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Synergistic biochar‑Bacillus consortium 
enhances phosphorus availability, root 
architecture, and inflorescence development 
in greenhouse cherry tomato
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Abstract 

Mobilizing legacy phosphorus (P) in greenhouse soils offers a strategy to alleviate P limitation and enhance crop 
productivity. This study applied biochar-Bacillus consortium as a bio-organic soil amendment. By altering the soil 
bacterial community, it improved P availability and plant P uptake, promoted root and inflorescence development, 
and ultimately increased cherry tomato yield. Specifically, soil application of biochar-Bacillus consortium (BM) sig-
nificantly enhanced soil available phosphorus by 10.16%, microbial biomass phosphorus by 174.76%, and alkaline 
phosphatase activity by 68.52% in the rhizosphere relative to the control (CK). This enhancement in P bioavailability 
was significantly correlated with shifts in the soil bacterial community. Compared to treatments with biochar alone 
(B) or Bacillus liquid culture (M) alone, the enhanced P availability promoted plant P uptake and improved root 
architecture, as reflected by significant increases in root length, surface area, volume, and tip number. In addition, 
the improvement of inflorescence development was reflected in a substantial increase in the proportion of effec-
tive fruit branches, thereby contributing to a significant yield enhancement of 23.53%. Collectively, this work dem-
onstrates that amending soils with a biochar-Bacillus consortium effectively enhances P bioavailability and cherry 
tomato productivity, thus emphasizing its potential for sustainable intensification in controlled agricultural systems.

Highlights 

• A biochar-Bacillus consortium (BM) enhanced soil phosphorus (P) bioavailability.
• The BM treatment reduced the rhizosphere MBC:MBP ratio and restructured the soil bacterial community.
• The BM treatment enhanced root architecture and improved P acquisition in cherry tomato.
• The BM treatment improved cherry tomato yield by optimizing inflorescence architecture.
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Graphical Abstract

1  Introduction
Cherry tomato cultivation is a high‑value agriculture 
enterprise under greenhouse conditions, owing to its 
substantial economic value and nutritional benefits 
(Silva et al. 2022; Li et al. 2019). Inflorescence architec‑
ture is the primary determinant of cherry tomato yield, 
motivating targeted selection of valid-branching varie‑
ties to maximize reproductive output (Sun et al. 2024). 
Current strategies for enhancing this trait, including 
conventional breeding and gene-editing approaches, 
however, face practical challenges to widespread adop‑
tion due to prolonged breeding cycles, regulatory 
uncertainties, and unresolved environmental concerns. 
Hence, bio‑organic strategies that can directly opti‑
mize inflorescence development and enhance yield are 
urgently needed for sustainable protected cultivation of 
cherry tomato.

Phosphorus (P) is an essential macronutrient that 
coordinately regulates plant inflorescence develop‑
ment and root architecture (Harish et  al. 2025; Cho 
et al. 2025). As a structural component of nucleic acids, 
phospholipids, and nucleoproteins, P deficiency criti‑
cally impairs root development and flower bud differ‑
entiation in cherry tomatoes (Beltran‑Medina et  al. 
2023). Optimized phosphate fertilization improves 
root architecture and system productivity in cereal 

rotations (Harish et  al. 2025), while molecular studies 
show that P availability controls flowering time through 
subcellular reprogramming (Cho et al. 2025). However, 
under greenhouse cultivation conditions, the majority 
of phosphorus undergoes complex soil biogeochemical 
processes including microbial immobilization, mineral 
precipitation, and surface adsorption reactions. These 
processes collectively reduce phosphorus bioavailabil‑
ity and promote its accumulation in agricultural soils 
(Dixon et  al. 2024). Given the low utilization ratio of 
P fertilizers in soil, global P resource limitations, and 
the continued high input of phosphate fertilizers, it is 
necessary to explore methods to improve P acquisi‑
tion from legacy P and to investigate the correlation 
between the tomato P uptake and inflorescence branch‑
ing (Gao et al. 2019; Hui et al. 2014).

