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Abstract

Soil degradation is a major concern, causing a decline in crop productivity and making sustainable agricultural practices essential for
humankind. Biochar and plant growth-promoting bacteria (PGPB) are currently applied as affordable and environmentally safe alternatives.
Biochar, a porous, carbon-rich by-product of biomass pyrolysis, was applied at 3 % (w/w) alone (control) and in combination with microbial
inoculants, including a bacterial consortium. A 15-day pot experiment was conducted under controlled conditions to evaluate the effects of
biochar and plant growth-promoting bacteria (PGPB) on plant growth. This study investigates the effects of biochar and PGPB (three
Pseudomonas spp. and one Diaphorobacter spp.) on rice (Oryza sativa L.) and mustard (Brassica juncea L.) when applied individually and in
combination. The results were evaluated based on plant growth-promoting criteria namely root and shoot length and chlorophyll content. It
was observed that biochar had a positive impact on plant growth parameters when applied individually, however in combination with
bacterial inoculants, the results were significantly improved. The consortium treatment showed higher values for root length, shoot length
and chlorophyll content compared with individual treatments. This study highlights the major scope and potential of utilising plant growth
promoting bacteria and biochar to achieve sustainable increases in plant growth and yield. However, some treatments showed variability in
results, which could be attributed to the compatibility between biochar and microbial inoculants. This underscores the need for further

optimisation studies on the interaction between biochar and bacterial inoculants.
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Introduction

The rapid increase in world’s population has posed a significant
challenge for modern-day agriculture to enhance the productivity
while maintaining environmental sustainability (1, 2). Arable land is
becoming increasingly degraded because of intensive farming, the
overuse of chemical fertilisers and climate change (3). There is an
urgent need for sustainable agricultural solutions that improve soil
health and increase crop productivity. Biochar has emerged as one
of the most viable soil amendments because of its ability to improve
soil characteristics, sequester carbon and promote crop
development (3,4).

Biochar is a porous carbon-rich material, produced by the
pyrolysis of organic biomass under low oxygen conditions (5). A
range of feedstocks such as agricultural waste, wood chips and
manure are used for biocharproduction (4). The quality of the final
biochar, including its pH, nutritional content, cation exchange
capacity (CEC), surface area and porosity, depends on the type of
feedstock utilised, along with the temperature and duration of
pyrolysis (6, 7).

A high-quality biochar with these characteristics is well-
suited for restoring degraded soils, strengthening soil structure and
boosting the retention of water and nutrients. Over the past decade,

the research has increased showing promising results on the impact
of biochar on plant growth (1, 2). It acts as a reservoir, making water
and nutrients more accessible to plants due to its porous structure
(8,9). It also contributes to soil fertility and plant nutrition by providing
a habitat for beneficial microorganisms such as mycorrhizal fungiand
nitrogenfixing bacteria (10). In additon to improving soil
physicochemical properties, biochar can enhance the survival,
colonisation and activity of plant growth-promoting bacteria (PGPB).
Its porous structure provides protected microhabitats that shield
microbial cells from environmental stresses while retaining moisture
and nutrients required for microbial growth. Biochar also facilitates
microbial attachment and biofilm formation on its surface, thereby
improving the persistence and functional activity of beneficial
microorganisms in the rhizosphere. As a result, biochar can enhance
the effectiveness of PGPB-mediated processes such as, nutrient
solubilisation, phytohormone production, nitrogen fixation and stress
alleviation, ultimately contributing to improved plant growth and
productivity (10).

The ability of plants to absorb light and perform
photosynthesis is controlled by shoots, while the uptake of nutrients
and water is regulated by roots. Chlorophyll concentration in plants
is a useful indicator of plant health and nutritional status and its
concentration is directly correlated with the photosynthetic ability of
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plants. Therefore, the response of a plant to biochar can be assessed
by evaluating three factors: root growth, shoot development and
chlorophyll content (1).

Although beneficial for plants, poor-quality biochar can have
negative effects on plant growth. For example, biochar may contain
phytotoxic compounds if the feedstock contains pollutants or if
pyrolysis process is inefficient. In addition, the quantity and the type
of biochar as well as the type of soil can influence on plant growth (2).
Although many positive results have been obtained through various
studies conducted on biochar, further research is required to identify
the optimal biochar properties, dosage and application techniques
for different crop and soil types to fully understand the effects of
biochar on plant yield and soil health (3, 11, 12).

This study aims to evaluate the effects of biochar on plant
growth parameters, particularly root length, shoot length and
chlorophyll content. It contributes to a more detailed understanding
of how biochar influences plant development. The outcomes may
have applications for farmers and soil scientists interested in
improving soil health and promoting sustainable agriculture. It may
be particularly helpful in low-input agricultural systems, where it can
be used as a substitute for synthetic fertilisers to enhance plant
growth andyield consistently.

Materials and Methods
Materials

The alluvial soil without any added fertiliser obtained from a local
nursery in Navi Mumbai was used. Soil was characterised by
Bombay Test House, Navi Mumbai and was found to have a pH of
7.8. The nitrogen (N), phosphorus (P) and potassium (K) contents
were, 1.16, 0.15 and 0.02 % respectively. The biochar was obtained
from Kanha Shanti Vanam in Telangana. It was produced through
pyrolysis, a controlled thermal decomposition of biomass under
limited oxygen conditions. Prior to pyrolysis, the biomass was air-
dried and its moisture content was maintained below 20 % to
ensure efficient carbonisation and reduce smoke and ash formation.
Dry woody biomass was cut into small, uniform pieces to allow even
heat transfer during pyrolysis. The material was heated in a low-
oxygen environment, enabling the conversion of biomass into stable
carbon-rich biochar. After completion of pyrolysis (approximately
600 °C), the biochar was allowed to cool, quenched, crushed and
sieved to obtain a uniform particle size suitable for soil application.
The biochar was analysed by Bombay Test House, Navi Mumbai and
the following parameters were recorded: N (0.19 %), electrical
conductivity (635 us/cm), organic carbon (1.03), pH (7.28), P (0.66 %),
total N 0.34 %) and K (0.69 %). Seeds of rice (Oryza sativa cv. Swama)
and mustard (Brassicajuncea cv. Pusa) were procured from a local
shop in Varanasi, Uttar Pradesh, India. The varieties selected are
commonly cultivated in the middle Gangetic region.

Methodology

This research is in continuation of previous work on 50 cadmium-
tolerant bacterial isolates (13, 14). These isolates were further
screened for multi-heavy-metal tolerance (multi-HMT) against 5
heavy metals namely arsenic (As), zinc (Zn), lead (Pb), chromium (Cr),
cobalt (Co).

Selection of bacterial cultures

Four bacterial isolates were selected for the plant growth
experiment based on a multi-step screening process as follows:

Firstly, quantitative phosphate solubilisation, indole-3-acetic acid
(IAA) production and ammonia production values of the selected
isolates were included in the isolate selection criteria to clarify the
basis for selecting cultures used in the plant growth study. One
isolate that showed highest combined quantitative performance
across all three plant growth promoting (PGP) traits was selected.

