measured. A flame photometer (Corning flame photometer, 410) was used to measure the ion
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contents in plant tissues. Initially, the dried plant samples were burned in an electric furnace at 560
°C for 7 h. Subsequently, the resulting ashes were digested in 10 mL of 1 N hydrochloric acid at 25
°C for 24 h, and the sodium, potassium, calcium, and magnesium contents in the digested samples
were then measured as mg g* dry weight. Subsequently, the Na* and K* uptakes by the roots were

calculated as the ratio of plant Na™ and K* contents per root dry weight.

Osmolytes

Oilseed rape leaf and root samples were homogenized in 3% sulfosalicylic acid, and then 1 mL of
ninhydrin and 1 mL of glacial acetic acid were added to 1.5 mL of the extracted sample. Proline
content was determined with a calibration curve of pure proline and expressed as mg g* fresh weight
(FW) (Bates et al. 1973). Glycine betaine content of roots and leaves was estimated according to
Grieve and Grattan (1983). A sample of 500 mg of leaves and roots was ground in liquid nitrogen (-
80 °C) and mixed with a toluene-water mixture (0.05% toluene) in a plastic tube, and then shaken for
24 h at 25 °C. Afterwards, 0.5 ml of each sample was added to 1 ml of 2 N hydrochloric acid and 0.1
ml of potassium tri-iodide solution and it was again shaken in an ice-cold water container for 90 min.
The upper layer was removed, and the absorbance was recorded at 365 nm. The phenol sulfuric acid

test (Kochert 1978) was undertaken to determine soluble carbohydrate content as mg g FW.

Leaf and root water contents
Leaves and roots of a plant from each pot were cut and separately weighed (FW). These samples were
then dried at 75 °C for 48 h and reweighed (DW). The root and leaf water contents (RWC and LWC,
respectively) were calculated as:

WC = ((FW — DW)/FW)) x 100

Leaf pigments and chlorophyll fluorescence

Fresh leaf samples were cut and homogenized in 10 ml of 80% acetone for 24 h. Each sample was
then centrifuged at 10,000 g for 5 min. The absorbance of supernatant was read at 663, 645, and 470
nm, to quantify chlorophylls a, b, and carotenoid content, respectively (Arnon 1949). A fresh leaf
sample (1 g) was homogenized in the 3 ml extraction mixture (methanol 2.37 ml: distilled water 0.6
ml: HCI 0.03 ml). After centrifugation at 12,000 g and 4 °C for 20 min, the absorbance was read at
550 nm for anthocyanin measurement. The maximum quantum yield of photosystem Il was recorded
by a portable fluorometer (OS-30, OPTISCIENCES, USA).



The combination of biochar and rhizobacteria improved leaf pigments and growth of oilseed rape... 85

Plant biomass, yield, and yield components

At maturity, two remaining plants from each pot were removed, and the shoots were separated by
cutting from the crown. Subsequently, the shoot samples were weighed after drying at 75 °C for 48 h.
The seeds of the plants from each pot were separated, and the number of pods (siliques) per plant,
seeds per plant, 1000-seed weight, and grain yield per plant were calculated. Eventually, the plant

biomass was determined.

Statistical analysis

According to the experimental design, a two-way analysis of variance was carried out by the MSTAT-
C software. Comparison of means was carried out by Duncan multiple range test at p < 0.05 and
presented as mean = standard error. All figures were drawn using Excel 2019.

Results

Cations contents

Significant interaction of salt toxicity and biochar-based rhizobacteria was observed for Na*, K™,
Ca?*, and Mg?" content of the oilseed rape tissues (p < 0.01). In general, rising salinity increased Na*
content and decreased K*, Ca?*, and Mg?* content. Under non-saline conditions, the biochar-related
treatments had no significant effects on Na*, Ca?*, and Mg?* content. Whereas, the biochar with
bacteria treatments, particularly the BP and BPA treatments, remarkably reduced the Na* content and

enhanced the K*, Ca?*, and Mg?* content under saline conditions (Table 2).