Biochar serves as a multifunctional soil amendment 
that improves soil properties, regulates nutrient cycling, 
and shapes beneficial microbial communities (Bolan et al. 
2023). Its porous structure and surface functional groups 
make it an effective microbial carrier, protecting inocu‑
lated bacteria and enhancing their survival and activity 
(Batista et  al. 2018; Tu et  al. 2020; Azeem et  al. 2021). 
These properties support bacterial colonization and 
immobilization on biochar surfaces, thereby establishing 
a synergistic biochar–microbe interaction that has been 
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shown to alter soil nutrient cycling (Parasar and Agar‑
wala 2025). Beneficial microorganisms such as the phos‑
phate‑solubilizing bacteria (PSB) Bacillus megaterium 
and Bacillus mucilaginosus are known to enhance soil 
phosphorus bioavailability and plant phosphorus uptake 
(Leite et al. 2024). However, microbial inoculants like PSB 
often fail under field conditions due to environmental 
stresses, pathogen pressure, and competition with native 
soil microbes, especially in the absence of protective car‑
riers (Ajeng et al. 2023). Consequently, a biochar‑Bacillus 
consortium is expected to improve phosphorus uptake 
in cherry tomato. Yet, despite the acknowledged role of 
soil microbiomes in plant nutrition, how such a consor‑
tium specifically optimizes root morphology, phosphorus 
acquisition, and inflorescence branching to increase yield 
in cherry tomato remains poorly understood.

Building upon this background, the present study 
aimed to: (i) evaluate the efficacy of a biochar-Bacillus 
consortium in enhancing the root morphology, fruit-
cluster branching, dry material accumulation, and yield 
of cherry tomato; (ii) assess the synergistic effects of the 
consortium on key soil parameters, including phospho‑
rus bioavailability, microbial biomass, and phosphatase 
activity; and (iii) investigate associated shifts in soil 
microbial community structure in response to fertiliza‑
tion with pristine biochar, Bacillus suspension alone, or 
biochar inoculated with Bacillus (Hou et  al. 2020). We 
hypothesized that biochar-Bacillus consortium would 
promote the solubilization of legacy soil phosphorus by 
modifying the microbial community structure, thereby 
enhancing phosphorus uptake and plant growth, with 
particular benefits for root architecture and inflorescence 
development in cherry tomato.

2 � Materials and methods
2.1 � Experiment materials
Cherry tomato (Lycopersicon esculentum var. cerasi-
forme) seedlings were purchased from Shenyang Qiushi 
Agricultural Technology Development Co., Ltd. Biochar 
was prepared from rice husks by pyrolysis at 600℃ for 
1 h. Its key properties are summarized in Table 1. Three 
phosphate-solubilizing Bacillus strains (B. mucilagino-
sus19749, B. subtilis 19,743, and B. megateriums 1.0234) 
were obtained from China General Microbiological Cul‑
ture Collection Center (CGMCC) for bacterial inocula‑
tion. Individual bacterial suspensions of each strain were 
prepared through liquid culture, followed by centrifu‑
gation and resuspension in sterile deionized water. The 
final suspensions were adjusted to a viable cell density 
of approximately 5 × 108 CFU mL−1, with a spore yield of 
60%. To prepare the biochar-Bacillus consortium (BM), 
the three bacterial suspensions were combined with bio‑
char under sterile conditions at a volumetric-to-mass 

ratio of 1:1:1:15 (suspension: biochar). The mixture was 
incubated with shaking at 28 °C for 4 h and subsequently 
vacuum‑dried for 12 h. A Bacillus liquid inoculant (M), 
consisting of the three bacterial suspensions mixed at a 
1:1:1 volumetric ratio, served as the Bacillus-only treat‑
ment; its total bacterial concentration was matched to 
that of the BM consortium.

2.2 � Experiment design
A protected cultivation experiment was conducted at the 
Kalima Research Center of Shenyang Agricultural Uni‑
versity, Shenyang, China (41°11′N and 122°23′E). The 
soil is classified as meadow soil, with its physical and 
chemical properties detailed in Table 1. The experiment 
included four treatments, each replicated three times in 
a randomized complete block design. Each experimental 
plot consisted of three rows (each 8.1 m long) with 0.6 m 
row spacing, containing 50 plants and covering an area 
of 17 m2. The total experimental area within the green‑
house was 408 m2. The treatments were designated as 
follows: (1) CK: a control with no amendment; (2) B: bio‑
char applied at 12 t hm−1; (3) BM: biochar-Bacillus con‑
sortium, with biochar applied at 12 t hm−2 and Bacillus 
liquid culture at 4.2 L per plot; and (4) M: Bacillus liq‑
uid culture alone at the same dosage (4.2 L) as in the BM 
treatment. Cherry tomato seedlings were transplanted 
in mid-to-late March, and harvested in early July. Plants 
were managed using a single‑stem training system, with 
five fruit clusters retained on the main stem.