Secondly, these isolates were screened for positivity for at
least one indirect PGP trait out of 4 namely amylase, cellulase,
pectinase or caseinase activity.

Thirdly all the isolates were assessed for biocompatibility
before their use in a consortium.

Lastly, all the isolates were required to be sensitive to
antibiotics namely penicillin, streptomycin, ampicillin, tetracycline,
vancomycin.

Among the selected isolates, CDW14 showed the highest IAA
production (39 pg mL?), CDS20 showed the highest phosphate
solubilisation (99 pg mL?) and CDW6 showed the highest ammonia
production (1 pumol mL?), whereas CDS12 was selected based on its
combined quantitative PGP performance (IAA: 1 pg mL*, phosphate
solubilisation: 72.7 pg mL* and ammonia production: 0.69 umol mL?).

The selected bacterial isolates (CDW6, CDW14, CDS12 and
CDS20) were identified using 16S rRNA gene sequencing and matrix-
assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS). The 16S rRNA sequencing was performed at HiMedia
Laboratories Pvt. Ltd., Navi Mumbai, India. MALDFTOF MS analysis was
conducted at Gujarat Biotechnology Research Centre (GBRC),
Gandhinagar, Gujarat, India, using a Bruker MALDI Biotyper system
(RuniD:221221-1455-211).

Plant treatment groups

(A) Control groups: C1 and C2 were used as controls, C1 contained
only autoclaved soil, while C2 contained biochar, bacterial cultures
and autoclaved soil.

(B) Bacterial culture + Biochar: Treatments T1-T5 consisted of
biochar, bacterial cultures and autoclaved soil. T1-T4 contained
individual bacterial isolates, whereas T5 consisted of a consortium of
thefour isolates along with biochar.

(C) Bacterial culture only: Treatments T6-T10 included bacterial
cultures and autoclaved soil without biochar. T6-T9 contained
individual bacterial isolates, while T10 comprised a consortium of all
four isolates without biochar. All treatments were maintained in
triplicate.

Surface sterilisation of seeds

Seeds were first soaked in water to separate and remove nonviable
seeds. The remaining seeds were then thoroughly rinsed with clean
water. Subsequently, they were surface-sterilised using 1 % sodium
hypochlorite (NaOCl) solution and rinsed three times with sterile
distilled water to remove any residual disinfectant. The seeds were
placed in a sterile petri dish at an equal distance from each other and
moistened with sterile distilled water to ensure uniform
germination. They were then covered with another sterile filter
paper moistened with sterile distilled water. The Petri plates were
covered with lids and incubated under in dark conditions at room
temperature for 24 hrto allow germination (15).
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Bacterial culture, consortium and soil preparation

Each selected bacterial isolate was inoculated individually into
nutrient broth and incubated at 28 + 2 °C for 24 hr on a rotary shaker
at 100 rpm. After incubation, the cultures were adjusted to a cell
density of 10° CFU mL* and 1mL of bacterial culture was added to 20
g of soil for the T1-T4 and T5-T9 treatments. Equal volumes of each
isolate were then combined to prepare a microbial consortium,
which was subsequently used for T5 and T10 treatments (16, 17).

The soil was sterilised by autoclaving at 121 °C for 20 min.
The cooled soil was halffilled in sterile plastic cups. Surface-sterilised
germinated mustard and rice seeds (procured from local agricultural
stores in Varanasi, Uttar Pradesh, India) were sown (4 seeds per cup)
at depths of 0.5 cm and 2 cm in the soil, respectively. After adding 2
mL of bacterial suspension (ODgy, = 0.5) to the rhizospheric region of
the seeds, they were covered with a layer of soil. To assess the effect
of biochar (3 %), it was first mixed uniformly with respective bacterial
suspension (single bacterial isolate or consortium) and incubated for
24 hr under aseptic conditions. This was followed by placing the
biochar mixture over the seeds. The seeds were then covered with a
2-3 cm layer of soil. Precautions were taken to allow water drainage
and maintained 100 % water saturation. All experimental setups
were done in triplicate and the plant growth parameters were
recorded on the 15" day (18).

Evaluation of plant growth parameters

Root length was measured from the tip of the primary root to the
base of the hypocotyl. Shoot length was measured from the tip of
the uppermost leaf to the hypocotyl region. The mean root and
shoot lengths were expressed in centimetres. Total chlorophyll
content was estimated spectrophotometrically (19-20) and
calculated using the following equation.

Total chlorophyll (mg g*) = {[(20.2 x Aes) + (8.02 x Ase3)] xV}/ (1000 x W)
Where,

AB45 and A663 represent the absorbance values measured at 645
and 663 nm, respectively,

V represents the final volume of the extract (mL) and
W represents the fresh weight of the tissue sample (g).
Statistical analysis

A one-way analysis of variance (ANOVA) was used to determine
statistically significant differences among the treatment groups for
each growth parameter. The parameters (root length, shoot length,
chlorophyll content) for rice and mustard were analysed

3

independently. The mean values were compared across treatments
with significance set at p < 0.05. Treatments were considered
significant if the p- value was less than 0.05 and non-significant if they
were above this threshold.

Results

Based on MALDI-TOF MS analysis, isolate CDW6 (T1) was identified
as Pseudomonas aeruginosa ATCC 27853 THL, showing a high-
quality match (+++)" with a matched pattern score of 2.27 and NCBI
Taxonomy ID 287. Similarly, isolate CDW14 (T2) was identified as
P.aeruginosa ATCC 27853 THL, showing a high-quality match (++)’
with a matched pattern score of 2.42 and NCBI Taxonomy ID 287.
Isolate CDS12 (T3) was identified as Diaphorobacter nitroreducens
strain Ruchi_574 based on 16S rRNA gene sequencing. The partial
16S rRNA sequence (1442 bp) was deposited in the NCBI GenBank
database (Accession number OR855996.1). Isolate CDS20 (T4) was
identified as P.aeruginosa strain Ruchi_576 based on 16S rRNA gene
sequencing and the partial 16S rRNA sequence (1455 bp) was
deposited in GenBank (Accession number OR855998.1).

“+++indicates a high-confidence MALDI-TOF MS identification (score
range 2.00-3.00) based on the Bruker Biotyper reference database.

Effect of single isolate and consortium on root length of rice
(Oryza sativa L.)

