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Co-inoculation of arbuscular
mycorrhizal fungi and Bacillus
subtilis enhances morphological
traits, growth, and nutrient uptake
in maize under limited phosphorus
availability
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Raimundo Wesley Fonseca Nunes?, Gilnair Nunes Monteiro?, Maria Helena Ferreira Duarte?,
Allana Pereira Moura da Silva?, Adriele de Castro Ferreira’, Milena Rodrigues Luz*,
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The use of beneficial microorganisms to enhance phosphate fertilizer use efficiency and solubilize
residual phosphorus (P) is a promising strategy to improve soil P availability for plants. This

study tested the hypothesis that inoculation with arbuscular mycorrhizal fungi, either alone or

in combination with Bacillus subtilis, enhances maize growth and optimizes nutrient availability,
particularly phosphorus. The experiment was conducted under greenhouse conditions with four
replications, following an 8 x 3 factorial design. Treatments included individual inoculations with
Bacillus subtilis (IPACC26), Rhizophagus clarus (RIN102A), Claroideoglomus etunicatum (SCT101A),
and a commercial inoculant of Rhizophagus intraradices (Rootella BR ULTRA), as well as three co-
inoculations (IPACC26 combined with each fungus) and a non-inoculated control. These treatments
were combined with three levels of phosphate fertilization (0, 50, and 100% of the recommended P
level). Mycorrhizal colonization improved root architecture and increased photosynthetic pigments and
uptake of P and other nutrients, resulting in greater plant growth and biomass production. The most
pronounced effects were observed in plants inoculated with R. clarus and C. etunicatum, either alone
or in combination with B. subtilis, at the 0 and 50% P levels. At 0% P, inoculated plants accumulated
significantly more biomass, with root and shoot dry mass up to 3,000% and 680% higher, respectively,
than those of uninoculated plants; this effect was associated with a 1,700% increase in shoot P
accumulation compared to the control. These findings highlight the potential of these inoculants as
biofertilizers for more sustainable and efficient phosphorus management in maize cultivation.
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The continuous growth of the global population has intensified the demand for higher agricultural productivity
to meet global food requirements, leading to the widespread use of external inputs, particularly chemical
fertilizers. Fertilizers containing nitrogen (N), phosphorus (P), and potassium (K) are extensively applied, posing
significant risks to soil health and water quality'. In tropical soils, phosphorus availability is typically low due to
strong fixation by soil minerals, and phosphate fertilizers are often applied in excessive amounts to support crop
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production. The low P availability results from adsorption onto iron and aluminum oxides or precipitation with
aluminum and iron ions, forming mineralogically stable compounds (fixed P)>.

Agricultural systems are increasingly encouraged to adopt sustainable practices that promote soil health
and environmental conservation. Consequently, strategies to optimize phosphate use are critical for minimizing
the environmental impacts associated with excessive P application. Soil microorganisms offer a promising
alternative for improving nutrient availability while reducing dependence on chemical fertilizers. Well-known
beneficial microorganisms, such as arbuscular mycorrhizal fungi (AMF) and plant growth-promoting bacteria
(PGPB) play key roles in enhancing plant growth, nutrient uptake, and tolerance to biotic and abiotic stresses®.
AMEF are obligate biotrophs that colonize the root cortex and develop an extensive mycelial network in the soil
surrounding the roots, providing an additional absorptive surface area for the plant. The symbiotic association
enhances the plant’s capacity to absorb nutrients with low soil mobility, such as phosphorus®, as well as potassium,
manganese, and zinc’.

PGPB can also enhance plant development through various mechanisms, such as the production of indole-3-
acetic acid (IAA), which stimulates root growth and consequently nutrient uptake®. These bacteria can colonize
the plant rhizosphere or act as endophytes without causing harm. Among the well-known PGPB, Bacillus
subtilis exhibits important biochemical capabilities, including IAA production and phosphorus solubilization.
In terms of phosphorus solubilization, B. subtilis produces siderophores which, together with other phosphate-
solubilizing mechanisms, increase the availability of phosphorus and associated cations in the soil’.

Several studies have shown that co-inoculation with AMF and B. subtilis can benefit plants while reducing
dependence on P fertilizers, an approach particularly relevant for economically important crops such as maize
(Zea mays L.)1%12. We hypothesize that the co-inoculation of AMF and B. subtilis improves maize growth and
nutrient uptake by increasing P availability, thereby reducing reliance on phosphate fertilizers and mitigating
its associated environmental impacts. This hypothesis was tested by growing maize plants in a greenhouse,
inoculated with AMF either individually or in combination with B. subtilis, and evaluating plant growth and
nutrient uptake under varying P levels.