2.3 � Application of biochar‑Bacillus consortium and liquid 
Bacillus culture

Based on the experimental design, biochar (B treat‑
ment) or biochar-Bacillus consortium (BM treatment) 
was evenly broadcast onto the plot surface and subse‑
quently incorporated into the 0–20  cm soil layer using 
a rotavator. For the M treatment (Bacillus liquid culture 
only), 84 mL of the microbial suspension was applied per 
planting hole prior to transplanting. Each cherry tomato 

Table 1  Chemical properties of soil and biochar

Chemical property Soil Biochar

Total C (%) 1.30 40.21

Total N (%) 0.16 0.49

Total P (g kg−1) 0.45 12.50

Available N (mg kg−1) 78.26 238.55

Available P (mg kg−1) 21.68 289.62

Available K (mg kg−1) 20.50 345.30

Organic carbon (%) 1.95 37.55

pH 7.96 8.85
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seedling was then positioned in the hole to ensure 
full contact between the root system and the bacterial 
inoculant.

2.4 � Cherry tomato plant sampling and measurements
At harvest, all cherry tomato plants within a randomly 
selected 2  m × 2  m (4 m2) area per plot were sampled. 
Fruit number and fresh weight were recorded to calcu‑
late the tomato yield per treatment (Wu et  al. 2021). 
Above- and below-ground tissues (fruits, leaves, stems, 
and roots) were carefully separated, washed, and their 
fresh biomass determined. Root systems were scanned 
using an Epson 1680 scanner (Epson, Japan), and mor‑
phological parameters, including total length, volume, 
surface area, and tip numbers, were quantified with the 
WinRhizo image analysis system. All plant tissues were 
then oven‑dried at 80  °C for 48  h to constant weight 
for dry‑biomass determination. To assess reproductive 
architecture, sixteen plants per plot were systematically 
sampled along an “S” -shaped transect. The number of 
fruit-bearing lateral branches (branch fruit) was counted 
throughout the harvest period until five designated fruit 
clusters on the main stem had been collected. The pro‑
portion of branch fruit per plant was calculated using 
Eq. (1).

Total phosphorus concentration in shoot (fruits, stems, 
leaves) and root tissues were determined by molybde‑
num‑blue colorimetry after sulfuric acid‑hydrogen per‑
oxide digestion of dried plant material (Wang et el. 2022).

Phosphorus uptake efficiency was subsequently calcu‑
lated using Eqs. (2) and (3).

2.5 � Soil chemical and enzymatic analysis
Rhizosphere soil was sampled by taking loosely root-
attached soil after gently shaking the roots. Soil samples 
from each plot were collected using a five-point sampling 
approach. Samples were air-dried and sieved (2 mm) for 
subsequent physicochemical analysis. Fresh soil samples 
were preserved at 4 °C for enzymatic assays, or at −80 °C 
for molecular analysis. Soil available phosphorus was 
analyzed following established protocols (Bao 2000). 
Microbial biomass carbon (MBC) and phosphorus (MBP) 
were quantified using chloroform-fumigation extraction 

(1)Proportion of branch fruit (%) = Number of branch fruit per cherry tomato plant/5 × 100

(2)P uptake
(

Kg ha−1
)

= P content × Biomass yield
(

kg ha−1
)

× 1000

(3)P uptake efficiency (%) = P uptake
(

kg ha−1
)

/P fertilizer application rate
(

kg ha−1
)

× 100

(Quadros et al. 2016). Phosphatase activities (alkaline and 
acid) were determined spectrophotometrically by quanti‑
fying p-nitrophenol release following enzymatic hydroly‑
sis of p-nitrophenyl phosphate (PNPP) substrate in fresh 
soil incubations (Tumbure and Schmalenberger 2024).

2.6 � Molecular microbiological analysis
The samples from rhizosphere soil and bulk soil were 
analyzed by 16S rDNA amplicon analysis. The total DNA 
was extracted from three duplicate subsamples using a 
OMEGA Soil DNA Kit. Based on previous comparisons, 
16S rDNA amplicons targeting the V3-V4 hypervariable 
regions (515F/806R primers) were PCR-amplified and 
sequenced on the Illumina NovaSeq PE250 platform. 
Quality-filtered sequences were processed using USE‑
ARCH for chimera removal, followed by UPARSE clus‑
tering into OTUs at 97% similarity threshold (Edgar et al. 
2011).

2.7 � Statistical analyses
Treatment differences in soil physicochemical proper‑
ties were analyzed by Duncan’s test (p < 0.05). All statis‑
tical analyses of the physicochemical properties were 
performed using IBM SPSS Statistics 21. The GraphPad 
Prism 9.5 statistical program was used to graph the art‑

work. Redundancy analysis (RDA) was conducted in 
Canoco 5.0 to assess associations between soil environ‑
mental properties and bacterial species characteristics. 
The latent variable path analyses of structural equation 
modeling (SEM) were performed using IBM Amos 23.