The Na* and K* uptake

The interaction of salinity x biochar-related treatments for Na* and K* uptakes and K*/Na* ratio was
also significant (p < 0.01). The Na*" uptake was augmented, but the K* uptake and K*/Na"* ratio were
diminished as a result of salinity increment (Figure 1a-c). The biochar-related treatments reduced Na*
uptake of the salt-stressed plants, especially under 12 dS m™ NaCl. This reduction in Na* uptake was
about 56% and 59% by plants grown under the BP and BPA treatments, respectively (Figure 1a).
However, the superiority of biochar-related treatments in enhancing K* uptake and K*/Na* uptake
ratio was more evident under moderate salinity (6 dS m™ NacCl). No significant differences in K*
uptake of the enriched-biochar treated plants under moderate and high salinities and in the K*/Na*
ratio under high salinity were observed (Figure 1b-c).
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Table 2. Changes in Na*, K*, Ca?*, and Mg?* content (mg g* DW) of oilseed rape plant tissues affected by
biochar and biochar-based rhizobacteria under different levels of NaCl salinity.

Soil

Salinity treatment Na* K* Ca?* Mg?*
NB 6.06 £ 0.30h 35.23 £ 0.92b 13.86 £ 0.68a 11.36 £ 0.68a
B 6.15 +0.22h 3742+048a  1440+0.83a 11.58+0.73a
Non-saline BP 6.01£0.37h 37.33+0.99% 14.13 £0.28a 11.75+£0.13a
BA 597 +0.44h  36.83+0.21ab  13.94+0.18a  11.55+0.26a
BPA 6.04 £ 0.22h 38.10 £ 0.44a 14.09 £ 0.16a 11.61 £0.16a
NB 16.83 £ 0.52d 19.50 £ 0.74f 8.10 + 0.14cd 7.06 £0.12cd
B 1426 £0.19e  25.33+0.13e 9.35 +0.61c 7.36 +£0.38¢c
6 dS m? BP 9.90 £ 0.70g 29.27 £ 0.16d 11.11 £ 0.40b 9.32+0.13b
BA 12.78 £0.39f  28.87 £ 0.78d 9.42 +0.30c 9.26 + 0.16b
BPA 8.67 £ 0.52¢g 31.82 £0.19c 10.81 £ 0.91b 9.41+0.37b
NB 3260+0.44a  10.52 + 0.47] 4.50 + 0.59f 4.05 + 0.20f
B 26.68 £ 0.10b 13.30 + 0.40i 6.36 £ 0.33e 5.03 + 0.41ef
12dSm? BP 2080+0.82c  15.68+0.60gh  8.06 £0.72cd  6.09 + 0.41de
BA 25.49 +0.39b 14.85 £ 0.72hi 7.79 £0.37d 5.10 £ 0.48ef
BPA 2005+0.71c  17.24+0.72g  8.03+0.19cd  6.84 +0.29cd
Source of variation df Mean squares
Replication 2 0.003" 0.168" 3.095" 1.154"
Salinity (S) 2 1412.38™ 1934.87™ 193.65™ 141.59™
Soil treatment (ST) 4 69.903™ 68.686™" 7.535™ 4.995™
SxST 8 19.898™ 11.275™ 2.076™ 1.291*
Error 28 0.700 1.123 0.615 0.377

Data represent the average of three replicates + standard error; ns, *, **: Not significant and significant at p <0.05 and
p <0.01, respectively; Different letters in each column indicate significant difference at p < 0.05, based on Duncan’s
multiple range test; B: Biochar, BA: Biochar-based Azotobacter chroococcum RS-106, BP: Biochar-based
Pseudomonas putida RS-198, BPA: Biochar-based Pseudomonas putida RS-198 + Azotobacter chroococcum RS-106,
NB: Non-biochar.