Materials and methods

Location, experimental design and treatments

The experiment was conducted in a greenhouse at the Professora Cinobelina Elvas Campus of the Federal
University of Piaui (CPCE/UFPI), located in Bom Jesus, Piaui, a semi-arid region of Brazil (9°05°02.0” S,
44°19’32.0” W; 277 m above sea level). The study was carried out from November 2023 to January 2024, using a
randomized block design arranged in an 8 x 3 factorial scheme, with four replicates per treatment.

The factors evaluated were: (1) eight microorganism treatments, including individual inoculations with
Bacillus subtilis (IPACC26), Rhizophagus clarus (RJN102A), Claroideoglomus etunicatum (SCT101A), a
commercial inoculant (Rootella BR ULTRA, based on Rhizophagus intraradices), and three co-inoculations
(B. subtilis+Rootella BR ULTRA, B. subtilis+R. clarus, and B. subtilis+ C. etunicatum), and a non-inoculated
control; and (2) three phosphate fertilization levels, with P at 0, 50, and 100% of recommended level for maize'4.

Soil preparation and experimental conditions

Plants were cultivated in polyethylene pots filled with 8 kg (dry weight) of soil, which had been sterilized in
an autoclave at 121 °C and 1.0 atm for 1 h. The soil employed for experiment, classified as dystrophic Yellow
Latosol'?, was collected at 0-20 cm depth in an area with of native vegetation in the semi-arid region of Piaui,
Brazil (9°04°45.2” S and 44°19°36.8” W). Simple soil samples were homogenized to form a composite sample,
which exhibited the following characteristics: pH=4.8; available P (Mehlich-1)=4.1 mg dm™; K=62 mg
dm™; Ca=0.55 cmolc dm™; Mg=0.05 cmolc dm™; Al=2.5 cmolc dm™ H+ Al=3.67 cmolc dm™; sum of
bases=0.76 cmolc dm™; potential cation exchange capacity =4.43 cmolc dm™; Cu=0.32 mg dm™; Mn=16.9 mg
dm™; Fe=63.5 mg dm™; Zn=1.39 mg dm™>; base saturation=17.1%; aluminum saturation =76.7%; organic
matter =1.83%; sand =760 g kg™'; silt=27 g kg™'; clay=213 g kg™".

Soil correction was carried out by increasing base saturation to 60%, following the recommended guidelines
for maize cultivation'®. Thirty days after liming, phosphate fertilization was applied at three levels: 0, 50, and
100% of the recommended level, corresponding to 0, 50, and 100 kg ha™ of P,Os (as single superphosphate,
18%), respectively. Additionally, 120 kg ha™ of K,O (as potassium chloride, 60%), 2.0 kg ha™ of Cu (as copper
sulfate, 26.23%), 1.5 kg ha™ of Zn (as zinc sulfate, 22.73%), and 160 kg ha™ of N (as urea, 45%) were applied“.
Fertilizers were applied to each pot and incorporated into the soil prior to sowing. The nitrogen fertilization was
done in three applications: the first one incorporated at planting, and two subsequent topdressings applied as
urea solution in circular bands around the plants.

The strains Rhizophagus clarus (RJN102A) and Claroideoglomus etunicatum (SCT101A) were obtained
from the International Culture Collection of Glomeromycota (CICG) at FURB, in Santa Catarina, Brazil. The
inoculum consisted of a soil-based mixture containing root fragments, hyphae, and spores. The C. etunicatum
and R. clarus inoculants contained approximately 8 and 10 spores per gram of soil, respectively. The commercial
inoculant Rootella BR ULTRA, based on vermiculite and clay, contained approximately 167,000 propagules of
Rhizophagus intraradices per gram of product. The Bacillus subtilis strain (IPACC26), selected by Aquino et al.!®
for its potential in IAA production and maize growth promotion, was cultured in TSB medium at 28 °C and
120 rpm for three days.

At sowing, three maize seeds (hybrid BM970VIP3) were sown per pot after surface disinfection with 70%
ethanol for 30 s and 2% sodium hypochlorite for two minutes, followed by rinsing with distilled water. The
inoculants of R. clarus and C. etunicatum were applied at 5.0 g per pot, directly into the sowing furrow beneath
the seeds, in accordance with CICG guidelines. The Rootella BR ULTRA inoculant was applied according to the
manufacturer’s recommended rate (16 g ha™), adjusted to 0.052 mg per pot, and placed in the sowing furrow
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beneath the seeds to ensure effective root contact during germination. The B. subtilis inoculant was applied at
arate of 1.0 mL of bacterial suspension (~1x 10 cells mL™) per seed, directly onto the seed surface at sowing.