3 � Results and discussions
3.1 � Biochar‑Bacillus consortium enhances root 

morphology
Root morphological parameters (total length, surface 
area, volume, and tip number) were quantified to assess 
the response to biochar‑supported Bacillus inoculation. 
The biochar-Bacillus consortium (BM) elicited the most 
pronounced improvement in all measured root traits 
compared to the control (CK) (Fig.  1). While biochar 
alone (B) increased root length, surface area, and volume 
relative to CK, it did not significantly affect tip number. 
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Inoculation with Bacillus alone (M) also enhanced root 
length, volume, and tip number relative to CK. The P val‑
ues are marked on the bar chart (Fig. 1).

Crop nutrient acquisition and yield are closely linked to 
root morphological and architectural traits (Dziewit et al. 
2024). Consistent with previous studies, the co‑applica‑
tion of biochar-Bacillus (BM) significantly improved root 
morphological parameters compared to conventional 
fertilization (Liu et  al. 2022; Jin et  al. 2023; Canal et  al. 
2024). This enhancement can be explained by several 
interconnected mechanisms. First, inoculated Bacillus 
strains promote plant growth through multiple pathways, 
including phosphate solubilization, indole‑3‑acetic acid 
(IAA) synthesis, and siderophore production (Canal et al. 
2024). Second, biochar amendment improves soil physi‑
cal conditions by reducing bulk density and increasing 
water‑holding capacity, thereby creating a more porous 
matrix for root proliferation (Wang et  al. 2024). Third, 
biochar modulates rhizosphere nutrient availability—
particularly phosphorus—by stimulating organic matter 
turnover and enriching phosphorus‑cycling microbial 
taxa (Chang et al. 2025). Elevated phosphorus levels are 
known to support root system expansion. Moreover, bio‑
char can upregulate plant genes involved in lignin bio‑
synthesis, nutrient transport, and energy metabolism, 
which collectively enhance stress tolerance and preserve 
root architecture under suboptimal conditions (Yang 
et al. 2024). Together, these effects position biochar as a 
multifunctional carrier that sustains microbial activity 
and synergistically enhances root development in cherry 
tomato.

3.2 � Enhancement of soil phosphorus availability and plant 
phosphorus uptake by the biochar‑Bacillus consortium

Available phosphorus (AP) was measured in bulk and 
rhizosphere soils at the seedling, fruit‑setting, and 
final‑harvest stages to track dynamics across the growing 

season. AP levels declined over time in both soil com‑
partments under all treatments (Fig.  2A). Compared 
to CK, the BM treatment most strongly influenced AP: 
at the seedling stage, it increased AP by 15.18% in bulk 
soil and 10.16% in rhizosphere soil, whereas by the final 
harvest, AP was reduced by 10.65% (bulk) and 13.50% 
(rhizosphere). At fruit‑setting, BM did not significantly 
alter bulk‑soil AP but raised rhizosphere AP by 4.67%. 
In general, the available P level in the bulk soil decreased 
faster than that in the rhizosphere soil. In the B treat‑
ment, available P level showed a similar trend as that in 
BM. Overall, AP declined more rapidly in bulk than in 
rhizosphere soil.

Dry matter accumulation and phosphorus concentra‑
tion in roots, stems, leaves, and fruits were determined, 
along with whole‑plant phosphorus uptake efficiency. 
BM and B treatments significantly increased dry matter 
mass in stems, leaves, and roots relative to CK, whereas 
M did not differ significantly from CK (Fig.  2B). Whole 
plant dry weight under BM rose by 38.11%. Phosphorus 
content was significantly elevated by BM in all plant tis‑
sues, with the greatest accumulation occurring in stems 
and leaves (Fig. 2C). B and M treatments raised P content 
only in stems, leaves, and roots. Correspondingly, BM 
boosted overall phosphorus uptake efficiency by 19.99%, 
exceeding all other treatments; both B and M also signifi‑
cantly outperformed CK (Fig. 2D).

A major constraint on agricultural productivity is the 
limited capacity of crops to access legacy phosphorus 
stored in soil. In this study, the biochar‑Bacillus con‑
sortium (BM) increased soil AP during the early growth 
stage of cherry tomato. This increase can be attributed 
partly to the direct phosphate contribution from biochar 
and to its porous structure, which reduces phosphorus 
fixation (Deng et al. 2024). Furthermore, the consortium 
likely stimulated the activity of phosphorus‑solubiliz‑
ing microorganisms (Hu et  al. 2023). The decline in AP 

Fig. 1  Root morphological responses of cherry tomato to biochar‑Bacillus consortium application. CK, conventional fertilization control; B, 
conventional fertilization with biochar; BM, conventional fertilization with biochar-Bacillus consortium; M, conventional fertilization with Bacillus 
liquid inoculant. Values marked with different numbers above bars indicate statistically significant differences (p < 0.05)
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observed at final harvest under BM treatment was con‑
sistent with enhanced plant phosphorus uptake. Previ‑
ous studies have shown that suitable biochar types can 
simultaneously elevate soil phosphorus availability and 
plant phosphorus acquisition (Li et  al. 2023), and that 
phosphate‑solubilizing bacteria improve phosphorus 
uptake and yield by reshaping soil microbial communi‑
ties (Gurdeep et  al. 2015). We therefore propose that 
the biochar‑Bacillus consortium enhances phosphorus 
availability and plant uptake primarily by stimulating 
the abundance and function of phosphorus‑mobilizing 
microbiota, ultimately driving increases in crop yield.

