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Nutrient deficiency is a major constraint to maize production and is commonly addressed using synthetic fer-
tilisers. Sustainable alternatives such as plant growth-promoting rhizobacteria (PGPR) combined with organic
amendments offer an eco-friendly strategy to improve nutrient uptake and productivity. In this study, two rhi-
zobacterial isolates were characterised based on biochemical attributes and 16S rRNA gene sequencing and
identified as Bacillus cereus (RB-1) and Pseudomonas putida (RB-2). Both isolates exhibited multiple plant growth-
promoting traits (PGPTs) including ammonia production, starch hydrolysis, phosphate solubilisation, indole-3-
acetic acid synthesis, and siderophore production. The complementary expression of these traits is likely to
enhance nutrient availability and root development, thereby contributing to the improved performance observed
under co-inoculation. In pot experiments, co-inoculation of the PGPR and a nine-strain bacterial consortium with
organic amendments (cow dung and vermicompost) significantly improved seed germination, seedling vigour,
and maize growth parameters compared with untreated and fertiliser controls. These improvements were
accompanied by increased biomass, higher chlorophyll and carotenoid contents, and enhanced nutrient accu-
mulation (N, P, K, Mg, and Fe) in shoots and roots. A strong positive correlation was observed among fresh and
dry shoot and root weights. In summary, these findings indicate that co-inoculation of PGPR with organic
amendments enhances maize growth and nutrient uptake under greenhouse conditions and may contribute to
more sustainable and eco-friendly nutrient management strategies.

1. Introduction and abiotic stress factors [7]. With the global population projected to
reach 10 billion by 2050, food demand is expected to rise by 35-56% [8,

Maize (Zea mays L.) is a major cereal crop of global economic and 9]. Therefore, improving maize productivity through sustainable

nutritional importance, ranking third after rice and wheat in terms of
cultivation and consumption [1-3]. It serves as a significant source of
carbohydrates, vitamins, and essential minerals such as iron, calcium,
phosphorus, magnesium, and zinc [4], and contributes substantially to
both human and livestock diets [5]. In Pakistan, particularly in Punjab
and Khyber Pakhtunkhwa, maize cultivation has expanded rapidly in
recent years, increasing agricultural exports by nearly 80% [6]. Despite
this progress, maize yields remain below potential due to various biotic
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nutrient management is essential to ensure future food security.
Inorganic fertilisers have long been used to boost crop yield [10], but
their excessive and unbalanced use leads to nutrient depletion, partic-
ularly of phosphorus (P) and potassium (K) [11]. Nitrogen-based fer-
tilisers often disturb the natural nitrogen cycle, cause leaching, salinity,
and greenhouse gas emissions, and reduce soil organic matter, ulti-
mately leading to biodiversity loss [12]. Moreover, the residual chem-
icals can leach into groundwater and contaminate drinking water
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sources [13]. The availability of nutrients from inorganic fertilisers also
decreases over time due to microbial immobilisation and physico-
chemical changes in the soil [2]. To counter these problems, integrating
inorganic fertilisers with organic amendments has been shown to
enhance soil health and crop productivity [14]. Organic farming pro-
vides a sustainable alternative that enriches soil fertility through the use
of natural inputs derived from plant and animal residues and improve
soil productivity, enhance soil carbon sequestration [14], maintain
nutrient balance [15], and reduce the negative environmental effects of
chemical fertilisers [3]. Common organic amendments include cow
dung, farmyard manure, compost, bark, sawdust, and other biodegrad-
able wastes [16], all of which improve crop growth and yield [17].

Sustainable agriculture also relies on the use of beneficial soil mi-
croorganisms such as bacteria, fungi, and algae that enhance plant
tolerance to stress [18,19] and improve nutrient acquisition [20].
Among these, plant growth-promoting rhizobacteria (PGPR) are
particularly effective in improving plant growth and soil fertility
without ecological harm [21-23]. PGPR directly promote plant growth
by solubilising soil nutrients and producing growth regulators, and
indirectly by suppressing phytopathogens [24]. They include
nitrogen-fixing (Rhizobium, Azospirillum, Azotobacter, Burkholderia),
phosphate- and potassium-solubilising species (Bacillus, Pseudomonas,
Burkholderia), and other beneficial genera [25,26]. These bacteria have
been shown to enhance growth in crops such as wheat, barley, rice,
maize, and sugar beet [27-31]. Several studies have demonstrated that
bacterial inoculation improves nitrogen and phosphorus availability and
enhances crop yield [32]. For example, co-application of
phosphorus-solubilising rhizobacteria with bio-organic phosphate
significantly improved soil organic matter and increased wheat yield
[33]. Thus, integrating PGPR with organic amendments can improve
soil fertility, nutrient uptake, and plant productivity sustainably.

Given the environmental concerns associated with synthetic fertil-
isers, integrating PGPR with organic amendments has been proposed as
an alternative approach for improving plant nutrient availability and
growth. Although the individual effects of PGPR and organic fertilisers
are well documented, existing studies often focus on yield outcomes or
on individual inputs applied independently. Comparatively fewer
studies have examined how specific PGPR functional traits relate to
plant physiological responses and nutrient uptake when PGPR are
applied in combination with organic amendments. Moreover, direct
comparisons between individual PGPR strains and multi-strain PGPR
consortia within the same experimental framework remain limited.
Therefore, this study evaluated the individual and combined effects of
selected PGPR strains and organic amendments on maize growth,
chlorophyll (Chl) and carotenoid contents, and nutrient uptake in roots
and shoots. By integrating strain-level and consortium-level responses,
the study focuses on linking microbial functional traits with plant
growth and nutrient acquisition responses.