Thinning was performed 10 days after sowing (DAS), leaving one plant per pot. Soil moisture was maintained
at 80% of field capacity throughout the experiment. During the experimental period, air temperature inside the
greenhouse ranged from 25 to 34 °C (minimum) and 27 to 38 °C (maximum), while relative humidity varied
between 39% and 80%.

Morphological assessments of shoots and roots and biomass production

Plants were harvested at 55 DAS at the onset of flowering stage. Firstly, photographic records of the plants
were taken and later processed using CorelDraw software. Stem length, basal diameter, and number of leaves
were measured. Root morphology images were captured using an EPSON LA2400 scanner and processed using
RhizoVision Explorer software, in order to obtain total root length, average root diameter, number of branches,
and root surface area. Subsequently, 10 g of roots per treatment were separated for mycorrhizal colonization
assessment. Shoots and the remaining roots were oven-dried at 60 °C in a forced-air chamber until reaching
constant weight.

Mycorrhizal colonization

To determine the mycorrhizal colonization rate (% MC), 10 g of fresh roots were cleared with 10% KOH, acidified
with 1% HCI, and stained with Trypan Blue, following the method of Phillips and Hayman!®. Colonization
was quantified by counting fungal structures on microscope slides using the gridline intersection method!”.
Observations were made using a plan achromatic optical microscope equipped with LED illumination and 40x
magnification. Images were captured using a 12-megapixel mobile camera mounted on the microscope lens. For
each sample, 50 intersections were analyzed, and the mycorrhizal structures were quantified separately (hyphae,
arbuscules, and vesicles). The total colonization percentage was determined according to the following equation:

Number of intersections with fungal structures

% MC = x 100

Total number of intersections observed

The colonization percentages for hyphae, arbuscules, and vesicles were also calculated separately using the same
equation, replacing the numerator with the number of intersections containing each specific structure, according
to the methodology adapted from Giovannetti and Mosse!®.

Quantification of soil protein related to easily extractable glomalin (SPRG-EE)

To obtain SPRG-EE, 1.0 g of dry rhizospheric soil from each treatment was sieved through a 2.0 mm mesh and
mixed with 8.0 mL of sodium citrate solution (0.02 mol L', pH 7.0). The mixture was autoclaved at 121 °C for
30 min. Subsequently, samples were centrifuged at 3,500 rpm for 10 min, and the supernatant was collected.
Protein quantification was performed using the Bradford method!, employing Coomassie Brilliant Blue G-250
dye and spectrophotometric readings at 590 nm. The readings, based on the method of Wright and Upadhyaya,
were calibrated against a standard protein concentration curve using bovine serum albumin (BSA)?. Finally,
SPRG-EE concentration was expressed as mg of glomalin per gram of soil, accounting for the total supernatant
volume and dry soil weight.

Nutrient accumulation and phosphorus use efficiency (PUE)

Phosphorus (P), potassium (K), zinc (Zn), manganese (Mn), and iron (Fe) were selected for quantification due
to their low mobility in the soil, while calcium (Ca) and magnesium (Mg) were included because their uptake is
strongly influenced by root interception?!. Other nutrients were not measured due to the limited availability of
plant dry mass, particularly in the non-inoculated control. Samples of 0.5 g of dried and ground shoot or root
material were subjected to nitro-perchloric acid digestion?. P content was determined by spectrophotometry
using the yellow vanadate method, while K content was assessed by flame photometry??. The concentrations of
Ca and Mg, as well as those of the micronutrients (Fe, Zn, and Mn), were quantified using atomic absorption
spectrophotometry. Nutrient accumulation was calculated by multiplying the dry mass (g) by the nutrient
concentration (%) in the shoot and root, and then dividing the result by 100. Phosphorus use efficiency (PUE)
was evaluated using the balance method described by Syers, Johnston, and Curtin®, in which the percentage
recovery of applied P is calculated as:

Phosphorus removal by the crop

PUE = x 100

Applied phosphorus

Photosynthetic pigments and leaf temperature

To determine photosynthetic pigments, 1.0 cm diameter leaf discs were collected from the middle third of the
leaf at 55 DAS. The discs were incubated in calcium carbonate (CaCO3) saturated with DMSO and kept in the
dark for five days. Subsequently, spectrophotometric readings were taken using a microplate reader (MRXA200)
at wavelengths of 665, 649, and 480 nm. The concentrations of chlorophyll a, chlorophyll b, and carotenoids were
calculated using the equations proposed by Wellburn?%. Leaf temperature was measured using a thermographic
camera between 10:00 and 11:00 a.m., during a period of stable ambient temperature and transpiration rates.
Measurements were taken from the middle third of the leaf to minimize variability between younger and older
leaves.
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Statistical analysis