The biochar-amended control group (C2) showed higher root length
compared to the control group (C1) without biochar. Although, an
exception to this trend was observed in treatment T3, where root
length (4.83 cm) was lower than that in T8 (9.8 cm), despite T3
(P. aeruginosa ATCC27853 THL) being amended with biochar (Fig, 1).
The highest root length was observed in T1 (13.17 cm), whereas T3
showed the lowest root length (4.83 cm) (Fig. 1). Among the
treatments, biochar-amended soils with consortium showed longer
root lengths compared to those without biochar. When compared
with their respective control groups, most treatments showed
improved root length performance. However, exceptions were
observed in T3 (biochar-amended) and T10 (non-biochar), which
showed lower root lengths than their respective controls. On
comparing C1 with the biochar treatment groups, all treatments
except T3 showed increased root growth. In contrast, when C2 was
compared with other treatment groups, only T7 and T8 exhibited
greater root lengths (7.7 % and 20 % respectively) while all remaining
treatments recorded lower values (Fig. 1).
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Fig. 1. Root length (cm) of rice plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.
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Effect of single isolate and consortium on root length of
mustard (Brassica junceaL.)

For mustard, variable results were observed for root length across
different treatments. Treatment T3 showed a higher root length
(2.83 cm) compared with T8 (1.50 cm), while T2 and T7 showed
similar root lengths of 1.50 cm (Fig. 2). Treatments T1 and T4 showed
shorter root lengths than T6 and T9. Among the treatments with a
consortium, T5 produced a higher root length (3.50 cm) compared
withT10(1.17cm).

The treatment groups (T6-T10) generally showed higher
root lengths compared with the control (C1), except for T10, which
showed a lower value. The highest root length among the treatment
groups was observed in T9 (3.83 ¢cm) (Fig. 2). When C2 was compared
with the other biochar treatment groups, T1, T2 and T4 showed
shorter root lengths, whereas T3 and T5 showed longer root lengths.
Similarly, when C2 compared with all the other treatments with
biochar, only T9 showed a higher root length value while the
remaining treatments recorded lower values.

Effect of single isolate and consortium on shoot length of rice
(Oryzasativa L.)

A trend similar to root length was observed for shoot length in rice
across treatments, where groups amended with biochar showed
greater shoot elongation than those without biochar. The highest
shoot length was observed in T5 (18.0 cm), followed closely by T10

(17.2 cm) and T4 (17.5 cm), indicating a positive effect of microbial
consortium and biochar application (Fig. 3).

When compared with C2 (biochar-amended control), T1-T5
(biochar-amended treatments) showed increased shoot length,
except T1 and T3 (Fig. 3). Similarly, in the non-biochar control group
C1, all treatments showed improved shoot length with the exception
of T7, which was comparable to the control.

When Clwas compared with biochar-amended treatments,
all treatment groups demonstrated higher shoot length values.
However when the biochar control (C2) was compared with other
treatment groups, only T10 exhibited a higher shoot length, while
the remaining treatments recorded slightly lower values (Fig. 3).

Effect of single isolate and consortium on shoot length of
mustard (Brassica juncealL.)

It was observed that treatments with biochar showed longer shoot
lengths compared with treatments without biochar. Although
exceptions to this trend were observed in treatments T1 and T2,
which showed shoot lengths of 1.90 cm and 3.17 cm, respectively;
both values were lower than T6 (4.10 cm) and T7 (4.00 cm) (Fig. 4).
The biochar-amended control group showed higher shoot length
than the control without biochar. Among the treatments with a
consortium, a similar trend was observed, with T5 (3.00 cm) showing
a66.7 % increase in shoot length compared with T10 (1.83 cm) in the
presence of biochar (Fig. 4).
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Fig. 2. Root length (cm) of mustard plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.
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Fig. 3. Shoot length (cm) of rice plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.
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When C2 (biochar-amended control)) was compared with
treatments T1-T5, all treatments showed reduced shoot length. In
contrast, when C1 was compared with treatments without biochar,
T6 and T7 showed greater shoot lengths than the control, while the
remaining treatments showed lower values. When Cl1 was
compared with biochar-treated groups, all treatments except T1 and
T4 showed higher shoot lengths. Similarly, when C2 was compared
with biochar treated groups, only T8, T9 and T10 showed higher
shoot length, whereas the remaining treatments showed lower
values (Fig. 4).

Effect of single isolate and consortium on chlorophyll
contentinrice (Oryza sativaL.)

Chlorophyll content was found to be higher in biochar amended soil
compared with non-biochar amended soil. The C2 group showed
higher chlorophyll content (1.17 mg g*) than the non-biochar control
(C1),(1.00mgg?) (Fig. 5).

In the biochar treatment group, plants treated with all
isolates showed greater chlorophyll content than the C2 control. The
highest chlorophyll content was observed in T5 (250 mg g?),
followed closely by T4 (2.39 mg g?) (Fig. 5). Similarly, among non-
biochar treatment groups, all isolates produced higher chlorophyll
content than the C1 control. The maximum chlorophyll content was
observed in T10 (1.44 mg g*), with T9 showing a comparable value of

1408 mg g'. When comparing the biochar control (C2) with
treatment groups without biochar, T6, T7, T8, T9 and T10 showed
slightly higher chlorophyll levels; however, they remained lower than
those observed in the biochar-amended treatments (T1-T5)
containing bacterial inoculants (Fig. 5).

Effect of single isolate and consortium on chlorophyll content
in mustard (Brassica juncealL.)

Chlorophyll production in the biochar-amended control group (C2)
was higher than that in the control group without biochar (C1), with
concentrations of 1.41 mg g* and 1.01 mg g%, respectively (Fig. 6). T1,
T3 and T5 showed higher chlorophyll concentrations (2.14 mg g,
1.52 mg g* and 2.07 mg g, respectively) compared with the control
(C2). Similar chlorophyll content was observed in T4 and the control
C1(1.41 mg g*), while T2 showed a slightly lower value (1.33 mg g?).
Among the treatment groups without biochar, all plants treated with
isolates showed higher chlorophyll levels than the control group C1.
In non-biochar-amended soil, the highest chlorophyll concentration
was observed in T10 (1.96 mg g?), followed by T6 (1.76 mg g*). When
comparing treatment groups with biochar to those without biochar,
none of the treatments without biochar produced higher chlorophyll
concentrations than their corresponding biochar-amended
treatments (Fig. 6).
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Fig. 4. Shoot length (cm) of mustard plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.
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Fig. 5. Chlorophyll content (mg g*) of rice plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.
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Fig. 6. Chlorophyll content (mg g*) of mustard plants under different treatment groups.

C1: control (no biochar, no bacterial inoculation); C2: biochar only; T1-T10: different combinations of biochar and microbial inoculants (PGPR
isolates or consortia); T1, T2, T3, T4: bacterial inoculation with biochar; T6, T7, T8, T9: bacterial inoculation without biochar; T5: consortium

with biochar; T10: consortium without biochar.

Statistical analysis

The one-way ANOVA results showed clear variation in treatment
effects across different growth parameters. Shoot length in rice
showed statistically significant differences among treatments
(p < 0.0001), whereas root length and chlorophyll content did not
show significant variation. Both shoot length and root length in
mustard showed strong statistical significance (p < 0.0001 and
p =0.0014 respectively), whereas chlorophyll content similar to rice,
remained statistically non-significant.