2. Materials and methods
2.1. Soil samples collection

Rhizospheric soil samples (200 g each) were collected from three
randomly selected maize field locations at Chak 60 JB Shahbaz Pur
(31°26'50" N, 72°56'49" E). Samples were collected from the rhizosphere
of healthy maize plants, sealed in polyethylene bags, transported to the
laboratory, and stored at 4 °C until further processing for rhizobacterial
isolation.

2.2. Isolation, purification, and preservation of rhizobacterial strains

Rhizospheric soil samples were used for the isolation of rhizobacteria
following the serial dilution technique described by Joseph et al. [34].
Briefly, 1 g of soil from each sample was suspended in 9 mL of sterile
distilled water, and serial dilutions were prepared up to 10~°. From the
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1077 dilution, 1 mL was aseptically spread onto Petri plates containing
nutrient agar (NA) medium and incubated at 28 + 2 °C for 24 h. Multiple
morphologically distinct bacterial colonies were obtained and purified,
yielding several bacterial isolates. Among these, two representative
rhizobacterial isolates, designated RB-1 (Bacillus cereus) and RB-2
(Pseudomonas putida) were selected for detailed characterisation and
subsequent greenhouse experiments. The purified strains were pre-
served in nutrient broth (NB) supplemented with 40% glycerol and
stored at —80 °C for subsequent experiments.

2.3. Collection of bacterial consortium

A bacterial consortium comprising nine strains was obtained from
the National Culture Collection of Pakistan (NCCP), National Agricul-
tural Research Centre (NARC), Islamabad, Pakistan. The consortium was
included in this study as a comparative reference treatment alongside
the individual PGPR isolates. It was previously developed and charac-
terised through systematic screening of multiple bacterial isolates for
key plant growth-promoting traits (PGPTs) including phosphate and
zinc solubilisation, the presence of nitrogen fixation-related genes
(nifH), and ACC deaminase activity (acdS) [35-37]. During consortium
development, strain compatibility was assessed using cross-streak as-
says, and no antagonistic interactions among the selected strains were
reported [35].

The consortium consisted of the following NCCP-accessioned strains:
NCCP-246 (Sphingobacterium pakistanensis), NCCP-525 (Pantoea sp.),
NCCP-11 (Cellulomonas pakistanensis), NCCP-668 (Citrobacter sp.),
NCCP-673 (Exiguobacterium sp.), NCCP-675 (Raoultella sp.), NCCP-680
(Acinetobacter sp.), NCCP-607 (Enterobacter sp.), and NCCP-650 (Alcali-
genes pakistanensis). This previously validated consortium was used in
the pot experiments described in the present study and is hereafter
referred to as the “consortium” treatment. Earlier studies conducted
under controlled conditions, primarily in wheat, demonstrated that
inoculation with this consortium resulted in improved plant growth
responses compared with single-strain applications [36,37].

2.4. Morphological and biochemical characterisation of rhizobacteria

Bacterial isolates grown on NA medium were subjected to morpho-
logical characterisation. Cellular morphology including motility and
shape was examined under a light microscope [38]. Gram staining was
performed following the method of Vincent and Humphrey [39]; the
appearance of dark purple colouration indicated Gram-positive,
whereas a red colouration indicated a Gram-negative reaction.
Hydrogen cyanide (HCN) production was detected using the procedure
described previously [40]. Briefly, each isolate was streaked on NA
plates supplemented with glycine (4.4 g L~1). Whatman No. 1 filter
paper, soaked in a solution containing 0.5% picric acid [(02N)3C¢H20H]
and 2% NayCOs, was placed over the plates, which were sealed with
parafilm and incubated at 28 + 2 °C for 48 h. A colour changes from
orange to red confirmed HCN production. Fluorescence was assessed by
culturing isolates on King's B medium and incubating at 25 + 2 °C for 48
h. Plates were examined under a UV transilluminator (10-400 nm), and
the appearance of blue fluorescence indicated a positive response [41].

For the potassium hydroxide (KOH) solubility test, a 3% KOH solu-
tion was mixed with bacterial culture on a clean glass slide. The for-
mation of a viscous thread confirmed KOH solubility [42,43]. Catalase
activity was tested by mixing a loopful of bacterial inoculum with a drop
of 3% H30,; the immediate formation of oxygen bubbles (within 5-10 s)
indicated a positive catalase reaction. Levan production was determined
by streaking bacterial isolates on NA medium supplemented with 5%
sucrose and incubating for 3 days at 25 + 2 °C. The development of
convex, mucoid, white, and domed colonies confirmed levan production
[44]. Carbohydrate fermentation was assessed described earlier [45].
The fermentation medium consisted of 1 g trypticase, 0.5 g NaCl, 0.02
mg phenol red, and 0.5 mg carbohydrate dissolved in 100 mL distilled
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water. After autoclaving, the medium was inoculated with bacterial
culture and incubated at 37 °C for 24 h. A colour changes from red to
yellow indicated a positive fermentation response. Hydrogen sulphide
(H3S) production was tested on SIM medium incubated at 37 °C for 24 h;
the formation of black ferrous sulphide precipitates indicated a positive
reaction. The oxidase test was performed following Hayward [46]. Fresh
cultures were inoculated on Whatman No. 1 filter paper saturated with
1% N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD). The develop-
ment of a dark purple colour within 10-30 s indicated oxidase activity.
The oxidative-fermentative (O/F) test was carried out as described by
Hugh and Leifson [47]. In this assay, bacterial cultures were inoculated
into basal medium tubes by stabbing halfway to the bottom. One of each
pair of tubes was overlaid with a 1 cm layer of mineral oil, while the
other remained exposed to air. Tubes were incubated at 37 °C for 48 h,
and a colour change from green to yellow indicated a positive oxidative
or fermentative response.