Osmolytes and water content of roots and leaves

The interaction of salinity x biochar-inoculated bacteria was significant for osmolytes and water
content of the oilseed rape roots and leaves. The soluble sugars, glycine betaine, and proline content
were increased, but the water content of roots and leaves was decreased with the increment of salinity
(Figure 2). The biochar-related treatments had no significant effect on root and leaf osmolytes and
water content under non-saline conditions. In contrast, the combination of biochar and bacteria
considerably reduced proline and glycine betaine content and enhanced soluble sugars and water

contents of roots and leaves under saline conditions. The combination of biochar and rhizobacteria
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Figure 2. Changes in osmolytes and water content of oilseed rape roots and leaves in response to biochar-based

rhizobacteria under different levels of salinity; Data represent the average of three replicates + standard error;
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increased the soluble sugars of roots and leaves, especially under high salinity. Maximum soluble
sugars and minimum glycine betaine and proline contents were recorded for the combination of
biochar and both bacteria under saline conditions. The bacteria-related treatments resulted in
statistically similar root and leaf glycine betaine under moderate salinity, and water content of the
roots and leaves under moderate and high salinities, except for BPA under high salinity, which was
significantly higher than other bacteria-related treatments. In general, soluble sugars, glycine betaine,
and proline content of the oilseed rape leaves were greater than those of in the roots, but root water

content was greater than leaf water content (Figure 2).

Leaf pigments and fluorescence

The interaction of salinity x biochar-related treatments was significant for chlorophylls a and b and
a/b ratio, carotenoids, anthocyanin, and the maximum quantum yield of photosystem II. Increasing
salt stress led to a decrease in chlorophylls a and b, carotenoids, and anthocyanin contents and
efficiency of photosystem II, and an increase in chlorophyll a/ chlorophyll b ratio (Table 3). The
biochar-related treatments did not influence these traits, except anthocyanin and efficiency of
photosystem 11, under non-saline conditions. The BP and BPA similarly increased chlorophyll a and
anthocyanin contents under moderate salinity and chlorophyll b, chlorophyll a/chlorophyll b,
carotenoids, and maximum quantum yield of photosystem Il under moderate and high salinities,
except for carotenoids under the BP treatment and moderate salinity. Plants grown in biochar
inoculated with bacteria-related treatments showed statistically similar chlorophyll b, chlorophyll a/

chlorophyll b ratio, and carotenoids under high salinity (Table 3).

Plant growth and yield components

Significant interaction of salt stress and biochar treatments was found for plant biomass, seed number
per plant, and grain yield of oilseed rape (Table 4). An increment of salt stress led to a decrease in
plant growth and yield components. However, biochar + bacteria treatments, especially biochar-based
P. putida RS-198 + A. chroococcum RS-106, considerably enhanced these characteristics under all
salinity levels. The plant biomass, seeds per plant, and grain yield under non-saline conditions were
similarly affected by different bacteria-related treatments. Moreover, the BP and BPA treatments had
similar effects on plant biomass under high salinity. No significant differences between BP and BA
for seed number and grain yield under high salinity were recorded. The ombination of biochar and
both bacteria in comparison with non-biochar enhanced plant biomass, seeds per plant, and grain

yield of oilseed rape by 75%, 94%, and 98% under high salinity, respectively (Table 4).
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Table 3. Changes in leaf area (cm? plant?), leaf pigments (mg g** DW), and maximum quantum yield of photosystem 11

of oilseed rape affected by biochar and biochar-based rhizobacteria under different levels of NaCl salinity.