3.3 � Biochar‑Bacillus consortium modulates soil microbial 
biomass stoichiometry and phosphatase‑driven 
phosphorus mobilization

Soil microbial biomass carbon (MBC) and phosphorus 
(MBP) represent key reservoirs of soil nutrient cycling 
(Chen et  al. 2019). As shown in Fig.  3A, D, MBC lev‑
els were consistently higher in rhizosphere than in bulk 
soil across treatments. The BM treatment produced the 
most pronounced increase in MBC, elevating bulk‑soil 
MBC from 85.43  mg  kg−1 (CK) to 256.76  mg  kg−1 
and rhizosphere MBC from 225.15  mg  kg−1 (CK) to 
366.69  mg  kg−1 at final harvest (Fig.  3D). Similarly, BM 
significantly enhanced MBP in both soil compartments 

relative to CK (Fig.  3B, E). In bulk soil, MBP rose from 
10.45  mg  kg−1 (CK) to 24.29  mg  kg−1 under BM, while 
in the rhizosphere it increased from 9.39  mg  kg−1 (CK) 
to 25.8 mg kg−1. The microbial biomass C:P ratio (MBC: 
MBP) declined in response to biochar‑based amend‑
ments. In the rhizosphere, both B and BM treatments 
significantly reduced the ratio relative to CK (19.61), with 
values of 15.44 (B) and 14.42 (BM) (Fig. 3F). Notably, the 
MBC:MBP ratio was consistently higher in rhizosphere 
than in bulk soil across all treatments.

In this study, the biochar‑Bacillus consortium ele‑
vated soil microbial biomass carbon (MBC) and phos‑
phorus (MBP) while lowering the microbial C:P ratio in 
the rhizosphere. These shifts reflect a direct microbial 
response to altered phosphorus availability and indi‑
cate accelerated microbial phosphorus cycling. Biochar 
amendments provide slow-release nutrients that stimu‑
late microbial growth and metabolism (Jiang et al. 2024). 
Moreover, the consortium improved soil micro‑envi‑
ronments by increasing porosity (Fig.  1), stabilizing 
temperature and moisture conditions, and promoting 
root development—all of which favor microbial biomass 
accumulation (Zhang et  al. 2023). Microbial biomass 
turnover, particularly MBP mineralization, represents a 
key pathway for replenishing bioavailable soil phospho‑
rus (Li et al. 2024). A lower microbial C:P ratio is often 

Fig. 2  Phosphorus uptake responses of cherry tomato to biochar‑Bacillus consortium application. CK, conventional fertilization control; B, 
conventional fertilization with biochar; BM, conventional fertilization with biochar-Bacillus consortium; M, conventional fertilization with Bacillus 
liquid inoculant. Different letters above each bar indicate significant differences (p < 0.05)



Page 7 of 14Liu et al. Biochar            (2026) 8:66 	

associated with higher phosphorus release during micro‑
bial turnover, as microbes tend to maintain stoichiomet‑
ric homeostasis (Wang et al. 2019). Thus, we propose that 
the biochar‑Bacillus consortium enhances rhizosphere 
phosphorus availability primarily by increasing MBP 
pools and promoting its mineralization, consistent with 
the observed rise in available phosphorus (Fig. 2A).

Soil alkaline (ALP) and acid (ACP) phosphatase 
activities, key indicators of fixed phosphorus mobili‑
zation, were analyzed. As shown in Fig.  4, both ALP 
and ACP activities were generally higher in rhizos‑
phere than in bulk soil from the fruit‑setting stage 
onward. Compared to CK, the BM treatment consist‑
ently increased ALP activity in both soil compartments 
across all growth stages. The highest ALP activity was 
recorded in BM‑treated rhizosphere soil at harvest 
(151.15 nmol g−1 h−1), representing a 68.5% increase over 
CK (89.69 nmol g−1 h−1) (Fig. 4B). In contrast, ACP activ‑
ity in bulk soil under BM was significantly lower than in 
CK and other treatments. For instance, at fruit‑setting 
stage, ACP activity decreased from 25.92  nmol  g−1  h−1 
(CK) to 17.57 nmol g−1 h−1 (BM) (Fig. 4A). In the rhizo‑
sphere, BM reduced ACP activity only at final harvest, 
with a decrease of 5.79  nmol  g−1  h−1 relative to CK 
(Fig.  4B). Notably, the combined activity of ACP + ALP 
under BM treatment significantly exceeded that of all 

other treatments in both bulk and rhizosphere soils 
throughout the experiment.