2.5. Molecular characterisation of rhizobacteria

Genomic DNA was extracted from bacterial isolates using the Gen-
eJet Genomic DNA Purification Kit (Thermo Scientific, Waltham, USA)
according to the manufacturer's instructions. The 16S rRNA gene region
was amplified using universal primers 27F (5-AGAGTTT-
GATCCTGGCTCAG-3") and 1492R (5-TACGGCTACCTTGTTACGACTT-
3) [48,49]. Polymerase chain reaction (PCR) amplification was carried
out in a 50 pL reaction mixture containing 1.25 mM MgCl,, 200 pM of
each dNTP, 0.5 uM of each primer, 0.5 U pL ™! Taq polymerase (1 pL),
and 25-150 pL of DNA template. The PCR conditions consisted of an
initial denaturation at 90 °C for 1 min, followed by 35 cycles of dena-
turation at 95 °C for 15 s, annealing at 55-60 °C for 20-40 s, and
extension at 72 °C for 7 min. Amplified PCR products were separated on
a 1% (w/v) agarose gel stained with ethidium bromide and visualized
under a UV transilluminator. The amplicons were purified using the Gel
and PCR Clean-Up System (Promega) and quantified using a NanoDrop
spectrophotometer. Purified PCR products were sequenced by Microgen,
Korea. The obtained sequences were assembled using DNASTAR soft-
ware and compared with related sequences in the NCBI database using
the BLAST algorithm. Multiple sequence alignment was performed with
CLUSTALW. Phylogenetic analysis was conducted to determine evolu-
tionary relationships between the isolates and closely related sequences.

Phylogenetic analyses were performed separately for the two rhi-
zobacterial isolates based on 16S rRNA gene sequences. For isolate RB-1,
a phylogenetic tree was constructed using the Maximum Likelihood
(ML) method with the Kimura two-parameter model with invariant sites
(K2+1) including reference sequences of B. cereus. Bacillus subtilis was
used as an outgroup to root the tree. For isolate RB-2, a separate ML
phylogenetic tree was generated using the Hasegawa-Kishino-Yano
(HKY) substitution model with reference sequences of P. putida, and
P. fluorescens was used as an outgroup. All phylogenetic analyses were
conducted in MEGA version 12 [50]., and the robustness of the inferred
trees was assessed using 1000 bootstrap replications. Bootstrap values >
50% were considered significant and are shown at the corresponding
nodes. The 16S rRNA gene sequences obtained in this study were
deposited in the GenBank database, and accession numbers were
assigned.

2.6. Plant growth-promoting traits (PGPTs) of PGPR

PGPTs including ammonia production, starch hydrolysis, phosphate
solubilisation, indole-3-acetic acid (IAA) production, and siderophore
production, were evaluated using standard qualitative and quantitative
assays as described previously [51-56]. For detailed experimental pro-
cedures, see Supplementary Methods. Briefly, ammonia production was
assessed using peptone water and Nessler's reagent [51], starch hydro-
lysis was evaluated on starch-amended LB agar [52], and phosphate
solubilisation was determined using Pikovskaya's agar [53]. IAA
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production was quantified colorimetrically using Salkowski's reagent
[54], and siderophore production was assessed using the Chrome Azurol
S (CAS) assay [55,56].

2.7. Effect of bacterial inoculation on seed germination and vigour index
in maize

The effect of bacterial inoculation on maize seed germination and
seedling vigour was evaluated under in vitro conditions [57], with full
methodological details provided in Supplementary Methods. Briefly,
surface-sterilised seeds were inoculated with bacterial suspensions and
incubated under controlled conditions. After 15 days of incubation,
germination percentage, shoot and root length, and fresh and dry
biomass were recorded.

2.8. Effect of co-inoculation of rhizobacteria and soil amendments on
PGPTs and nutrient uptake

2.8.1. Collection of soil and organic waste material

Soil used for the pot experiment was collected from agricultural land
in Machikhokhar, Sialkot, Pakistan. The soil was air-dried and subjected
to physicochemical analysis following the methods described by Oka-
lebo et al. [58]. Organic waste materials, namely cow dung (CD) and
vermicompost (VC), were collected from Kallupayara, Sialkot, and a
commercial supplier in Faisalabad, Pakistan, respectively. Representa-
tive bulk samples of CD and VC were analysed for macro- and micro-
nutrient composition prior to use [59,60]. The organic amendments
were applied without sterilisation to preserve their native physico-
chemical and microbial properties.

2.8.2. Greenhouse pot assay

A greenhouse pot experiment was conducted to evaluate the effects
of rhizobacterial inoculation and organic amendments on maize growth.
The experiment was arranged in a completely randomised design (CRD)
and comprised 13 treatments including individual PGPR inoculations, a
multi-strain PGPR consortium, organic amendments, their combina-
tions, and appropriate controls: T1, CD + RB-1; T2, CD + RB-2; T3, CD +
Consortium; T4, VC + RB-1; T5, VC + RB-2; T6, VC + Consortium; T7,
CD alone; T8, VC alone; T9, RB-1 alone; T10, RB-2 alone; T11, Con-
sortium alone; T12, untreated soil (negative control); and T13, DAP
fertiliser (positive control). Each treatment was replicated four times,
and each replicate consisted of one pot. Sieved soil was thoroughly
mixed with CD or VC according to the treatment plan before being
placed into pots. Maize seeds (var. Spring 1608) were inoculated with
respective rhizobacterial suspensions or consortium for 2 h prior to
sowing. Fifteen treated seeds were sown per pot, and uniform agronomic
practices were maintained across all treatments. Germination percent-
age was recorded 14 days after sowing. Plant growth parameters
including shoot length, root length, leaf width, and fresh and dry
biomass of shoots and roots were recorded biweekly until 12 weeks after
germination. The entire experiment was conducted twice under iden-
tical greenhouse conditions to confirm reproducibility.