Maximum
Salinity Soil Chla Chib Chl &/Chl b Carotenoids Anthocyanin q;iﬂ;%;n
treatments ratio photosystem
1
NB 2.03+0.04a 1.26+0.02a 1.62 £ 0.06e 0.65 £ 0.08ab 0.065 £ 0.006d 0.78 £ 0.03bc
B 2.04+0.06a 1.27 £0.02a 1.61 +0.06e 0.68 £ 0.03a 0.070+£0.004b  0.75+0.03cd
Non-saline BP 2.08+0.02a 1.27+0.01a 1.64 +0.02de 0.66 £ 0.03ab 0.068 £ 0.005c 0.82 £ 0.01ab
BA 2.06 +0.04a 1.26 +0.02a 1.64 £ 0.06de 0.65 + 0.02ab 0.072+0.007a  0.83 +0.0lab
BPA 2.06 £0.02a 1.26 +0.02a 1.63 £ 0.03de 0.66 + 0.04ab 0.071+0.001ab  0.84 £0.0la
NB 1.39+0.05c 0.83%£0.04c 1.68+0.14cde 0.34 £ 0.02ef 0.038 + 0.004i 0.68 £ 0.03ef
B 176 £0.05b 1.03+0.07b  1.71 +0.09cde 0.43 £ 0.03de 0.048 + 0.004f 0.70 £ 0.01de
6 dS mt BP 197+0.09a 1.09+0.03b 1.81+0.06cde 0.53 +0.02cd 0.066 +0.003d  0.82 £ 0.02ab
BA 1.80+0.08b 1.11 +£0.02b 1.62 £0.07de 0.55 = 0.01bc 0.060 £ 0.004e  0.74 +0.02cd
BPA 2.05+£0.03a 1.05+0.03b 1.95 1 0.02bc 0.59 £ 0.04abc 0.065+0.003d 0.82 +0.0lab
NB 0.90 £0.07e  0.53+0.06f 1.74 +0.13cde 0.19 +£0.03g 0.025 + 0.003j 0.51 +0.04h
B 1.14+0.09d 0.60 £0.02ef 1.90 + 0.12bcd 0.21 £0.02g 0.038 + 0.002i 0.58 + 0.04g
12 dS mt BP 1.53+0.06c 0.73+0.03d 2.09 +£0.07ab 0.29 £ 0.01fg 0.045 + 0.002g 0.68 £ 0.02ef
BA 141 +0.04c 0.66+0.03de 2.16 £ 0.07ab 0.30 £ 0.03fg 0.040 £ 0.001h 0.64 +0.01f
BPA 1.71+£0.05b 0.74 £0.05cd 2.33%0.11a 0.40 £ 0.05ef 0.048 £ 0.004f 0.72 £0.01de
32%2;?0?: df Mean squares
Replication 2 0.055™ 0.004ns 0.023™ 0.004" 0.00002"™ 0.013™
Salinity (S) 2 1.958™ 1.428™ 0.681"" 0.549™ 0.00302"™" 0.127™
Soil - - - - o -
treatments 4 0.343 0.037 0.111 0.033 0.00112 0.031
(ST)
S xST 8 0.082*" 0.012™ 0.049" 0.010" 0.00001™ 0.003™
Error 28 0.007 0.003 0.021 0.004 0.00001 0.001

Data represent the average of three replicates + standard error; ns, *, **: Not significant and significant at p <0.05 and
p <0.01, respectively; Different letters in each column indicate significant difference at p < 0.05, based on Duncan’s

multiple range test; Chl a: Chlorophyll a, Chl b: Chlorophyll b;

B: Biochar, BA: Biochar-based Azotobacter

chroococcum RS-106, BP: Biochar-based Pseudomonas putida RS-198, BPA: Biochar-based Pseudomonas putida RS-
198 + Azotobacter chroococcum RS-106, NB: Non-biochar.

The pod number per plant was diminished by salinity. The plants grown under non-saline

conditions had the highest pods per plant, but the lowest pods were similarly achieved by plants grown

under moderate and high salinities (Figure 3a). the addition of biochar-related treatments to the soil
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enhanced pods per plant, with no significant difference between B and NB treatments. The BP, BA,
and BPA treatments similarly led to a significant increase in the pods per plant (Figure 3b). The 1000-
seed weight was declined by rising salinity levels of the soil. This decrement was about 6% and 21%

under 6 and 12 dS m* NaCl, respectively (Figure 4).