The data were subjected to normality testing (Shapiro-Wilk) and homogeneity of variance testing (Bartlett).
Upon meeting the assumptions, analysis of variance (ANOVA) and the Scott-Knott mean comparison test
(a=0.05) were conducted using Sisvar 5.6. Means were graphically represented using SigmaPlot (version
14.0). Additionally, Principal Component Analysis (PCA) and hierarchical cluster analysis (dendrogram) were
performed to evaluate the relationships among variables, inoculation treatments, and phosphorus levels.

Results
Mycorrhizal colonization
Microscopic images of maize roots confirmed the presence of fungal structures, such as arbuscules, hyphae,
vesicles, and spores, in all AMF-treated plants (Fig. S1B-G). Hyphae were the most abundant fungal structures.
In contrast, no AMF colonization was detected in the individual B. subtilis inoculation or in the non-inoculated
control (Fig. S1A, H). Colonization rates in treatments without P or with 50% P were higher than those in 100%
P treatments (Fig. 1A). Colonization rates ranged from 33 to 90% in plants without P fertilization and from 20
to 65% in plants with 50% P, when inoculated with Rootella BR ULTRA or B. subtilis+ R. clarus, respectively.
Plants grown without P exhibited greater hyphal colonization when inoculated with R. clarus, C. etunicatum,
or their respective co-inoculations by B. subtilis, with colonization rates ranging from 37 to 45% (Fig. 1B). In
contrast, inoculation with Rootella BR ULTRA resulted in low hyphal colonization rates. The C. etunicatum was
the AMF that promoted the highest arbuscular (35%) and vesicular (32%) colonization rates in plants without
P fertilization (Fig. 1C, D).
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Fig. 1. Mycorrhizal colonization (A), colonization by hyphae (B), colonization by arbuscules (C), and
colonization by vesicles (D) observed in roots of maize plants with different inoculations (Rootella BR ULTRA,
Rhizophagus clarus, Claroideoglomus etunicatum, Bacillus subtilis + Rootella BR ULTRA, B. subtilis+ R. clarus,
B. subtilis + C. etunicatum) and phosphorus levels (0, 50, and 100%). Uppercase letters compare inoculations
within each phosphorus level, and lowercase letters compare levels within each inoculation. Means followed
by the same letters do not differ significantly by the Scott-Knott test at 5%. ANOVA F values: ** = significant at
5%; ns = not significant.
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Soil protein related to easily extractable glomalin (SPRG-EE)

SPRG-EE levels significantly decreased at the 100% P level, except in treatments with R. clarus and B.
subtilis+ Rootella BR ULTRA (Fig. 2). Without P fertilization, all inoculated treatments increased SPRG-EE,
particularly B. subtilis+R. clarus with a~200% increase compared to the control. At 50% P, most inoculations
enhanced SPRG-EE, with increases ranging from 30% for C. etunicatum to 45% for B. subtilis+ C. etunicatum
compared to the control. Under 100% P, only R. clarus and B. subtilis + Rootella BR ULTRA promoted significantly
increases at approximately 36% and 45%, respectively, compared to the control.

Morphological characteristics of roots and shoots and biomass production

Root development was significantly reduced in the absence of P compared to the 50% and 100% P levels (Figs. 3,
S2). Almost all inoculations improved root architecture compared to the non-inoculated control (Fig. 3),
particularly at the 0% and 50% P levels. Without P fertilization, inoculations with R. clarus, C. etunicatum,
and their co-inoculations enhanced root length (RL), mean root diameter (MRD), average number of branches
(ANB), and root surface area (RSA) (Fig. 3A-D). Additionally, B. subtilis and Rootella BR ULTRA, when applied
individually, also increased ANB and SRA. For root dry mass (RDM), only R. clarus, C. etunicatum, and B.
subtilis + R. clarus significantly increased biomass, with gains of up to 3,000% compared to the non-inoculated
control (Fig. 3E).