2.8.3. Estimation of chlorophyll (Cha) contents

At the maturity stage, healthy leaves were collected from each
replicate to determine Chl content. Fresh leaf tissue was extracted in 10
mL of solvent consisting of 80% acetone and 20% distilled water (v/v
8:2) in test tubes. After 24 h of incubation, the samples were analysed
using a spectrophotometer at wavelengths of 663, 645, and 480 nm.
Concentrations of chl a, chl b, and carotenoids were calculated described
previously [61,62].

2.8.4. Nutrient analysis of harvested plant samples

After harvest, maize plants were separated into roots and shoots
(including leaves), oven-dried at 65 °C for 72 h, and ground into a fine
powder using an electric grinder. For digestion, 0.5 g of plant material
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was placed in a conical flask with 10 mL of an acid mixture (HClOg4:
HNOs, 3:7 v/v) and heated at 100-300 °C on a hot plate until the so-
lution became colourless. The digests were cooled to room temperature,
diluted with 50 mL of distilled water, and filtered through Whatman No.
1 filter paper. Phosphorus concentration was determined by mixing 5
mL of the digest with 5 mL of a colour reagent (ammonium vanadate +
nitric acid + ammonium molybdate) and measuring absorbance at 470
nm using a spectrophotometer [60]. Total nitrogen concentration was
determined by the Micro-Kjeldahl method [63]. The concentrations of
Mg, Zn, Mn, Cu, Ca, and Fe were determined using atomic absorption
spectrophotometry [64]. Potassium and sodium concentrations were
measured using a flame photometer. Nutrient uptake was calculated by
multiplying the plant's dry biomass by the corresponding nutrient con-
centration [65].
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2.9. Statistical analyses

Analysis of variance (ANOVA) was performed to evaluate treatment
effects, and means were compared using the least significant difference
(LSD) test at P < 0.05. Standard error (SE) was calculated for each
treatment. All statistical analyses were conducted using R software
(version 4.2.0). Principal Component Analysis (PCA) was used to assess
the effects of individual and combined applications of rhizobacterial
strains with VC and CD on maize growth and nutrient uptake. Correla-
tion patterns and treatment clustering among plant growth parameters
were further examined using heat map visualisation and Pearson cor-
relation analysis.

MN746193.1 Bacillus cereus
MN746191.1 Bacillus cereus
MN746202.1 Bacillus cereus

MG027633.1 Bacillus cereus

JX544748.1 Bacillus cereus

KM391942.1 Bacillus cereus

MN197732.1 Bacillus cereus

L A BOT-GCWUS-1 (RB-1)

MT071635.1 Bacillus subtilis

ﬂ’— A BOT-GCWUS-2 (RB-2)

AB266613.1 Pseudomonas fluorescens

a
99
_
0.01
b
MF462903.1 Pseudomonas putida
AB513735.1 Pseudomonas putida
—— MT604992.1 Pseudomonas putida
KY982927.1 Pseudomonas putida
HM755492.1 Pseudomonas putida
_
0.01

Fig. 1. Maximum Likelihood (ML) phylogenetic trees based on 16S rRNA gene sequences showing the relationships of rhizobacterial isolates with closely related
reference taxa. (a) Isolate Bot-GCWUS-1 (RB-1) clustering within the Bacillus cereus group. (b) Isolate Bot-GCWUS-2 (RB-2) clustering within the Pseudomonas putida
group. Isolates obtained in this study are indicated by filled triangles (a). Bootstrap values (>50%) based on 1000 replicates are shown at branch nodes, and scale

bars represent nucleotide substitutions per site.
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3. Results
3.1. Isolation and identification of rhizobacteria

Based on morphological, biochemical, and molecular characterisa-
tion, two rhizobacterial isolates, designated RB-1 and RB-2, were iden-
tified as B. cereus and P. putida, respectively. Hereafter, these isolates are
referred to as RB-1 and RB-2. Morphologically, both isolates were rod-
shaped, with RB-1 exhibiting a Gram-positive reaction and RB-2 a
Gram-negative reaction. Biochemical profiling (Supplementary Table 1)
showed that RB-1 was positive for HCN production, catalase, and oxi-
dase activity, but negative for fluorescence, KOH solubility, levan for-
mation, carbohydrate fermentation, H,S production, and
oxidative-fermentative reactions. In contrast, RB-2 tested positive for
HCN production, catalase activity, fluorescence, KOH solubility, levan
formation, H,S production, oxidase activity, and oxidative-fermentative
reactions, but was negative for carbohydrate fermentation.

Phylogenetic analysis of the 16S rRNA gene sequences (~1500 bp)
confirmed species-level identification of the isolates (Fig. 1). Isolate RB-
1 showed 99.58% sequence similarity with B. cereus (GenBank accession
no. MN746193.1), while isolate RB-2 exhibited 99.65% sequence simi-
larity with P. putida (GenBank accession no. MF462903.1). The 16S
rRNA gene sequences generated in this study were deposited in the
GenBank database under accession numbers PX456173 (Bot-GCWUS-1;
RB-1) and PX456174 (Bot-GCWUS-2; RB-2).