Table 4. Changes in plant biomass (g plant?), seeds per plant, and grain yield (g plant) of
oilseed rape affected by biochar and biochar-based rhizobacteria under different levels of

NaCl salinity.
Salinity Soil treatments  Plant biomass  Seeds per plant Grain yield
NB 9.97£0.12b 610.7 +29.1b 2.38 £ 0.05b
B 9.89 + 0.05b 606.7 + 14.4bc 2.41+0.03b
Non-saline BP 10.47 +0.25a  647.1+24.1ab 2.59 £ 0.09a
BA 10.46 £ 0.25a 661.5 +29.2a 2.57 £0.08a
BPA 10.55 + 0.20a 654.1 + 14.5a 2.61 £ 0.06a
NB 5.71 £0.25h 349.9 +£30.9h 1.30 £ 0.08g
B 7.01 £ 0.24f 443.2 +13.8g 1.65 £ 0.07ef
6 dS m BP 8.25+0.32d 569.4 + 22.5cd 2.12+0.07c
BA 7.37 £0.26e 484.4 + 17.1f 1.80 +0.08d
BPA 8.84 +£0.23c 634.4 £ 22.5ab 2.38+0.04b
NB 3.80 + 0.20j 281.3+22.7i 0.87 £ 0.07i
B 4.67 +0.22i 351.2 +31.8h 1.09 £ 0.10h
12 dS mt BP 6.47 +0.20g 516.6 + 31.2ef 1.64 £ 0.08ef
BA 5.94+£0.17h 496.9 + 12.0f 1.57 £ 0.07f
BPA 6.65 + 0.14g 545.9 + 35.3de 1.72 £ 0.07de
Source of variation df Mean squares
Replication 2 1.584™ 20563.69™ 0.183"
salinity (S) 2 86.08™ 154885.3™ 4.869"
Soil treatments (ST) 4 7.2147 59508.03™ 0.778™
SxST 8 0.983™ 9547.152™ 0.101™
Error 28 0.038 497.515 0.004

Data represent the average of three replicates + standard error; ns, *, **: Not significant and
significant at p < 0.05 and p < 0.01, respectively; Different letters in each column indicate
significant difference at p <0.05, based on Duncan’s multiple range test; B: Biochar, BA: Biochar-
based Azotobacter chroococcum RS-106, BP: Biochar-based Pseudomonas putida RS-198, BPA:
Biochar-based Pseudomonas putida RS-198 + Azotobacter chroococcum RS-106, NB: Non-
biochar.
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Figure 3. Changes in pods per plant of oilseed rape in response to salinity (a) and biochar-based rhizobacteria (b); Data
represents the average of three replicates + standard error; Different letters indicate significant difference at p < 0.05,
based on Duncan’s multiple range test; B: Biochar, BA: Biochar-based Azotobacter chroococcum RS-106, BP: Biochar-
based Pseudomonas putida RS-198, BPA: Biochar-based Pseudomonas putida RS-198 + Azotobacter chroococcum RS-
106, NB: Non-biochar.
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Figure 4. Changes in 1000-seed weight of oilseed rape in response to different levels of salinity; Data represent the
average of three replicates * standard error; Different letters indicate significant difference at p <0.05, based on Duncan’s
multiple range test.