Discussion

Biochar creates a stable microhabitat, regulates soil pH and reduces
nutrient depletion (21, 22), while simultaneously improving soil
structure, moisture retention, nutrient availability and microbial
colonisation, making it suitable for PGPB (23). The PGPB enhances
plant growth through various mechanisms like nutrient
solubilisation, phytohormone production and alleviation of stress
(24, 25). The combination of biochar and PGPB holds great potential,
as biochar enhances microbial survival and activity, which may
amplify its impact on plant growth and physiology (26). Individual
bacterial strains have been shown to improve traits such as root
length, shoot length and chlorophyll content (27); however, when
combined as microbial consortia, they can achieve wider and more
consistent results by integrating complementary functions such as
phytohormone production, nutrient solubilisation and stress
alleviation (28, 29).

Biochar acts as a strong, porous matrix that promotes
microbial colonisation and sustains microbial activity, thereby
further enhancing this synergy (30, 31). Biochar-PGPB combinations
offer promising potential for sustainable crop improvement (12, 32).
Of the four bacterial isolates selected for this study, three were
identified as Pseudomonas spp. and one as Diaphorobacter spp.

Several studies have demonstrated the plant growth-
promoting ability of Pseudomonas spp. For example, Pseudomonas
fluorescens strains 9704 and SLU99 have been shown to improve
root length, shoot length and chlorophyll content in soybean,
tomato and potato plants (33, 34). P. aeruginosa PAR increased the
plant biomass and chlorophyll pigment levels in tomato plants
under fluoride stress (35). Pseudomonas sp. Y1 increased root length
by reducing the effect of salt stress, whereas strains CM11, WCS417

and RRLJ 008 under abiotic stress enhanced root branching, shoot
biomass and disease resistance (36-38). Strains B2, B4 and P. putida
B5 improved the chlorophyll pigment production and antioxidant
activity in Sorghum bicolor L. under salt stress conditions (28, 39).
Fluorescent Pseudomonas strains Pf-1 promoted plant growth and
improved its resistance to stress through phytohormone production
and nutrient mobilisation (40).

The genus Diaphorobacter was first reported in 2003, including
species such as D. nitroreducens, which belongs to the family
Comamonadaceae (41). A related species, Diaphorobacter
ruginosibacterwas later isolated from root nodules of soybean (42).
Diaphorobacter species are gram-negative, motile rods with a single
polar flagellum. They are capable of growing under both aerobic and
anaerobic conditions and can utilise diverse carbon and nitrogen
sources (43). Their denitrification capabilities make them relevant to
nitrogen cycling in soil environments and affect nitrogen availability
and microbial interactions (44). They are also capable of degrading
polyhydroxybutyrate  (PHB) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) polymers, contributing to organic matter
turnover and the transformation of biodegradable carbon substrates.
These properties are useful in biochar-amended soils, where biochar
provides porous habitat and stabilises microbial populations, allowing
Diaphorobacterto persist and remain metabolically active (45). The
combination of biochar and Diaphorobacter can therefore improve
nutrient dynamics, microbial activity and overall soil fertility, resulting
in increased plant growth (46). However, the genus remains largely
unexplored and suffers from a paucity of literature. A few studies have
reported its PGP capabilities compared to well-characterised genera
such as Pseudomonas or Bacillus. Its strain-specific characteristics and
inoculation conditions also remain poorly understood. In this context,
the present study provides novel insights into the role of
Diaphorobacter in biochar-soil systems and its potential contribution
to plant growth promotion through improved nutrient cycling and
microbial activity. In this study, treatment groups T3 and T8 consisted
of D. nitroreducens with and without biochar amendments which has
not been previously reported to exhibit PGP traits. During this study,
improvements in root and shoot length, chlorophyll content in both
rice (0. sativa) and mustard (B. juncea) were observed in the presence
of this isolate highlighting its potential as a PGP bacterium. In
contrast, previous studies have reported P. geruginosa to exhibit
PGP traits such as phosphate solubilisation (PS), IAA production and
ammonia production (AP), along with beneficial effects on plant
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growth parameters (35, 47-49). Thus, while the PGP role of P.
aeruginosa is well established, the findings of this study also
highlight the novel PGP capability of D. nitroreducens. Notably, D.
nitroreducens showed beneficial effects under both biochar-
amended and non-biochar conditions, increasing mustard root
length and chlorophyll content by 69.5 % and 8.2 %, respectively, in
biochar-amended treatments and rice root length and chlorophyll
content by 343 % and 33.2 %, respectively, in non-biochar
treatments.

In this study, clear differences were observed in plant growth
parameters across various microbial treatments. Biochar-treated
groups showed increased root length with longer roots observed in
biochar-treated rice and mustard compared with non-biochar treated
groups. Previously, similar observations have been made by various
other researchers. For example, a 14-18 % increase in root length was
observed due to alterations in rhizosphere microbial communities
following biochar application in sandy maize soil (50, 51).

Soybean showed improved root biomass due to increase in
root porosity and nutrient dynamics after the addition of 1% biochar
(52). Another study on maize confirmed that the combination of
biochar with PGPB (Lysinibacillus fusiformis strain 31MZR.)
performed better than individual application of PGPB (53). Yet, in
another study on tomato seedlings, immobilisation of Pseidomonas
sp. on cotton straw-derived biochar resulted in a3.75-fold increase in
root length, chlorophyll content and phosphorus availability (29). In
cucumber subjected to water stress, treatment with biochar along
with P. fluorescens resulted in a 29 % increase in root length, a 10 %
increase in shoot length and a 5 % increase in chlorophyll content
compared with individual treatments.

The increase in root length is generally because of biochar’s
effect on soil structure and the microbial communities (18). In
addition to improving soil physical properties, biochar may enhance
the activity and persistence of plant growth-promoting bacteria
capable of producing phytohormones such as IAA. Increased IAA
availability can stimulate root elongation and root system
development, thereby improving the uptake of water and nutrients.
Enhanced root growth may subsequently contribute to improved
shoot development through greater resource acquisition and
allocation to above-ground tissues. Although biochar-treated groups
showed better results than the non-biochar-treated groups, a few
deviations from this trend were observed. For example, treatment
T3 (with biochar) showed lower root length than its non-biochar
counterpart in rice. Similarly, in mustard the highest root length was
observed in the non-biochar treatment T9. This could be due to the
variation in biochar effectiveness based on the microbial
compatibility and characteristics of biochar material. In addition,
biochar may adsorb microbial signalling molecules and other
bioactive compounds, potentially affecting plant-microbe
communication and bacterial colonisation efficiency. The observed
results may also reflect strain-specific interactions with the biochar
matrix, where certain isolates establish and function more effectively
than others, resulting in variable plant growth responses among
treatments. (21, 23, 30, 51). The trend of biochar-amended
treatments showing better results compared with the treatments
without biochar was also seen in shoot length.