3.2. Characterisation of rhizobacterial strains for PGPTs

RB-1 and RB-2 exhibited multiple PGPTs including ammonia pro-
duction, starch hydrolysis, phosphate solubilisation, IAA synthesis (with
and without tryptophan), and siderophore production. Both strains
tested positive for ammonia production and starch hydrolysis. IAA
production (Supplementary Fig. 1a) was detected in both strains, with
RB-1 producing higher concentrations both without tryptophan (6.23 +
0.23 pg mL™!) and with tryptophan supplementation (22.90 + 1.26 pg
mL 1) compared with RB-2, which produced 4.55 + 0.13 pg mL ™! and
17.05 + 0.33 pg mL~}, respectively. Phosphate-solubilising activity
(Supplementary Fig. 1b) was also prominent, with RB-1 showing slightly
greater solubilisation (81 + 3.28 pg mL™ 1) than RB-2 (75 + 2.89 pg
mL™Y). Similarly, both isolates produced siderophores (Supplementary
Fig. 1c), with RB-2 exhibiting higher activity (28.55 + 1.05%) than RB-1
(24.53 £ 0.66%).

3.3. Effect of rhizobacterial inoculation on seed germination and vigour
index in maize

All rhizobacterial treatments including RB-1, RB-2, and the con-
sortium, when applied to maize seeds, increased seed germination and
early seedling growth compared with the uninoculated control. Seed
germination reached 100% in all bacterial treatments (Supplementary
Fig. 2a). Shoot length was improved in seeds treated with RB-1 and RB-2
than in the control (Supplementary Fig. 2b). Root length was greatest in
RB-1-treated seedlings and lowest in RB-2-treated seedlings
(Supplementary Fig. 2c). Both individual strains and the consortium
increased shoot and root biomass relative to the control. Maximum fresh
shoot weight was recorded in RB-2 and the consortium treatments,
whereas dry shoot weight was highest in RB-2 (Supplementary Fig. 2d
and e). Fresh root weight was highest in the consortium treatment,
followed by RB-2, while dry root weight was greatest in the consortium
(Supplementary Fig. 2f and g). The vigour index was highest in seedlings
inoculated with RB-1, showing a clear increase relative to the control
(Supplementary Fig. 2h).
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3.4. Effect of co-inoculation of rhizobacteria and soil amendments on
plant growth and nutrient uptake

The combined application of rhizobacteria and soil amendments (CD
or VC) resulted in significantly higher maize seed germination and
growth responses than either individual treatments or the controls
(Supplementary Fig. 3). Seed germination reached 100% in all com-
bined treatments of CD or VC with RB-1, RB-2, or the consortium,
compared with 90% in the positive control. Among individual applica-
tions, full germination (100%) was recorded in CD, VC, RB-1, and the
consortium, whereas RB-2 showed a lower germination percentage
(84%) (Fig. 2a). Shoot length was significantly higher in all co-
inoculated treatments than in both control treatments (Fig. 2b). The
maximum shoot length was recorded in CD + RB-2, followed by VC +
RB-1. Among individual treatments, VC alone produced the tallest
plants. Maximum root length was observed in VC 4+ RB-1 and VC + RB-2,
with values approximately two-fold higher than the negative control.
Application of the consortium alone also significantly increased root
length compared with the control (Fig. 2c). Leaf number and leaf width
were also enhanced under combined applications. The highest leaf
number was recorded in CD and VC treatments relative to negative
control, while leaf width was greater in all PGPR + organic amendment
combinations than in the controls (Fig. 2d and e). Shoot and root
biomass responses followed similar trends (Fig. 2f-i). Fresh shoot weight
(FSW) was highest in CD + RB-2 and VC + RB-1 treatments, while dry
shoot weight (DSW) reached maximum values in CD + RB-2 and VC +
consortium treatments (Fig. 2f and g). Fresh root weight (FRW) was
higher in CD + RB-2, CD + consortium, VC + RB-1, and VC + con-
sortium treatments, and dry root weight (DRW) was greatest under
combined applications compared with individual treatments and con-
trols (Fig. 2h and i). Regression analysis showed strong positive re-
lationships between FRW and DRW (R? = 0.8316) and FSW and DSW
(R2 = 0.8759) (Supplementary Fig. 4a and b).

3.5. Estimation of chlorophyll and carotenoid content

Combined applications of PGPR and organic amendments resulted in
higher Chl and carotenoid contents than the control treatments
(Table 1). Among the co-inoculated treatments, the highest Chl a con-
centration was recorded in VC + RB-2, followed by VC + RB-1, whereas
the lowest Chl a value occurred in CD + RB-2. Among individual ap-
plications, RB-1 showed the greatest Chl-a content, while the consortium
showed the lowest. A similar pattern was observed for Chl b. Maximum
Chl b concentration was recorded in VC + RB-2, whereas CD + RB-2
showed the lowest value. In individual treatments, VC resulted in the
highest Chl-b content (10.83 + 0.80 mg g~ '), while the consortium
recorded the lowest value. Carotenoid content also varied among
treatments. The highest carotenoid concentration was observed in VC +
RB-1, followed by the positive control, whereas the negative control
showed the lowest value. Among individual treatments, RB-1 and VC
recorded higher carotenoid concentrations than the other treatments.

3.6. Nutrient uptake in maize shoots

Variations in shoot nutrient concentrations were observed among
treatments (Table 2). Both combined and individual applications
showed higher nutrient concentrations than the controls, with the
highest values generally recorded under combined PGPR and organic
amendment treatments. Among the combined applications, the highest
nitrogen (N) concentration was recorded in VC + consortium, followed
by VC + RB-2 and CD + consortium. Among individual treatments, VC
resulted in higher shoot N content than both the positive and negative
controls. Phosphorus (P) concentrations followed a similar pattern. The
highest P content occurred in VC + consortium, followed by CD +
consortium. In individual treatments, VC also showed higher P con-
centrations than the controls. Potassium (K) concentrations varied
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Fig. 2. Effects of individual and combined applications of plant growth-promoting rhizobacteria (PGPR) and organic amendments on maize growth parameters
under greenhouse conditions. (a) Germination percentage, (b) shoot length, (c) root length, (d) number of leaves, (e) leaf width, (f) fresh shoot weight, (g) dry shoot
weight, (h) fresh root weight, and (i) dry root weight. Error bars represent the standard error (+SE) of four biological replicates. Different letters indicate significant
differences among treatment means according to the least significant difference (LSD) test (P < 0.05).