The findings indicated that the biochar-Bacillus con‑
sortium significantly enhanced soil phosphatase activ‑
ity, with a pronounced stimulation of ALP. Prior studies 
indicate ACP originates primarily from plant root exu‑
dates, whereas ALP is largely of microbial origin, par‑
ticularly from phosphorus‑solubilizing microorganisms 
(Spohn and Kuzyakov. 2013; Wan et  al. 2025). The ele‑
vated ALP observed here likely reflects an expansion of 
phosphate‑solubilizing microbial populations induced by 
the consortium. Notably, soil available phosphorus (AP) 
at final harvest was inversely correlated with ALP activ‑
ity, consistent with reported feedback regulation in which 
ALP expression increases under low inorganic phospho‑
rus availability (Chen et  al. 2019). These findings sup‑
port the inference that the biochar‑Bacillus consortium 
stimulates phosphate‑mobilizing microbiota, enhances 
fixed phosphorus mineralization, and thereby promotes 
plant phosphorus uptake. The decline in ACP activity 
may be attributed to two interrelated mechanisms. First, 
the increased ALP activity and improved phosphorus 
supply from the consortium likely reduced plant depend‑
ence on root‑secreted ACP for phosphorus acquisition. 
This could trigger a reallocation of carbon resources away 
from ACP synthesis toward root growth or beneficial 

Fig. 3  Effects of biochar-Bacillus consortium on soil microbial biomass. A, D Microbial biomass carbon (MBC); B, E Microbial biomass phosphorus 
(MBP); C, F Microbial biomass C:P ratio (MBC: MBP). CK, conventional fertilization control; B, conventional fertilization with biochar; BM, conventional 
fertilization with biochar-Bacillus consortium; M, conventional fertilization with Bacillus liquid inoculant. Different letters above each bar indicate 
significant differences. * and ** indicate significant differences among treatments at p < 0.05 and p < 0.01. The violin plots show the median as “ ┄”, 
and 25th and 75th percentiles as “ …” 
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microbial symbioses (Raven et al. 2018). Second, the con‑
sortium altered the rhizosphere microbial community, 
favoring taxa that thrive in alkaline‑stabilized micro‑
environments but contribute little to ACP production. 
Together, these shifts explain the overall suppression of 
ACP activity in the treated soil.

3.4 � Biochar‑Bacillus consortium promotes beneficial 
restructuring of soil bacterial communities

The biochar-Bacillus consortium significantly enhanced 
the alpha diversity of the bulk soil microbial commu‑
nity at both the seeding and final harvest stages, but it 
exhibited no significant effect on the rhizosphere soil 
(Table S2). The eight most abundant genera across treat‑
ments were Sphingomonas, Lysobacter, Faecalibacterium, 
Arthrobacter, Bacteroides, Gaiella, Bacillus, and Strep-
tomyces, whose total relative abundance shifted dynami‑
cally during the growing season (Fig.  5). BM treatment 
significantly elevated the relative abundance of Bacillus 
and Sphingomonas at setting and last harvest stages in 
both soil compartments. For instance, in bulk soil, BM 
increased Bacillus abundance by 152% and 181% rela‑
tive to CK at the two stages, while in the rhizosphere the 
increases reached 300% and 145%, respectively (Fig. 5B, 
C, E, and F). Conversely, BM reduced Faecalibacterium 
abundance in bulk soil at both fruit‑setting and final har‑
vest stages, and in the rhizosphere only at final harvest, 
with declines of 24.56%, 81.99%, and 58.84% compared 
to CK, respectively (Fig.  5B, C, and F). Cluster analysis 
revealed that in the rhizosphere, bacterial communi‑
ties under BM and B treatments grouped closely across 

all three stages, while M separated more clearly at final 
harvest (Fig. 5D, E, and F). In bulk soil, BM and M clus‑
tered together at seeding and final harvest, whereas CK 
and B grouped separately from the inoculated treatments 
at final harvest (Fig. 5A, B, and C). The results suggests 
that the BM treatment shaped a beneficial root microbi‑
ome, as evidenced by an increase in soil bacterial alpha 
diversity and the enrichment of two key beneficial gen‑
era: Bacillus, which encompasses many species known 
to enhance phosphorus availability, and Sphingomonas, 
a plant-growth-promoting rhizobacterium (Asaf et  al. 
2020). The concomitant decline in Faecalibacterium 
suggests a community shift toward a more phospho‑
rus‑mobilizing and plant‑beneficial microbial structure.