For example, the biochar-amended control (C2) showed
longer shoot length than the control without biochar (C1), with
increases of 25.2 % in mustard and 32 % in rice. Similar results were
reported, where addition of biochar alone resulted in a 77 % increase

in shoot length of spinach (53, 54). In the biochar-treated group, the
consortium treatment showed a 17.4 % increase in mustard and a
9.1 % increase in rice shoot length compared to the control. A
previous study supporting these findings reported that Trichoderma
harzianum L. and Bacillus subtilis L. when applied along with biochar
to soybean under cadmium stress outperformed all individual
treatments (55). Similar to the observations for root length, some
deviations were observed in shoot length also. The difference in
shoot length in rice and mustard in the presence of biochar
amended treatments may be due to the differences in their growth
physiology, root architecture and nutrient uptake patterns. Rice is a
monocot and a semi-aquatic crop that naturally thrives in soils with
high moisture and porosity. The presence of biochar might have
improved the aeration, water availability and microbial colonisation,
which could have created a favourable environment for the shoot
development of rice (31).

In contrast, mustard a dicot crop, has rapid early growth rate
and higher nutrient requirements. It may have experienced
temporary nutrient immobilisation due to biochar application.
During the initial stages of growth, biochar can adsorb available N
and P, thereby limiting their availability to the plants. This effect may
be more pronounced in mustard because of its shorter growth cycle
and dependence on rapid nutrient uptake during early
development. Mustard roots are morphologically different from
those of rice, which may limit their interaction with biochar and
associated bacterial inoculants during the early growth stages,
potentially delaying plant growth-promoting effects (31).

Furthermore, microbial colonisation and biochar-microbe
interactions often require time to stabilise within soil systems. The
delayed establishment of bacterial inoculants in biochar-amended
mustard soils may have contributed to lower shoot growth
compared with the control. Over time, however, these effects may
be reversed as nutrient cycling improves and microbial populations
become more active (31).

Similar to root and shoot length, higher chlorophyll content
was observed in biochar-amended treatments. The C2 showed a
higher chlorophyll content as compared with C1. Among biochar
treatments, T1, T3 and T5 as well as non-biochar treatments, T6 and
T10 showed similar trends. These findings are in alignment with
previous observations reported by researchers; for example, a>70 %
increase in chlorophyll a, chlorophyll b and total chlorophyll in maize
was observed when it was treated with biochar and PGPR treatment
(26). Inanother study, silver maple grown in urban soil was inoculated
with a combination of biochar and microbial biofertilisers which
increased the foliar chlorophyll content (12). The increase in the
pigment levels may be attributed to the combined effects of biochar
and PGPB, where biochar retains nutrients in the soil and PGPB
facilitates processes such as nitrogen fixation and mineralisation (26).
The porous structure of biochar helps to retain microbial communities
which enhances their long-term functionality (22). Similar to root and
shoot length, some deviations were observed, which may be due to
differences in microbial interactions. The T4 showed chlorophyll
content comparable to the control whereas T2 showed lower pigment
production. Although numerical differences in chlorophyll content
were observed among treatments, these differences were not
statistically significant, which may be attributed to variability among
replicates and the short duration of the experiment (15 days).
Nevertheless, biochar treated groups consistently showed higher
pigment production, with increases of 27.6 % in rice and 7.7 % in
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mustard. This further reaffirms the role of biochar as a microbial carrier
and soil conditioner, improving nutrient use efficiency, enhancing
nitrogen availability in the rhizosphere and promoting chlorophyll
accumulation, thereby supporting photosynthetic activity and plant
growth,

In recent years, the benefits of co-applying biochar and
PGPB have been reported. In 2025, a study from Pakistan observed
that the co-application of Acinetobacter baumannii MN24 and
Piriformospora indica with biochar improved root architecture and
overall plant productivity (56). Similarly, a meta-analysis conducted
in China reported that combined application of biochar and PGPB
improved nutrient uptake and increased root and shoot biomass by
84 % and 116 %, respectively, in plants affected by heavy metal
stress (57). A study in arsenic and cadmium contaminated paddy
fields observed that the combined use of bacterium T3F4 with
biochar improved plant growth and reduced metal uptake while
increased selenium content in rice (58). These effects were attributed
to the ability of biochar to increase cation exchange capacity (CEC),
provide protected microbial niches that enhance bacterial survival
and activity, and regulate adsorption-desorption dynamics in soil,
thereby reducing metal bioavailability and improving nutrient
retention. Together, these mechanisms reduce the availability of
toxic metals, improve nutrient retention and enhance the
effectiveness of beneficial microorganisms, thereby promoting plant
growth and nutrient acquisition.

Conclusion

This study demonstrates that combining biochar with plant growth-
promoting bacteria can improve plant growth parameters including
root length, shoot development and chlorophyll content in rice and
mustard. Treatments involving microbial consortia and biochar
showed better performance compared with individual isolates or
biochar alone. The findings highlight the synergistic effects of biochar
as a microbial transporter and soil conditioner. Overall, this strategy
represents a promising and sustainable alternative to chemical
fertilisers for enhancing agricultural productivity. However,
consortium treatments did not always show better results than
individual treatments. This may be due to the complexity of
interactions among bacterial combinations, biochar and soil
properties. The water content in this study was maintained at 100 %
(until leakage), which may have influenced microbial activity and
nutrient availability. Differences in results may occur under field
conditions, where complete saturation is not achieved.

The inclusion of Diaphorobacter nitroreducens, a relatively
novel and understudied species in agricultural contexts adds novelty
to this study and suggests its potential role in biochar-soil systems
and plant growth promotion. The monitoring period of this study
was 15 days, whereas the complete growth cycles of rice and
mustard are considerably longer. Therefore, the results represent
early-stage growth responses and long-term studies under
greenhouse and field conditions are required to evaluate the effects
of biochar-microbe interactions on plant growth throughout the
crop life cycle, crop yield, soil health and microbial persistence.

Acknowledgements

The authors gratefully acknowledge Kanha Shanti Vanam,
Telangana, for providing the biochar used in this study. They also

express sincere thanks to the School of Biotechnology and
Bioinformatics, D.Y. Patil Deemed to be University, Navi Mumbai, for
granting access to laboratory facilities required to conduct the
experimental work.

Authors' contributions

RD carried out data collection, performed experiments, analysed the
data and wrote the manuscript. SS was involved in conceptualisation
of the project, experimental design, data analysis and provided critical
revisions and suggestions to improve the scientific content and clarity
of the manuscript. AG contributed expert insights and suggestions to
enhance the depth and relevance of the study. DD was involved in the
overall planning of the research, provided expert insights and
suggestions and critically revised the manuscript to improve its
scientific content and clarity. SR contributed to the development of
the research hypothesis, provided the biochar and participated in the
experimental design. All authors read and approved the final
manuscript.