Discussion

Utilizing biochar (Abd El-Mageed et al. 2020) and beneficial plant growth-promoting rhizobacteria
(Arkhipova et al. 2020) can be effective approaches to help plants withstand salt stress. The results
revealed that salinity negatively affects the photosynthetic pigments, water status, growth, and
productivity of oilseed rape plants, but application of biochar and especially biochar-based
rhizobacteria helped to minimize the damaging effect of salinity on physiological performance, plant
growth, and grain yield. Salt stress enhanced Na* uptake by root cells (Figure 1), while reducing K*,
Ca?*, and Mg?* concentrations in plant tissues (Table 2). This can be due to the changes in the soil
quality as a consequence of the salinity increment. Declining soil pH and cation exchange capacity
(Ghassemi-Golezani and Rahimzadeh 2024), as well as augmenting Na® concentration in soil
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solution, have pivotal roles in reducing the bioavailability of essential nutrients for plants under saline
conditions. Moreover, the disturbed ionic relations may result from the changes in gene transcription
coding different types of transporters and/or channels involved in regulating transmembrane fluxes
of Na* and K" in salt-subjected plants. Impaired Na* and K* homeostasis in plant tissues may be
attributed to differential expression of HKT transporters such as HKT1 and HKT2 (mostly for K*
exclusion) in roots under salinity (Rizk et al. 2021). Most likely, the improvement of soil properties
by the addition of biochar is related to high sodium sorption and cation exchange capacities of
biochar, leading to reduced exchangeable sodium percentage in soil (Luo et al. 2017). The superiority
of biochar in diminishing Na* uptake was enhanced by the combination with P. putida RS-198 and
A. chroococcum RS-106 (Figure 1), which might be due to rhizobacteria-mediated improvement in
soil quality, solubilities of nutrients, and root growth (Kapadia et al. 2021; Ghassemi-Golezani and
Abdoli 2023). Reducing the exchangeable sodium percentage in the soil by these treatments increased
the bioavailability and absorption capacity of essential nutrients in the rhizosphere, leading to
increased uptake and accumulation of K*, Ca?*, and Mg*" in plant tissues (Figure 1; Table 2).
Moreover, rhizobacteria can restrict Na* influx to the root cells by releasing some chemical
compounds. Kasotia et al. (2016) found that Pseudomonas sp. AK-1 was able to make Na*
inaccessible to plants by binding exopolysaccharides to free sodium in saline soils.

Increasing osmo-regulators such as soluble sugars, glycine betaine, and proline (Figure 2) is
an effective mechanism to protect plants from osmotic stress caused by salinity. High levels of sugars
can maintain membrane integrity and cell turgor and prevent water loss (Aziz et al. 2018). Some gene
expressions and enzyme activations could be effective in proline accumulation in response to salinity
(Guerzoni et al. 2014; Wang et al. 2015). It was also reported that proline, as an osmo-protectant,
was effective for protein stabilizer, inhibitor of lipid peroxidation, and scavenger of ROS (Trovato et
al. 2008). This can maintain photosynthetic pigments, enzyme activities, and membrane integrity
(Szabados and Savouré 2010; Surender Reddy et al. 2015). Glycine betaine removes excess ROS,
maintains Rubisco activity and oxygen-evolving complex of PSII (Ohnishi and Murata 2006), and
activates genes related to stress (Chen and Murata 2008; Khan et al. 2012). Despite a proline and
glycine betaine decrement, soluble sugar accumulation markedly increased in oilseed rape plants
grown under different biochar-related treatments, indicating the critical roles of soluble sugars in
osmo-adjusting of plants grown under these treatments in saline conditions, especially under high
salinity (Figure 2). Interestingly, the root and leaf water contents of plants grown under different
biochar + bacteria treatments were not accompanied by an increase of glycine betaine and proline

accumulations (Figure 2). The results revealed an increase in water absorption and maintenance of
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water dynamics under salt stress by plants grown under biochar inoculated with bacteria individually
and in combination. The increased ability of the roots to uptake water is facilitated by the activation
of root growth and modification of its architecture, which was previously proven in response to
biochar (Ghassemi-Golezani and Abdoli 2023). Arkhipova et al. (2020) found an accumulation of
abscisic acid in response to bacteria, accompanied by an increase in root growth, which can enhance
the water and nutrient uptake.