Redundancy analysis (RDA) revealed distinct cluster‑
ing of microbial taxa associated with phosphorus‑related 
biological functions, including ALP activity, MBC, and 
MBP, under different treatments (Fig. 6). At the seeding 
stage, MBC accounted for 47.1% of the bacterial commu‑
nity variation in bulk soil (Fig. 6A), while AP (37.1%) and 
ALP (14.4%) were the dominant explanatory variables in 
rhizosphere soil (Fig. 6D). Moreover, the bacterial com‑
munity structure of CK in the rhizosphere soil separated 
clearly from other treatments along RDA1 (Fig.  6D), a 
pattern consistent with findings from a recent rice‑soil 
incubation study (Keru et al. 2024). These results support 
the hypothesis that the observed shifts arise from the 
combined effect of direct phosphorus input from biochar 
and a consortium‑driven restructuring of the microbial 
community, which functionally correlates with enhanced 
phosphatase activity and phosphorus solubilization.

Fig. 4  Soil alkaline (ALP) and acid (ACP) phosphatase activities in response to biochar‑Bacillus consortium application. CK, conventional fertilization 
control; B, conventional fertilization with biochar; BM, conventional fertilization with biochar-Bacillus consortium; M, conventional fertilization 
with Bacillus liquid inoculant. Different lowercase letters above each bar indicate significant differences for ALP and ACP activities, respectively, 
while different uppercase letters denote significant differences for the sum of ALP and ACP activities (p < 0.05)
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At the fruit‑setting stage, RDA indicated that soil 
MBP (27.8%) in bulk soil (Fig.  6B) and MBC (42.5%) in 
rhizosphere soil were the dominant factors shaping bac‑
terial communities (Fig. 6E). Specifically, MBP was posi‑
tively correlated with the relative abundance of Bacillus 
and Sphingomonas in bulk soil, while MBC covaried 
strongly with Bacillus and Bacteroides in the rhizosphere 
(Fig.  6B, 6E). Moreover, bacterial communities in both 
bulk and rhizosphere soils under CK clustered distinctly 
apart from other treatments along RDA1 (Fig.  6D). By 
the final harvest stage, the key explanatory variables 
for bacterial composition shifted to AP (36.8%), ALP 
(15.0%), and MBP (12.8%) in bulk soil (Fig. 6C), and MBC 
(59.1%) in rhizosphere soil (Fig.  6F). Correspondingly, 
MBP showed a positive correlation with Bacillus and 
Bacteroides in bulk soil, and MBC was positively associ‑
ated with Bacillus in the rhizosphere (Fig. 6C, F). At this 
stage, both CK and BM treatments formed distinct clus‑
ters, separating from other groups along RDA1 in both 
soil compartments (Fig.  6D). Given that microbial bio‑
mass phosphorus (MBP) represents a critical reservoir of 
labile soil phosphorus (Lidbury et al.2022), the observed 

increases in bacterial alpha diversity and Bacillus abun‑
dance induced by the biochar‑Bacillus consortium, 
which correlated positively with MBP and MBC, sug‑
gest a mechanistic link. The consortium not only altered 
microbial community structure but also lowered the 
microbial biomass C:P ratio. Together, these shifts indi‑
cate that the BM treatment enhances phosphorus avail‑
ability by accelerating MBP turnover, thereby fostering a 
rhizosphere microenvironment more favorable for cherry 
tomato growth and phosphorus acquisition.

3.5 � Biochar‑Bacillus consortium promotes fruit‑cluster 
branching and enhances yield in cherry tomato

The BM treatment reduced individual fruit weight by 
7.11% but increased fruit number per plant by 24.75% 
relative to CK (Fig. 7; Table S1). To understand this shift, 
we analyzed the proportion of fruit clusters that devel‑
oped branched inflorescences across treatments (Fig. 3). 
The BM treatment significantly increased the proportion 
of branched clusters compared to all other treatments, 
which corresponded with a marked yield improvement. 
On a per‑hectare basis (converted from 667 m2 plots), 

Fig. 5  Cluster analysis and relative abundance of dominant bacterial genus levels. CK, conventional fertilization control; B, conventional fertilization 
with biochar; BM, conventional fertilization with biochar-Bacillus consortium; M, conventional fertilization with Bacillus liquid inoculant
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BM elevated yield by 23.53% over CK. Both B and M 
treatments also significantly boosted yield, with increases 
of 7.24% and 9.86%, respectively, relative to CK.