Compliance with ethical standards

Conflict of interest: Authors do not have any conflict of interests
todeclare.

Ethicalissues: None

References

1. Agegnehu G, Bird M, Nelson PN, Bass AM. The ameliorating effects of
biochar and compost on soil quality and plant growth on a Ferralsol.
Soil Res. 2015;53(1):1-12. https://doi.org/10.1071/SR14118

2. Atkinson CJ, Fitzgerald JD, Hipps NA. Potential mechanisms for
achieving agricultural benefits from biochar application to temperate
soils: a review. Plant Soil. 2010;337(1):1-18. https://doi.org/10.1007/
$11104-010-0464-5

3.  Lehmann J, Joseph S, editors. Biochar for environmental
management: science, technology and implementation. 2nd ed.
London: Routledge; 2015. https://doi.org/10.4324/9780203762264

4. Jeffery S, Verheijen FGA, van der Velde M, Bastos AC. A quantitative
review of the effects of biochar application to soils on crop
productivity using meta-analysis. Agric Ecosyst Environ. 2011;144
(1):175-87. https://doi.org/10.1016/j.agee.2011.08.015

5. Woolf D, Amonette J, Street-Perrott F, Lehmann J, Joseph S.
Sustainable biochar to mitigate global climate change. Nat Commun.
2010;1:56. https://doi.org/10.1038/ncomms1053

6.  GulS,Whalen JK, Thomas BW, Sachdeva V, Deng H. Physico-chemical
properties and microbial responses in biochar-amended soils:
mechanisms and future directions. Agric Ecosyst Environ. 2015;206:46
-59. https://doi.org/10.1016/j.agee.2015.03.015

7. Beesley L, Moreno-Jiménez E, Gomez-Eyles JL. Effects of biochar and
greenwaste compost amendments on mobility, bioavailability and
toxicity of inorganic and organic contaminants in a multi-element
polluted soil. Environ Pollut. 2010;158(6):2282-7.  https://
doi.org/10.1016/j.envpol.2010.02.003

8. Zhang, Li X, Wang L, Chen Y. Effects of biochar and plant growth-
promoting rhizobacteria (PGPR) on plant performance and soil
environmental stability. Sustainability. 2022;14(17):10922. https://
doi.org/10.3390/su141710922

9. HuangH,WangL, Zhang X, Wang J, Xu B, Ma X, et al. Biochar improves
soil physiochemical properties and plant growth. Agric Water Manag.
2019;212:555-65. https://doi.org/10.1016/j.agwat.2019.01.037

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1071/SR14118
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.4324/9780203762264
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1038/ncomms1053
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.envpol.2010.02.003
https://doi.org/10.1016/j.envpol.2010.02.003
https://doi.org/10.3390/su141710922
https://doi.org/10.3390/su141710922
https://doi.org/10.1016/j.agwat.2019.01.037

10.

11

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

217.

Sifton MA, Smith SM, Thomas SC. Biochar-biofertilizer combinations
enhance growth and nutrient uptake in silver maple grown in an
urban soil. PLoS One. 2023;18(7):€0288291. https://doi.org/10.1371/
journal.pone.0288291

Yan S, Zhang S, Yan P, Zhang X, Wang L, Xu Z, et al. Effect of biochar
application method and amount on soil quality and maize yield in
Mollisols of Northeast China. Biochar. 2022;4:56. https://
doi.org/10.1007/s42773-022-00180-z

Hou X, He W, Zhang Y, Zhang N, Yan J, Chen Y. Maize-straw biochar
enhances soil properties and grain yield of foxtail millet in a newly
reclaimed land. Agronomy. 2024;14:2465. https://doi.org/10.3390/
agronomy14112465

Dube R, Gupte A, Singh S. Heavy metal tolerant bacterial isolates with
potential PGP from eastern states of India. Afr J Biol Life Sci. 2024;6
(5):8307-25. https://doi.org/10.33472/AFJBS.6.5.2024.8307-8325

Dube R, Singh S, Gupte A. Characterization of multi heavy metal
tolerant bacterial isolate from Middle Gangetic Plains, India. Int J Ecol
Environ Sci. 2024;50:349-53. https://doi.org/10.55863/ijees.2024.0009

Akbari M, Akbari D, Sajedi N. Influence of sodium hypochlorite on
seed germination and early seedling growth of rice (Oryzasativa L.)
variety Tarum. Res Crops. 2012;13(1):11-5.

Peng J, Ma J, Wei X, Zhang C, Jia N, Wang X, et al. Accumulation of
beneficial bacteria in the rhizosphere of maize (Zea mays L.) grown in
a saline soil in response to a consortium of plant growth-promoting
rhizobacteria. Ann Microbiol. 2021;71:40. https://doi.org/10.1186/
$13213-021-01650-8

Khan MY, Nadeem SM, Sohaib M, Wagas MR, Alotaibi F, Ali L, et al.
Potential of plant growth promoting bacterial consortium for improving
the growth and yield of wheat under saline conditions. Front Microbiol.
2022;13:958522. https://doi.org/10.3389/fmich.2022.958522

Gul-Lalay, Ullah S, Shah S, et al. Combined effect of biochar and plant
growth-promoting rhizobacteria on physiological responses of canola
(Brassica napus L.) subjected to drought stress. J Plant Growth Regul.
2024;43:1814-32. https://doi.org/10.1007/s00344-023-11219-1

Betegdn-Putze |, Gonzélez-Melendi P, Allona I. MyROOT: A method and
software for the semi-automatic measurement of plant root length.
Front Plant Sci. 2019;10:624. https://doi.org/10.3389/fpls.2019.00624

Rani N, Dahiya A. Effect of PGPR and FYM on chlorophyll content and
yield of wheat. Int J Sci Res. 2015;4(11):1861-4.

Thies JE, Rillig MC, Graber ER. Biochar effects on the abundance,
activity and diversity of the soil biota. In: Lehmann J, Joseph S,
editors. Biochar for environmental management: science, technology
and implementation. 2nd ed. London: Routledge; 2015. p. 327-89.