At 50% P, the highest RL values were observed in plants inoculated with B. subtilis, Rootella BR ULTRA, R.
clarus, or B. subtilis+ C. etunicatum (Fig. 3A), whereas the highest RDM was recorded in plants inoculated with
B. subtilis+R. clarus (Fig. 3E). At 100% P, inoculations had no effect on RL, MRD, or SRA, but enhanced ANB
and RDM (Fig. 3C, E). The most pronounced effects were observed in plants treated with Rootella BR ULTRA
and B. subtilis+ R. clarus, which increased RDM by 87% and 89%, respectively, relative to the control (Fig. 3E).

All treatments without P application resulted in reduced plant length (PL), number of leaves (NL), basal
stem diameter (BSD), and shoot dry mass (SDM) compared to those with 50% and 100% P (Figs. 4A-D, S3).
Inoculations with R. clarus, B. subtilis+R. clarus, C. etunicatum, and B. subtilis+ C. etunicatum significantly
increased PL, NL, and BSD compared to the control at the 0% P level (Fig. 4A-C). Furthermore, these treatments
markedly enhanced shoot dry mass (SDM), with increases ranging from 557% for B. subtilis+ C. etunicatum to
680% for B. subtilis+ R. clarus relative to the control (Fig. 4D).

At the 50% P level, all inoculations increased PL, NL, and BSD compared to the control, except for C.
etunicatum, which had no effect on PL (Fig. 4A-C). Significant increases in SDM were also observed with
B. subtilis, R. clarus, B. subtilis+R. clarus, and Rootella BR ULTRA, with gains of up to 18%. At the100% P,
inoculation had no significant effect on the shoot morphological parameters (Fig. 4D).
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Fig. 2. Soil protein related to easily extractable glomalin (SPRG-EE) from maize plants with different
inoculations (Bacillus subtilis, Rootella BR ULTRA, Rhizophagus clarus, Claroideoglomus etunicatum, B.
subtilis+ Rootella BR ULTRA, B. subtilis + R. clarus, B. subtilis + C. etunicatum, and non-inoculated control) and
phosphorus levels (0, 50, and 100%). Uppercase letters compare inoculations within each phosphorus level,
and lowercase letters compare levels within each inoculation. Means followed by the same letters do not differ
significantly by the Scott-Knott test at 5%. ANOVA F values: ** = significant at 5%; ns =not significant.

Scientific Reports |

(2025) 15:25448 | https://doi.org/10.1038/541598-025-10038-6 nature portfolio



www.nature.com/scientificreports/

=2 B.subtilis B R.Clarus I B.subtilis + Rootella BRA ULTRA 1 B.subtilis + C.etunicatum
I Rootella BR ULTRA B C.etunicatum [ B.subtilis + R.clarus [ Non-inoculated
797 Finocuiation = 1.033" a F inoculation = 35.606™ r 0.6
—_ F phosphorus level = 28.06‘%;)\ pa X F phosphorus level = 380.5¢8" §
35 60 1 ginxpl=2.929* o o nahd a;\a Finx pl = 128.293** pa A3 F 0,5 8
£ 50 Rena P‘:a Zan e ? o aca 2 o 3
= DAL A a L =1
£ EEIB cb A B2 D E_Eb cbc!?' j(:: & 0.4 S
) Bb o pc =
= 40 4 =2 M 15
= Bb =
=Y} 03
= 2
) 30 A 2
-
=) 0.2 =
S 20 ]
=2 =
-
10 A - 0,1 8
A- B T
—~ = N’
g 0 0,0
= 35000 T— - 12000
S F inoculation = 120.537** F inoculation = 100.752** pa B2 papa
5 F phosphorus level = 975.862** [ F phosphorus level = 2830.663*% IEA
@ 30000 1 £inxpl=86.241* Ca i - e L ~
kA F 3 PAa Finx pl = 57.748 \J gog! 10000 &
S o2 |ff ca co s
£ 25000 - na Fpo €20 ]
= Bb o - 8000 £
= DY) =
B 20000 ca = pa e
=) Ca o
o do Lo F 6000 o
S 15000 A pc D2 . 3
= c
b 2acffee BB L 4000
= e! =
S 10000 - N ca . 5
H § oS ,
L =
@ 5000 2000 ¢
o - . S
5 C- D-
z ‘
0 50 100
80 1 E inoculation = 17.802** Phosphorus level (%)
F phosphorus level = 982.515** X pa
~ 70 1Finxpl=5900" Ba
5 e
g 60 na PO B2 {
: ro e
NS 50 BY)
2 c
g 404 ca D2
z
= 30 4
-
S 20 -
=4 [\
10 AP nc
E- ®c® %o
0
0 50 100

Phosphorus level (%)

Fig. 3. Root length (A), Mean root diameter (B), average number of branches (C), root surface area (D),
and root dry mass (E) of maize plants with different inoculations (Bacillus subtilis, Rootella BR ULTRA,
Rhizophagus clarus, Claroideoglomus etunicatum, B. subtilis+ Rootella BR ULTRA, B. subtilis + R. clarus, B.
subtilis + C. etunicatum, and non-inoculated control) and phosphorus levels (0, 50, and 100%). Uppercase
letters compare inoculations within each phosphorus level, and lowercase letters compare levels within each
inoculation. Means followed by the same letters do not differ significantly by the Scott-Knott test at 5%.
ANOVA F values: ** = significant at 5%; ns=not significant.