Structural equation modeling (SEM) revealed dis‑
tinct pathways linking microbial communities, soil pro‑
cesses, and plant performance in bulk and rhizosphere 
soils. In bulk soil, microbial biomass (MBC and MBP), 
alkaline phosphatase (ALP) activity, and root morpho‑
logical traits (length, surface area, volume, tip number) 
were significantly driven by the abundance of key bacte‑
rial genera (Bacillus and Bacteroides) identified via 16S 
rDNA sequencing. Fruit‑cluster branching (measured 
as the proportion of branched clusters and individual 
fruit weight) was jointly mediated by soil microbial bio‑
mass and bacterial abundance. Furthermore, fruit‑cluster 
branching exerted a significant positive effect on plant 
phosphorus uptake, while final yield was collectively reg‑
ulated by root morphology and inflorescence architecture 
(Fig. 8A). In the rhizosphere soil, the microbial biomass 
was primarily determined by the bacterial abundance. 

The microbial biomass has significant positive effect on 
the ALP, root morphology, and fruit cluster branching. 
In addition, the yield and P uptake were primarily deter‑
mined by the fruit cluster branching (Fig. 8B).

These findings align with meta‑analyses indicating 
that microbial inoculants enhance crop yield and qual‑
ity through improved nutrient availability (Orozco-
Mosqueda et  al. 2021; Minchev et  al. 2024). They also 
corroborate recent work showing that phosphorus avail‑
ability optimizes floral development in ornamentals by 
modulating root architecture and phosphorus nutrition 
(Zhai et al. 2023). In the present study, the biochar‑Bacil-
lus consortium consistently enhanced phosphorus 
uptake, root architecture, inflorescence branching, and 
yield in cherry tomato. The consortium‑driven improve‑
ment in soil phosphorus availability likely elevated plant 
phosphorus status and membrane phospholipid synthe‑
sis, which may promote the formation of productive fruit 
branches, a process that could further stimulate rhizos‑
phere phosphorus activation. Inflorescence architecture 

Fig. 6  Redundancy analysis (RDA) of the relationships among soil properties, the top ten significant genera, and bacterial community structure. 
CK, conventional fertilization control; B, conventional fertilization with biochar; BM, conventional fertilization with biochar-Bacillus consortium; 
M, conventional fertilization with Bacillus liquid inoculant. AP, Soil available phosphorus; MBC, Soil microbial biomass carbon; MBP denotes 
Soil microbial biomass phosphorus; ALP, Alkaline phosphatase activity; ACP, Acid phosphatase activity. Red arrows denote significant positive 
correlations (p < 0.05)
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in tomato is governed by meristem activity (Soyk et  al. 
2017), and although it is a polygenic trait, subtle modi‑
fications in meristem maturation can induce agronomi‑
cally beneficial phenotypes (Sun et  al. 2024). While this 
study demonstrates that consortium‑mediated soil bio‑
logical functions strongly promote fruit‑cluster branch‑
ing, the precise mechanisms through which meristem 
activity is modulated remain a central question for future 
investigation.

4 � Conclusions
This study evaluated the effects of a biochar–Bacillus 
consortium (BM) on soil phosphorus bioavailability, 
microbial functions, root morphology, inflorescence 
architecture, phosphorus uptake, and yield in cherry 
tomato. The BM treatment significantly increased 
soil available phosphorus (AP), microbial biomass 

carbon (MBC) and phosphorus (MBP), and alkaline 
phosphatase (ALP) activity, while lowering the micro‑
bial biomass C:P ratio. Concurrent shifts in bacte‑
rial community composition were observed at key 
growth stages, indicating that the consortium enriched 
taxa associated with MBP accumulation and turno‑
ver, thereby enhancing phosphorus mobilization in 
the rhizosphere. These soil biological improvements 
directly promoted plant phosphorus acquisition, 
which in turn stimulated root architectural develop‑
ment and increased the proportion of fruit‑bearing 
lateral branches. Under protected cultivation, the 
BM treatment raised cherry tomato yield by 23.53% 
relative to the conventional control. Collectively, 
our findings reveal a synergistic soil‑plant pathway 
through which biochar‑microbe interactions enhance 

Fig. 7  Radar plots showed the effects of biochar-Bacillus consortium on panicle branching morphology and yield of cherry tomato. CK, denotes 
Conventional fertilization control; B, denotes Conventional fertilization combined with biochar; BM, denotes biochar-Bacillus consortium; M, 
denotes Conventional fertilization with Bacillus 
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crop productivity by concurrently optimizing phos‑
phorus availability, root growth, and reproductive 
development.
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