Jatuwong K, Aiduang W, Kiatsiriroat T, Kamopas W, Lumyong S. A
review of biochar from biomass and its interaction with microbes:
enhancing soil quality and crop vyield in Brassica cultivation. Life.
2025;15(2):284. https://doi.org/10.3390/life15020284

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D.
Biochar effects on soil biota-a review. Soil Biol Biochem. 2011;43
(9):1812-36. https://doi.org/10.1016/j.50ilbio.2011.04.022

Glick BR. Plant growth-promoting bacteria: mechanisms and
applications. Scientifica. 2012;2012:963401. https://
doi.org/10.6064/2012/963401

Bhardwaj D, Ansari MW, Sahoo RK, Tuteja N. Biofertilizers function as
key player in sustainable agriculture by improving soil fertility, plant
tolerance and crop productivity. Microb Cell Fact. 2014;13:66. https://
doi.org/10.1186/1475-2859-13-66

Danish S, Zafar-ul-Hye M, Mohsin F, Hussain M. ACC-deaminase
producing plant growth-promoting rhizobacteria and biochar mitigate
adverse effects of drought stress on maize growth. PLoS One. 2020;15
(4):e0230615. https://doi.org/10.1371/journal.pone.0230615

Shafienaz NA, Kumar A, Aslam SN, Johansson T, Nybroe O, Karlsson
M, et al. Comparative transcriptomics of Pseudomonas fluorescens
SLU99 reveals environmental and nutritional signals triggering

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

biofilm formation. Front Plant Sci. 2023;14:1115923. https://
doi.org/10.3389/fpls.2023.1115923

Waghunde RR, Sabalpara AN. Impact of Pseudomonas spp. on plant
growth, lytic enzymes and secondary metabolites production. Front
Agron. 2021;3:752196. https://doi.org/10.3389/fagro.2021.752196

Bai K, Wang W, Zhang J, Wang Q, Li W, Li Q, et al. Effects of
phosphorus-solubilizing bacteria and biochar application on
phosphorus availability and tomato growth under phosphorus stress.
BMC Biol. 2024;22:211. https://doi.org/10.1186/512915-024-02011-y

Warnock DD, Lehmann J, Kuyper TW, Rillig MC. Mycorrhizal responses
to biochar in soil—concepts and mechanisms. Plant Soil. 2007;300(1-
2):9-20. https://doi.org/10.1007/s11104-007-9391-5

Gao ZW, Ding J, Ali B, Nawaz M, Hassan MU, Ali A, et al. Putting biochar
in action: a black gold for efficient mitigation of salinity stress in
plants. Review and future directions. ACS Omega. 2024;9(29):31237-
53. https://doi.org/10.1021/acsomega.3c07921

Malik L, Sanaullah M, Mahmood F, Mushtaq Z, Ahmed T, Naveed M, et
al. Unlocking the potential of co-applied biochar and plant growth-
promoting rhizobacteria (PGPR) for sustainable agriculture under
stress conditions. Chem Biol Technol Agric. 2022;9:58. https://
doi.org/10.1186/s40538-022-00327-x

Sharma K. Evaluation of fluorescent pseudomonas on in-vitro seed
germination and seedling growth of soybean. Int J Chem Stud. 2020;8
(6):2159-62. https://doi.org/10.22271/chemi.2020.v8.i6k.10865

Shafienaz HNA, Ghadamgahi F, Ghosh S, Ortiz R, Whisson SC, Vetukuri
RR, et al. Comparative transcriptome profiling provides insights into
the growth promotion activity of Pseudomonas fluorescens strain
SLU99 in tomato and potato plants. Front Plant Sci. 2023;14:1141692.
https://doi.org/10.3389/fpls.2023.1141692

Singh A, Patani A, Patel M, Vyas S, Verma RK, Amari A, et al. Tomato seed
bio-priming with Pseudomonas aeruginosa strain PAR: a study on plant
growth parameters under sodium fluoride stress. Front Microbiol.
2024;14:1330071. https://doi.org/10.3389/fmich.2023.1330071

Chen Z, Zhou W, Sui X, Xu N, Zhao T, Guo Z, et al. Plant growth-
promoting rhizobacteria with ACC deaminase activity enhance
maternal lateral root and seedling growth in switchgrass. Front Plant
Sci. 2022;12:800783. https://doi.org/10.3389/fpls.2021.800783

Li Q, Li H, Yang Z, Cheng X, Zhao Y, Qin L, et al. Plant growth-
promoting rhizobacterium Pseudomonas sp. CM11 specifically
induces lateral roots. New Phytol. 2022;235(4):1575-88. https://
doi.org/10.1111/nph.18199

Boruah H. Plant disease suppression and growth promotion by a
fluorescent Pseudomonas strain. Folia Microbiol (Praha). 2002;47
(6):521-6. https://doi.org/10.1007/BF02817671

Azeem M, Sultana R, Ahmed N, Abbasi MW, Hasan KA, Dong R, et al.
Salinity stress resilience in Sorghum bicolor through Pseudomonas-
mediated modulation of growth, antioxidant system and eco-
physiological adaptations. ACS Omega. 2025;10(1):940-54. https://
doi.org/10.1021/acsomega.4c08110

Huang J, Liu Z, Li S, Xu B, Gong Y, Yang Y, et al. Isolation and engineering
of plant growth promoting rhizobacteria Pseudomonas aeruginosa for
enhanced cadmium bioremediation. J Gen Appl Microbiol. 2016;62
(5):258-65. https://doi.org/10.2323/jgam.2016.04.007

Khan ST, Hiraishi A. Diaphorobacter nitroreducens gen. nov., sp. nov.,
a poly(3-hydroxybutyrate)-degrading denitrifying bacterium isolated
from activated sludge. J Gen Appl Microbiol. 2002;48(6):299-308.
https://doi.org/10.2323/jgam.48.299

Wei XL, Han MS, Xia CC, Ding SL, Xu L, Lin YB, et al. Diaphorobacter
ruginosibacter sp. nov., isolated from soybean root nodule and
emended description of the genus Diaphorobacter. Arch Microbiol.
2015;197(5):683-92. https://doi.org/10.1007/s00203-015-1102-7

Khardenavis AA, Kapley A, Purohit HJ. Simultaneous nitrification and
denitrification by diverse Diaphorobacter sp. Appl Microbiol Biotechnol.
2007;77(2):403-9. https://doi.org/10.1007/500253-007-1176-5

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1371/journal.pone.0288291
https://doi.org/10.1371/journal.pone.0288291
https://doi.org/10.1007/s42773-022-00180-z
https://doi.org/10.1007/s42773-022-00180-z
https://doi.org/10.3390/agronomy14112465
https://doi.org/10.3390/agronomy14112465
https://doi.org/10.33472/AFJBS.6.5.2024.8307-8325
https://doi.org/10.55863/ijees.2024.0009
https://doi.org/10.1186/s13213-021-01650-8
https://doi.org/10.1186/s13213-021-01650-8
https://doi.org/10.3389/fmicb.2022.958522
https://doi.org/10.1007/s00344-023-11219-1
https://doi.org/10.3389/fpls.2019.00624
https://doi.org/10.3390/life15020284
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.6064/2012/963401
https://doi.org/10.6064/2012/963401
https://doi.org/10.1186/1475-2859-13-66
https://doi.org/10.1186/1475-2859-13-66
https://doi.org/10.1371/journal.pone.0230615
https://doi.org/10.3389/fpls.2023.1115923
https://doi.org/10.3389/fpls.2023.1115923
https://doi.org/10.3389/fagro.2021.752196
https://doi.org/10.1186/s12915-024-02011-y
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.1021/acsomega.3c07921
https://doi.org/10.1186/s40538-022-00327-x
https://doi.org/10.1186/s40538-022-00327-x
https://doi.org/10.22271/chemi.2020.v8.i6k.10865
https://doi.org/10.3389/fpls.2023.1141692
https://doi.org/10.3389/fmicb.2023.1330071
https://doi.org/10.3389/fpls.2021.800783
https://doi.org/10.1111/nph.18199
https://doi.org/10.1111/nph.18199
https://doi.org/10.1007/BF02817671
https://doi.org/10.1021/acsomega.4c08110
https://doi.org/10.1021/acsomega.4c08110
https://doi.org/10.2323/jgam.2016.04.007
https://doi.org/10.2323/jgam.48.299
https://doi.org/10.1007/s00203-015-1102-7
https://doi.org/10.1007/s00253-007-1176-5

RUCHIET AL

44.