Photosynthetic pigments and leaf temperature

Co-inoculation with B. subtilis+ C. etunicatum and B. subtilis+ R. clarus significantly increased chlorophyll a,
b, and total chlorophyll concentrations at the 0% P level compared to higher P levels (Fig. 5A-C). In contrast,
carotenoid content was generally higher at the 100% P level across most treatments compared to the 0% P level
(Fig. 5D). At the 0% P level, B. subtilis + R. clarus and B. subtilis + C. etunicatum significantly increased chlorophyll
a, b, and total chlorophyll content. Almost all inoculated treatments increased carotenoid content compared to
the control, with B. subtilis + C. etunicatum promoting an increase of approximately 65%. At the 50% P, Rootella
BR ULTRA, C. etunicatum, B. subtilis+ R. clarus, and B. subtilis + C. etunicatum increased chlorophyll b levels. At
the 100% level, most inoculations increased photosynthetic pigment levels.
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Fig. 4. Plant length (A), number of leaves (B) and basal stem diameter (C), and shoot dry mass (SDM)

(D) of maize plants with different inoculations (Bacillus subtilis, Rootella BR ULTRA, Rhizophagus clarus,
Claroideoglomus etunicatum, B. subtilis+ Rootella BR ULTRA, B. subtilis+ R. clarus, B. subtilis, C. etunicatum,
and non-inoculated control) and phosphorus levels (0, 50, and 100%). Uppercase letters compare inoculations
within each phosphorus level, and lowercase letters compare levels within each inoculation. Means followed
by the same letters do not differ significantly by the Scott-Knott test at 5%. ANOVA F values: ** = significant at
5%; ns = not significant.

Leaf temperature was higher in non-inoculated plants or those treated solely with B. subtilis and Rootella BR
ULTRA in the absence of P fertilization (Fig. 5E). Conversely, plants inoculated with R. clarus, B. subtilis+R.
clarus, C. etunicatum, and B. subtilis+ C. etunicatum exhibited lower leaf temperatures. At 50% and 100% P
levels, no significant differences were observed among treatments.

P accumulation and use efficiency (PUE)

Phosphorus application at the 50% and 100% levels significantly increased P accumulation in the shoot and
roots, as well as total P accumulation, compared to the 0% P level (Fig. 6A-C). Phosphorus use efficiency (PUE)
at the 100% P level was higher than at 50%, except in the B. subtilis+R. clarus treatment, which resulted in
similar PUE values at both levels (Fig. 6D).

In the absence of P fertilization, only R. clarus increased P accumulation in the roots (Fig. 6B), while R.
clarus, C. etunicatum, B. subtilis+ R. clarus, and B. subtilis+ C. etunicatum enhanced both shoot and total P
accumulation (Fig. 6A, C). At this P level, inoculation with R. clarus resulted in an increase of up to 1,700%
in shoot P accumulation compared to the control. At the 50% P level, B. subtilis, R. clarus, and B. subtilis+ R.
clarus increased shoot P accumulation and PUE, with gains of up to 47% and 38%, respectively, compared to the
control. At the 100% P level, inoculations increased root P accumulation, except for R. clarus. Additionally, PUE
was improved by Rootella BR ULTRA, R. clarus, and C. etunicatum, with the latter promoting a 19% increase
compared to the control.
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Fig. 5. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoid (D) contents, and leaf
temperature (E) of maize plants with different inoculations (Bacillus subtilis, Rootella BR ULTRA, Rhizophagus
clarus, Claroideoglomus etunicatum, B. subtilis + Rootella BR ULTRA, B. subtilis + R. clarus, B. subtilis + C.
etunicatum, and non-inoculated control) and phosphorus levels (0, 50, and 100%). Uppercase letters compare
inoculations within each phosphorus level, and lowercase letters compare levels within each inoculation.
Means followed by the same letters do not differ significantly by the Scott-Knott test at 5%. ANOVA F values:
** = significant at 5%; ns =not significant.
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The highest accumulations of K, Ca, Mg, Fe, Zn, and Mn were observed at the 100% and 50% P levels, in
both shoot and roots, with variations depending on the inoculation treatment (Figs. S4, S5). Overall, treatments
involving R. clarus, C. etunicatum, B. subtilis+ R. clarus, and B. subtilis+ C. etunicatum were key contributors to
the accumulation of macro- and micronutrients in plant tissues, regardless of the P level.