Table 1

Chlorophyll a, chlorophyll b, and carotenoid contents in Zea mays leaves under
combined and individual applications of rhizobacterial isolates and organic
amendments.

Treatment Chla(mgg™) Chlb (mg g™!) Carotenoids (mg g 1)
CD + RB-1 14 + 3.5% 8 + 0.5¢ 0.2 +0.03¢
CD + RB-2 13 +0.7% 7 + 1.08F 0.2 + 0.03%¢
CD + Consortium 14. +1.9%¢ 11 + 1.0 0.4 + 0.02%°
VC + RB-1 19 +1.9%° 14 +1.1%° 0.5 £ 0.01%
VC + RB-2 20 +1.8% 14 +1.1° 0.5 + 0.04°
VC + Consortium 14 + 0.6 11 + 0.6™ 0.2 + 0.00°¢
cD 12 + 0.5%f 8 + 0.49¢f 0.2 + 0.02°4
Ve 15 + 1.7 11 + 0.7 0.4 + 0.02%°¢
RB-1 16 + 1.4°% 10 + 0.5%¢ 0.4 + 0.05
RB-2 12 + 0.6C%f 10 + 0.4%f 0.2 + 0.02¢
Consortium 11 + 0.5 8 + 0.4 0.2 + 0.03¢
Control (-ve) 7 +0.28 5 4 0.48 0.2 £ 0.01°¢
Control (+ve) 14 + 0.5%0f 9 4 1.4¢def 0.4 + 0.02%%

Different letters indicate significant differences among treatment means ac-
cording to the LSD test (P < 0.05).

across treatments. Maximum K values were observed in VC + con-
sortium and CD + consortium. Among individual inoculations, RB-1 and
RB-2 recorded higher K concentrations than the positive and negative
controls. Among secondary nutrients, magnesium (Mg) concentration
was highest in VC + consortium, while the consortium applied alone
also resulted in higher Mg levels than the controls. Iron (Fe) concen-
tration also differed among treatments. The highest Fe concentration
was observed in VC + consortium, whereas in single applications the
consortium showed higher Fe uptake than the control (Table 2).

3.7. Nutrient uptake in maize roots

Root nutrient concentrations varied among treatments (Table 3).
Higher root nutrient levels were observed under combined applications
of rhizobacteria and organic amendments compared with individual
treatments and controls. In co-inoculated treatments, root N concen-
trations were higher than those in the positive and negative controls.
Among individual applications, VC and CD also resulted in elevated root
N levels relative to the controls (Table 3). Additionally, P and K con-
centrations also differed among treatments. In individual applications, P
concentrations ranged from 244 =+ 3.34 to 278.25 + 5.44 mg kg ’,
while K concentrations ranged from 204.25 + 2.93 to 261 + 4.02 mg
kg™, both exceeding the control values. Higher P and K concentrations
were generally observed under combined treatments. Among secondary
nutrients, Mg concentration was highest in VC + consortium and lowest
in CD + RB-1. In individual treatments, VC also resulted in higher Mg
concentrations than the positive and negative controls. Fe concentra-
tions followed a similar pattern. The maximum Fe concentration was
recorded in VC + consortium, followed by CD + consortium. In indi-
vidual applications, the bacterial consortium resulted in higher Fe
concentrations than the controls (Table 3).

3.8. Multivariate and correlation analysis of plant growth and nutrient
uptake

A heatmap with hierarchical clustering was generated to visualise
relationships among maize growth parameters and treatments (Fig. 3).
The dendrogram separated variables into four main clusters based on
correlation patterns. The first cluster included Chl a, Chl b, and carot-
enoids; the second comprised root length; the third contained biomass
and nutrient parameters (FSW, DSW, FRW, DRW, N, P, Mg, and Fe); and
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Table 2
Nutrient concentrations in maize shoots under combined and individual applications of plant growth-promoting rhizobacteria (PGPR) and organic amendments.

Treatment N concentration (mg kg™ 1) P concentration (mg kg™ 1) K concentration (mg kg ') Mg concentration (mg kg ) Fe concentration (mg kg ')
CD + RB-1 1970.5 + 53.2% 519 + 4.16° 533 + 2.08" 2438.5 + 44.38 113 + 1.96¢
CD + RB-2 1937.5 + 33.2¢ 533.5 + 5.45° 503 + 8.40°¢ 2622.25 + 30.43f 125.5 + 3.66b,
CD + Consortium 2067 + 47.5" 585.5 + 3.66" 541 + 2.48% 3008 + 13.41° 130.25 + 1.65"
VC + RB-1 1981 + 32.3% 524.25 + 3.504¢ 521.75 + 1.89"¢ 2802.5 + 26.9¢ 120.75 + 2.32°
VC + RB-2 2167.75 + 35.9° 575 + 4.04° 487 + 2.86¢ 3022.75 + 16.82° 129.75 + 2.29°
VC + Consortium  2346.25 + 50.9% 623 + 2.12% 560.25 + 4.77% 3316.75 + 57.7° 143 + 2.27°
cD 1640.25 + 43.5° 516.5 + 2.99 ¢ 397 + 2.94F 2434.25 +9.18 86.75 + 2.39"
vC 1779.5 + 45.2° 536 + 2.35° 359 + 4.148 2631 + 11.50¢ 85.25 + 1.38%
RB-1 1253 + 76.38" 481.5 + 3.38% 417 + 3.76° 2430 + 7.338 80 + 1.68%
RB-2 1239 + 40.9" 475 + 2.748 428 + 20.48° 2711.5 + 8.77° 83.75 + 2.14%
Consortium 1380 =+ 46.08 506 + 6.49" 410.5 + 2.60° 2902.25 + 3.73° 93.25 + 2.66°
Control (-ve) 855.75 + 443 315 + 3.19' 267.25 + 3.79' 1632.75 + 12.78! 61.75 + 1.25"
Control (+ve) 1084.25 + 19.8! 414 + 2.27" 317.75 + 2.69" 2243.25 + 1958" 85.25 + 1.38%

Different letters indicate significant differences among treatment means according to the LSD test (P < 0.05).