45.

46.

47.

48.

49,

50.

51

52

53.

Chakravarthy SS, Pande S, Kapoor A, Nerurkar AS. Comparison of
denitrification between Paracoccus sp. and Diaphorobacter sp. Appl Biochem
Biotechnol. 2011;165(1):260-9. https://doi.org/10.1007/s12010-011-9248-5

Qiu T, Zuo Z, Gao J, Gao M, Han M, Sun L, et al. Diaphorobacter
polyhydroxybutyrativorans sp. nov., a novel poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)-degrading bacterium isolated from biofilms. Int J Syst
Evol Microbiol. 2015;65(9):2913-8. https://doi.org/10.1099/ijs.0.000353

Zhao H, Gu Y, Liu X, Liu J, Waigi MG. Reducing phenanthrene
contamination in Trifolium repens L. with root-associated phenanthrene-
degrading bacterium Diaphorobacter sp. Phel5. Front Microbiol.
2021;12:792698. https://doi.org/10.3389/fmich.2021.792698

Ghadamgahi F, Tarighi S, Taheri P, Saripella GV, Anzalone A,
Kalyandurg PB, et al. Plant growth-promoting activity of
Pseudomonas aeruginosa FG106 and its ability to act as a biocontrol
agent against potato, tomato and taro pathogens. Biology (Basel).
2022;11(1):140. https://doi.org/10.3390/biology11010140

Pandey S, Singh G, Kumar A, Singh M, Kumar R, Singh R. Evaluation of
Pseudomonas sp. for its multifarious plant growth-promoting
potential and its ability to alleviate biotic and abiotic stress in tomato
(Solanum lycopersicum) plants. Sci Rep. 2020;10:13966. https://
doi.org/10.1038/s41598-020-77850-0

Marathe R, Phatake Y, Shaikh A, Shinde B, Gajbhiye M. Effect of IAA
produced by Pseudomonas aeruginosa 6a (bc4) on seed germination
and plant growth of Glycine max. J Exp Biol Agric Sci. 2017;5(3):351-8.
https://doi.org/10.18006/2017.5(3).351.358

Yan H, Cong M, Hu Y, Qiu C, Yang Z, Tang G, et al. Biochar-mediated
changes in the microbial communities of rhizosphere soil alter the
architecture of maize roots. Front Microbiol. 2022;13:1023444. https://
doi.org/10.3389/fmich.2022.1023444

Nawaz F, Rafeeq R, Majeed S, et al. Biochar amendment in combination with
endophytic bacteria stimulates photosynthetic activity and antioxidant
enzymestoimprove soybean yield under drought stress. J Soil Sci Plant Nutr.
2023;23:746-60. https://doi.org/10.1007/s42729-022-01079-1

Rafique M, Sultan T, Ortas I, Chaudhary HJ. Enhancement of maize
plant growth with inoculation of phosphate-solubilizing bacteria and
biochar amendment in soil. Soil Sci Plant Nutr. 2017;63(5):460-9.
https://doi.org/10.1080/00380768.2017.1373599

Rillig MC, Wagner M, Salem M, Antunes PM, George C, Ramke H-G.
Material derived from hydrothermal carbonization: effects on plant
growth and arbuscular mycorrhiza. Appl Soil Ecol. 2010;45(3):362-8.
https://doi.org/10.1016/j.aps0il.2010.04.011

10

54. Jabborova D, Annapurna K, Paul S, Kumar S, Saad HA, Desouky S, et al.
Beneficial features of biochar and arbuscular mycorrhiza for improving
spinach plant growth, root morphological traits, physiological
properties and soil enzymatic activities. J Fungi. 2021;7(7):571. https://
doi.org/10.3390/jof 7070571

55. Haider FU, Coulter JA, Cheema SA, Faroog M, Wu J, Zhang R, et al. Co-
application of biochar and microorganisms improves soybean
performance and remediates cadmium-contaminated soil. Ecotoxicol
Environ Saf. 2021;214:112112. https://doi.org/10.1016/
j-ecoenv.2021.112112

56. MustafaA, Saeed Q, Naveed M, Abid I, Ghafoor A, Bano F, et al. Biochar
-microbe synergy enhances auxin-mediated soil-plant interactions for
canola productivity in alkaline calcareous soil. RSC Adv.
2025;15:29509-27. https://doi.org/10.1039/D5RA03240G

57. Zhao S, Zhao S, Wang B. Combined application of biochar and plant
growth-promoting bacteria on crop growth and heavy metals
accumulation: a meta-analysis. Environ Pollut. 2025;381:126626.
https://doi.org/10.1016/j.envpol.2025.126626

58. An L, Zhao L, Wei A, Shi K, Li M, Dawwam GE, et al. Balancing
application of plant growth-promoting bacteria and biochar in
promoting selenium biofortification and remediating combined
heavy metal pollution in paddy soil. Environ Geochem Health.
2025;47(3):80. https://doi.org/10.1007/s10653-025-02386-z

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1007/s12010-011-9248-5
https://doi.org/10.1099/ijs.0.000353
https://doi.org/10.3389/fmicb.2021.792698
https://doi.org/10.3390/biology11010140
https://doi.org/10.1038/s41598-020-77850-0
https://doi.org/10.1038/s41598-020-77850-0
https://doi.org/10.18006/2017.5(3).351.358
https://doi.org/10.3389/fmicb.2022.1023444
https://doi.org/10.3389/fmicb.2022.1023444
https://doi.org/10.1007/s42729-022-01079-1
https://doi.org/10.1080/00380768.2017.1373599
https://doi.org/10.1016/j.apsoil.2010.04.011
https://doi.org/10.3390/jof7070571
https://doi.org/10.3390/jof7070571
https://doi.org/10.1016/j.ecoenv.2021.112112
https://doi.org/10.1016/j.ecoenv.2021.112112
https://doi.org/10.1039/D5RA03240G
https://doi.org/10.1016/j.envpol.2025.126626
https://doi.org/10.1007/s10653-025-02386-z
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