Principal component analysis (PCA) and a cluster dendrogram
The first and second principal components explained 57.06 and 21.19% of the data variability, respectively,
accounting for a total of 78.25% of the variance (Fig. 7A).
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Fig. 6. Phosphorus accumulation in the shoots (A), in the root (B), and total (C), and phosphorus use
efficiency (D) of maize plants with different inoculations (Bacillus subtilis, Rootella BR ULTRA, Rhizophagus
clarus, Claroideoglomus etunicatum, B. subtilis+ Rootella BR ULTRA, B. subtilis + R. clarus, B. subtilis, C.
etunicatum, and non-inoculated control) and phosphorus levels (0, 50, and 100%). Uppercase letters compare
inoculations within each phosphorus level, and lowercase letters compare levels within each inoculation.
Means followed by the same letters do not differ significantly by the Scott-Knott test at 5%. ANOVA F values:
** = significant at 5%; ns =not significant.

Overall, the PCA revealed that both P levels and inoculation types significantly influenced the analyzed
variables. Four distinct groups were identified based on the evaluated parameters across treatments (Fig. 7A, B).
Groups 1 and 2 comprised treatments without P fertilization. Group 1 included R. clarus and C. etunicatum, either
alone or in combination with B. subtilis, and exhibited the strongest association with photosynthetic pigments
and SPRG-EE. Group 2 consisted of inoculations with B. subtilis, Rootella BR ULTRA, B. subtilis+ Rootella BR
ULTRA, and the uninoculated control, which was closely associated with leaf temperature. Group 3 included all
treatments at the 50% P level and three treatments at the 100% P level (C. etunicatum, Rootella BR ULTRA, and
the uninoculated treatment). This group was associated with variables related to growth, biomass production,
and P accumulation in plants. Group 4 comprised exclusively treatments at the 100% P level and was primarily
associated with root length and the average number of root branches.

Discussion

Our study provides evidence that inoculation with AME, either alone or in combination with B. subtilis, benefits
maize plants depending on phosphorus availability. The positive effect of AMF on root colonization rates at
the 0% and 50% P levels (Fig. 1) suggests effective symbiosis even under P-limited conditions. Notably, B.
subtilis enhanced AMF colonization, highlighting the potential of co-inoculation to strengthen the AMF-maize
symbiosis under reduced P fertilization. In contrast, colonization decreased at the 100% P level, likely due to
plant-mediated suppression of symbiosis-related genes essential for mycorrhizal colonization, including those
involved in carotenoid and strigolactone synthesis?>?°. This feedback mechanism helps conserve plant carbon

under P-sufficient conditions, thereby reducing the incentive for mycorrhizal associations?.
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Fig. 7. Principal component analysis (PCA) (A) and cluster dendrogram (B) for variables total phosphorus

(P total), phosphorus in shoots (P in shoots), phosphorus in roots (P in roots), shoot dry mass (SDM), plant
length (PL), root dry mass (RDM), root length (RL), mean root diameter (MRD), average number of root
branches (ANB), specific root surface area (SRA), basal stem diameter (BSD), chlorophyll a, chlorophyll b, total
chlorophyll, carotenoids, leaf temperature (LT), and soil protein related to easily extractable glomalin (SPRG-
EE) of maize plants with different inoculations (Bacillus subtilis, Rootella BR ULTRA, Rhizophagus clarus,
Claroideoglomus etunicatum, B. subtilis + Rootella BR ULTRA, B. subtilis+ R. clarus, B. subtilis+ C. etunicatum,
and non-inoculated treatment) and phosphorus levels (0, 50, and 100%).