Table 3

Nutrient concentrations in maize roots under combined and individual applications of plant growth-promoting rhizobacteria (PGPR) and organic amendments.

Treatment N concentration (mg kg ™) P concentration (mg kg™*) K concentration (mg kg™1) Mg concentration (mg kg™?) Fe concentration (mg kg~!)
CD + RB-1 1032.5 + 19.2¢ 306 + 3.70¢ 319.75 + 3.47% 1520.75 + 4.32f 67.75 + 2.29¢
CD + RB-2 1037.5 + 23.8¢ 314.25 + 2.06°¢ 299.5 + 7.03" 1685 + 5.67° 70.75 + 1.25%
CD + Consortium 1285.75 + 7.21% 341.5 + 2.10° 310.75 + 3.38% 1800.75 + 7.66° 84.5 + 1.85"
VC + RB-1 1275.25 + 35.8° 325.25 + 3.38° 310.25 + 3.73% 1575.5 + 7.51° 73.75 + 1.38°
VC + RB-2 1155 + 38.1° 345.75 + 2.95" 281.5 + 8.99° 1690.5 + 4.80° 81.25 + 1.49°
VC + Consortium 1330.75 + 21.2 371.25 + 1.89° 322.25 + 3.25° 1861.75 + 2.28° 93.5 + 1.44°
cD 1042.25 + 25.5° 252.25 + 2.93% 261 + 4.02¢ 1564.75 + 1.65° 55 + 1.47°
vC 1119.75 + 11.2° 278.25 + 5.44° 244.5 + 4.44° 1637.25 + 8.17¢ 60.25 + 1.49°
RB-1 797.75 + 28.4° 256 + 7.99 204.25 + 2.93" 1113.25 + 6.76' 49.25 + 1.758
RB-2 845.25 + 20.74¢ 244 + 3.348 216.75 + 3.17° 1295.25 + 5.86" 57.5 + 2.10%
Consortium 911 + 14.3¢ 273.25 + 3.42° 216.25 + 3.17° 1426.25 + 4.23% 62 + 1.68°
Control (-ve) 578.5 + 28.8% 109.5 + 4.37¢ 106.25 + 3.12" 820 + 18.87) 33.25 + 1.11°
Control (+ve) 749 + 14.4° 185.5 + 3.88" 136.5 + 2.108 1100.75 + 13.141 48 + 1.83%

Different letters indicate significant differences among treatment means according to the LSD test (P < 0.05).
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Fig. 3. Heatmap with hierarchical clustering illustrating relationships among morphological, physiological, and nutrient uptake parameters of maize under different
treatments. The dendrogram groups treatments and variables into major clusters based on correlation patterns. The colour gradient represents correlation intensity,
ranging from —2 (blue) to +2 (red), with higher values indicating stronger positive associations. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

the fourth group consisted of shoot length, stem width, number of leaves, leaf width, and leaf Chl content. Among treatments, VC + RB-1
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and VC + RB-2 were associated with higher Chl and carotenoid values,
while VC + consortium was associated with higher Mg, P, and Fe values.

PCA further summarised variation in maize growth and nutrient
uptake among treatments. The first two principal components (PC1 and
PC2) explained 92.3% and 3.9% of the total variance, respectively, with
a cumulative variance of 96.2% (Supplementary Table 2). Among
nutrient variables, Fe showed the largest contribution to total variance,
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followed by P, N, and Mg. The combined treatment VC + consortium
showed the greatest dispersion along PC1, followed by CD + con-
sortium, whereas the controls clustered separately (Fig. 4).

Pearson correlation analysis showed positive associations among
pigments, growth traits, and nutrient uptake parameters
(Supplementary Fig. 5). Chl a exhibited strong positive correlation with
several morphological and nutrient variables, followed by Chl b and

contrib

l 20.25
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- 19.25
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Fig. 4. Principal component analysis (PCA) illustrating relationships between nutrient uptake variables and treatment effects in maize. (a) Variable contribution plot
showing the loadings of nutrient elements (Fe, P, N, Mg, and K) on the first two principal components (PC1 = 92.3% and PC2 = 3.9%). (b) PCA biplot showing the
distribution of treatments based on their association with nutrient uptake parameters. Combined treatments (VC + RB-1, VC + RB-2, and VC + consortium) are

separated from the controls along PC1, indicating enhanced nutrient uptake.
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carotenoids. Shoot length was positively associated with stem width,
number of leaves, and both fresh and dry biomass. Fresh shoot weight
showed positive correlations with nutrient concentrations (K < Mg < Fe
< N), while dry root weight was associated with K, N, Fe, Mg, and P
accumulation. Carotenoids showed negative correlations with shoot and
root length, shoot biomass, and nutrient uptake.

4. Discussion

This study evaluated the potential of two rhizobacterial isolates, RB-
1 and RB-2, applied individually and with organic amendments, to
enhance maize growth and nutrient uptake under greenhouse condi-
tions. Both isolates expressed multiple PGPTs including IAA and side-
rophore production, phosphate solubilisation, catalase activity, and
ammonia generation. These functional traits are commonly associated
with improved plant physiological performance and nutrient acquisi-
tion, and may help explain the growth and nutrient uptake responses
observed in maize. These findings are consistent with the well-
established roles of Bacillus and Pseudomonas as effective PGPR
capable of stimulating root growth, improving nutrient availability, and
suppressing phytopathogens through phytohormone production and
iron chelation [21-23,25,66]. In particular, IAA-mediated root devel-
opment and siderophore-associated Fe acquisition have been reported as
contributing to biomass accumulation and Chl synthesis [67,68].