Photosynthesis is the main process in the formation of plant productivity. The content of the
photosynthetic pigments is an indirect index of photosynthetic activity and the most important
biochemical indicator of photosynthesis rate (Ghassemi-Golezani and Farhadi 2021). Decreasing
mineral nutrients’ uptake by plants (Figure 1) and contents in plant tissues (Table 2) under salinity
also resulted in a decline in chlorophylls a and b, carotenoids, and anthocyanins, which led to a
decrease in maximum quantum yield of PSII (Table 3). Salt-induced oxidative stress can potentially
reduce photosynthetic pigments and activity (Rasool et al. 2013). This stress has a negative impact
on PSII electron transfer (Ghassemi-Golezani et al. 2021) and their photoinhibition, resulting in the
demolition of pigments. Block of electron transfer from the main receptor (plastoquinone, QA) to the
secondary receptor (plastoquinone, QB) at the acceptor side of PSII by salt stress can reduce
photochemical efficiency of photosystem Il (Shu et al. 2012). It is possible that increasing ethylene
synthesis caused by salinity (Hussain et al. 2020) can also elevate degradation of leaf pigment (Figure
3), thereby decreasing photosynthesis and plant growth. The beneficial effects of biochar amendment
on photosynthetic activities of plants are likely linked to the improved soil water holding capacity
(Adhikari et al. 2023), nutrients availability and retention (Liu et al. 2018), and soil pH and cation
exchange capacity (Ghassemi-Golezani and Rahimzadeh 2024), and limited bioavailability of toxic
Na* ions (Figure 1; Table 2). Soil amendment by biochar enriched with sulfur and effective
microorganisms enhanced photosynthetic activities by improving dehydration tolerance and water
use efficiency of Capsicum annuum plants under salt stress (Abd El-Mageed et al. 2020). The
ameliorative effects of biochar and biochar + bacteria treatments on salt tolerance of plants could also
be attributed to the anthocyanin- and flavonoid-rich plant extracts (Table 3). Anthocyanins and
flavonoids can be considered as two major groups of plant phenolics, which protect against oxidative
stress caused by salinity. Radyukina et al. (2012) found that flavonoids and particularly anthocyanins
are involved in the plant defense system, stimulating salt resistance in three medicinal plants.

Salt stress led to growth reduction, which negatively affected pods per plant (Figure 3a), 1000-
seed weight (Figure 4), seeds per plant, and grain yield (Table 4). This stress reduced crop growth
and productivity in favor of enhancing the osmo-protectants synthesis (Figure 2) and limiting the
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energy loss, which increase the chance of plant survival. Rengasamy (2010) has found that the intense
decline in water absorption during the flowering and seed filling period resulted in a great adverse
impact on the grain yield of wheat plants under saline conditions. Salinity may also influence the
plant phenology by diminishing reproductive duration or delaying the onset of flowering (Pushpavalli
et al. 2016), and consequently reducing the yield components and grain yield (Figures 3 and 4; Table
4). Moreover, the transcriptional changes in pivotal components of the photoperiodic flowering
pathway due to salinity can remarkably modify flowering time (Kim et al. 2013). The biochar and
biochar inoculated with bacteria increased the growth and yield of oilseed rape plants, particularly
under salt stress (Table 4). The simultaneous application of biochar and rhizobacteria improved
nutrients and water uptake, leaf pigments, and photochemical efficiency of photosystem Il, causing
an increase in synthesis and transmission of more photo-assimilates during seed filling, thus elevating
plant biomass and, more importantly, yield-related characteristics under salt stress (Figures 3 and 4;
Table 4). These useful effects of biochar-related treatments in mitigating salt toxicity are most likely
associated with improving the soil properties and its structure.

Conclusion

Salinity impedes plant growth and productivity due to the excessive accumulation of Na* and the
reduction of essential nutrients and leaf pigments. The adverse effects of salinity on plants were
alleviated by the application of biochar + bacteria treatments. The improved plant biomass and yield
and components of salt-affected oilseed rape plants in response to biochar-related treatments,
particularly by the combination of biochar and P. putida RS-198 + A. chroococcum RS-106, are
highly attributed to improved water and nutritional relations, photosynthetic pigments, and maximum
quantum yield of photosystem Il. Amendment of soil with biochar and biochar + bacteria treatments
noticeably reduced the sodium uptake by plants and enriched the plant cells with potassium, calcium,
and magnesium under saline conditions. Ultimately, these beneficial impacts of biochar-related
treatments resulted in the enhanced grain yield via increasing pods and seeds per plant. Overall, the
potential provided by the integrated application of biochar and rhizobacteria is a valuable resource
for promoting salt tolerance and productivity of plants. Future work may reveal other beneficial

effects of biochar and rhizobacteria on plant performance under various environmental conditions.
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