The reduced AMF colonization at the 100% P level may have also limited glomalin production (Fig. 2), a
glycoprotein synthesized by AMF that is crucial for soil structure and plant growth?®-3. Variability in glomalin
synthesis among AMF species, potentially influenced by high P availability, could have further contributed to
this decline. Interestingly, the detection of glomalin (SPRG-EE) in uninoculated control suggests the presence of
residual glomalin from native AMF populations, consistent with studies reporting glomalin persistence in areas
of native vegetation within stable ecosystems?’.
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Phosphorus availability is key determinant for cell division, nutrient uptake and photosynthesis due to its
role as a structural component and cofactor in biological reactions®!. Phosphorus deficiency commonly results
in sharp declines in biomass and morphological traits (Figs. 3, 4). Our findings indicate that AMF inoculation
partially mitigates P deficiency in maize, particularly in treatments with R. clarus, C. etunicatum, and their co-
inoculation with B. subtilis (Figs. S2, S3). This effect was associated with the highest mycorrhizal colonization rates
(Fig. 1), which facilitated improved root exploration and nutrient acquisition. The enhanced root architecture
and biomass production are also attributed to the B. subtilis-mediated synthesis of indole-3-acetic acid (IAA), a
phytohormone that stimulates root development and subsequently enhances nutrient uptake!®.

Under P deficiency, maize plants typically exhibit reduced photosynthetic pigments*>*. However, AMF-
inoculated plants at 0% and 50% P showed increased chlorophyll and carotenoid contents compared to non-
inoculated plants (Fig. 5), suggesting that AMF contribute to maintaining photosynthetic efficiency under
nutrient stress®>>%. Carotenoids, which also function as antioxidants, were especially elevated in B. subtilis+ C.
etunicatum co-inoculated plants (Fig. 5), indicating an enhanced antioxidant defense against free radicals and
lipid peroxidation®>-®. Additionally, AMF inoculation reduced leaf temperature under P deficiency, an indicator
of stress alleviation, likely through improved photosystem II regulation®’.

At 50% P fertilization, plants inoculated with AME, either alone or in combination with B. subtilis,
accumulated P and other nutrients at levels nearly equivalent to those observed at the 100% P level (Fig. 6,
S4, S5), conﬁrming the potential of microorganisms to enhance maize nutrition. Increases in P accumulation
promoted by AMF were notably greater in treatments without P than at higher P levels, indicating enhanced
mycorrhizal uptake efficiency when phosphorus is limited. The most pronounced benefits were observed with R.
clarus, C. etunicatum, B. subtilis + R. clarus, and B. subtilis + C. etunicatum. Mycorrhizal pathways provide a more
energy-efficient alternative to root-mediated nutrient uptake by extending hyphal networks into the soil without
the need for extensive root growth3.

The greatest increases in P accumulation and phosphorus use efficiency (PUE) observed with B. subtilis+R.
clarus at the 50% P suggest that co-inoculation is particularly effective in improving phosphorus nutrition
in maize under moderate P availability. Phosphate-solubilizing Bacillus species, such as the one used in this
study (B. subtilis strain IPACC26), can further enhance P availability when associated with AMF by stimulating
root exudation, promoting the activity of enzymes such as phosphatases, and increasing the release of organic
acids?®!. Additionally, the IPACC26 strain produces IAA"®, which contributes to improved root architecture
and enhanced nutrient uptake.

Our results are consistent with the findings of Stoffel et al.*2, who observed increases in biomass and P
uptake in maize following inoculation with Rhizophagus intraradices, particularly in soils with low to moderate
phosphorus levels. Similarly, Song et al.!' demonstrated that co-inoculation with R. intraradices and PGPB at
50% of the reccommended P level led to significant improvements in maize growth and P acquisition. Collectively,
these findings highlight the synergistic potential of AMF and PGPB to enhance phosphorus use efficiency and
plant performance under suboptimal phosphorus conditions.

Finally, principal component analysis showed that both single AMF inoculation and co-inoculation with
B. subtilis, combined with 50% of the recommended P level, improved biomass, morphological traits, and P
accumulation in maize plants, achieving efliciency comparable to that of the uninoculated control under full P
fertilization (100%) (Fig. 7). These results highlight the potential of microbial inoculants for maize cultivation,
representing a viable alternative to reduce dependence on chemical phosphate fertilizers and promote more
sustainable agricultural practices.

Conclusion

This research demonstrates that mycorrhizal colonization, either alone or in combination with Bacillus subtilis,
increases soil glomalin content and enhances root architecture, plant growth, and phosphorus nutrition in
maize plants. Rhizophagus clarus and Claroideoglomus etunicatum showed the greatest potential as biofertilizers,
particularly in soils with low to moderate phosphorus availability. Future field studies are needed to validate
the effectiveness observed in greenhouse trials. The use of AMF inoculation represents a promising strategy
to reduce reliance on chemical phosphate fertilizers, thereby promoting more sustainable and cost-effective
agricultural practices.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article and sup-
plementary material of this article.
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