Molecular identification by 16S rRNA sequencing confirmed the
isolates as B. cereus and P. putida, consistent with earlier reports
describing these taxa as efficient rhizosphere colonisers across diverse
environments [69-71]. The seed bioassays further showed that inocu-
lation with either single specie or the consortium enhanced germination,
vigour, and early seedling growth without phytotoxic effects, which is
consistent with previous studies reporting improved seedling perfor-
mance following PGPR inoculation [72-74].

An important outcome of this study is the apparent synergy between
PGPR and organic amendments. Co-application with CD or VC generally
outperformed individual treatments in enhancing shoot and root
growth, leaf development, Chl and carotenoid contents, and overall
biomass accumulation under greenhouse conditions. These responses
were observed across treatments involving individual PGPR strains as
well as the consortium. These improvements may be explained by
mechanisms proposed in previous studies including gradual nutrient
release and improved soil conditions associated with organic amend-
ments [75]. Such conditions have been suggested to facilitate PGPR
colonisation and support their functional roles in phosphate solubilisa-
tion and siderophore-mediated iron acquisition [75,76]. This is consis-
tent with studies showing that integrating bio-inputs with organic
fertilisers can enhance soil organic carbon, nutrient cycling, and plant
productivity [15,16,77-80].

The nutrient profiles further support this interpretation. Co-
inoculated treatments showed higher N, P, K, Mg, and Fe concentra-
tions in shoots and roots than the controls and most single inputs
including treatments involving the consortium, consistent with PGPR-
mediated solubilisation and mobilisation of sparingly soluble nutrient
pools and with improved root architecture increasing uptake area. The
concurrent rise in Chls and carotenoids suggests enhanced photosyn-
thetic capacity, which is an expected downstream response to improved
N and Mg supply and increased Fe bioavailability for Chl biosynthesis.
These outcomes are in line with broader evidence that PGPR, especially
when paired with organic substrates, can improve nutrient use effi-
ciency in cereals [75,77,78].

Multivariate analyses provide integrative support for the observed
treatment effects. The heatmap clustered pigments with growth and
biomass traits, while nutrients (such as Fe, P, N, and Mg) grouped with
biomass metrics, indicating coordinated variation in resource capture
and growth-related parameters under co-inoculation. PCA (PC1 and PC2
explaining 92.3% and 3.9% of the variance, respectively; cumulative
96.2%) separated co-treated plants from controls and highlighted Fe,

Journal of Agriculture and Food Research 26 (2026) 102742

followed by P, N, and Mg, as major contributors to overall variance. This
pattern is consistent with nutrient-related responses observed across
treatments including those associated with siderophore production and
nutrient solubilisation traits measured in vitro. Pearson correlation
analysis further showed strong associations between Chl a and, to a
lesser extent, Chl b and carotenoids with morphological and biomass
traits. Fresh and dry biomass were also positively associated with
nutrient accumulation. Together, these multivariate relationships sup-
port the interpretation that combined PGPR and organic amendment
treatments were associated with coordinated changes in growth, phys-
iological traits, and nutrient uptake under greenhouse conditions.

Importantly, these results contribute to the growing body of evidence
suggesting that integrated nutrient management approaches may help
address some limitations associated with heavy reliance on synthetic
fertilisers, such as soil organic matter decline, nutrient imbalance, and
environmental externalities [12]. By showing that RB-1 and RB-2,
applied individually and in combination with CD or VC, were associ-
ated with improved maize growth and nutrient uptake under green-
house conditions, this study highlights the potential of PGPR-organic
amendment combinations as a complementary approach to synthetic
fertiliser use in controlled environments [15,16,25,66].

In summary, co-inoculation of RB-1 (B. cereus) and RB-2 (P. putida)
with organic amendments improved maize growth and nutrient uptake
under studied conditions. These responses are likely associated with
complementary processes commonly attributed to PGPR, such as mi-
crobial nutrient solubilisation and phytohormone-mediated root devel-
opment. Rather than directly demonstrating yield or soil fertility
improvements, the present findings highlight physiological and nutri-
tional responses at the plant level that may be relevant to integrated
nutrient management strategies. Although a multi-strain PGPR con-
sortium was included as a comparative reference treatment, this study
did not aim to resolve strain-specific functional contributions within the
consortium. Accordingly, the observed responses may reflect additive or
functionally overlapping effects among consortium members. Because
the study was conducted under controlled greenhouse conditions, future
field-based investigations across diverse agroecological settings are
required to evaluate agronomic performance, yield responses, and
longer-term soil effects, as well as to optimise inoculum-amendment
combinations and application rates. In addition, the present study did
not assess antimicrobial resistance genes in PGPR strains or antibiotic
residues in organic amendments, which represents an important
consideration for future research on PGPR-organic amendment
applications.

5. Conclusions

This study indicates that co-inoculation of RB-1 (B. cereus) and RB-2
(P. putida) with organic amendments (i.e., CD or VC) enhanced maize
growth and nutrient uptake under greenhouse conditions. The combined
application was associated with increased Cha and carotenoid contents,
greater biomass accumulation, and improved uptake of key nutrients (N,
P, K, Mg, and Fe). Overall, these findings suggest that PGPR-organic
amendment interactions can support plant growth and nutrient acqui-
sition under controlled conditions, while further evaluation under field
conditions is required to assess broader agronomic relevance.
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