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Abstract 20 

Background and aims Citrus, the largest fruit globally, often encounters nutritional 21 

imbalances, notably phosphorus (P) deficiency, when cultivated in calcareous soil. 22 

Although organic fertilizers outperform inorganic alternatives in citrus production, 23 

their specific impacts and the microbiome’s role in calcareous soil remain unclear. 24 

This study aimed to investigate the effects of rapeseed cakes (RC) and cow manure 25 

(CM) on citrus plant-soil performance and their correlations with microbiome 26 

composition and functional profiles. 27 

Methods We conducted a 5-year long-term positioning field experiment on citrus 28 

under calcareous soil conditions. Field experiments combined with amplicon and 29 

metagenome sequencing were employed to analyze differences in plant-soil 30 

performance and rhizosphere microbiome traits under RC and CM treatments. 31 

Isolation-culture verification was further performed to validate the function of key 32 

differential microorganisms. 33 

Results RC and CM supplementation enhanced fruit yield and quality while 34 

facilitating P utilization in calcareous soil, with CM showing a better improvement 35 
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effect. Both organic fertilizers induced significant alterations in rhizosphere 36 

microbiome composition and function. The genus Cupriavidus was significantly 37 

enriched in rhizosphere under organic fertilizer treatments. Isolation-culture 38 

verification confirmed it enhanced soil P availability by secreting organic acids, 39 

alkaline phosphatases and other enzymes, serving as plant-growth-promoting 40 

rhizobacteria for citrus. 41 

Conclusion Our findings clarify the effects of rapeseed cakes and cow manure on 42 

citrus growth and soil P activation in calcareous soil, and reveal the key role of the 43 

rhizosphere microbiome represented by Cupriavidus in this process. This study 44 

advances our understanding of microbiome-mediated improvement of citrus growth 45 

and P utilization via organic fertilizer application. 46 

Keywords 47 

Citrus; Organic fertilizer; Microbiome; Plant growth prompting bacteria; 48 

Phosphorus; Fruit quality. 49 
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1. Introduction 55 

Citrus, the world's largest fruit, is of significant importance for global trade and 56 

human health. Plants cultivated in calcareous soil often encounter nutrient 57 

deficiencies, notably phosphorus (P), which is immobilized by calcareous soil 58 

(Arvin, 2019; Mahender et al., 2019). It is a core element involved in energy 59 

metabolism, carbohydrate transport, and chlorophyll synthesis in plants and plays a 60 

crucial role in the formation of citrus fruit quality (Czech et al., 2020; Wu et al., 61 

2021). To address nutrient deficiency, there is widespread reliance on excessive 62 

chemical fertilizer application, which causes environmental pollution, soil 63 

degradation, and reduced microbial activity (Rabalais et al., 2010). Long-term 64 

excessive application of chemical fertilizers can disrupt the balance of soil microbial 65 

communities. Notably, effective phosphorus release depends on microbial synergy, 66 

as phosphorus from chemical fertilizers is easily immobilized in soil in the absence 67 

of microbial activity, limiting citrus uptake and reducing fertilizer efficiency over 68 

time.  (Xu et al., 2020). In contrast, organic fertilizers have been shown to enhance 69 

soil quality and increase citrus production and quality (Haokip et al., 2021). Previous 70 

studies have predominantly focused on elucidating organic fertilizer mechanisms, 71 

emphasizing plant physiological and molecular responses, as well as soil nutrient 72 

cycling (Duarte et al., 2012; Yang and Zhang, 2023). Compared to chemical 73 

fertilizers, organic fertilizers harbor numerous microorganisms and serve as carbon 74 
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sources for microbial activity (Lin et al., 2019). Moreover, nutrients in organic 75 

fertilizers are gradually released through microbial processes over an extended 76 

period (Lin et al., 2019). Hence, microbiomes significantly contribute to the 77 

effectiveness of organic fertilizers. However, in the context of organic fertilizer 78 

application in citrus cultivation, the specific role of the microbiome in enhancing 79 

fruit quality—particularly through improved plant nutrition—has been largely 80 

overlooked. Notably, research on calcareous soils in this regard remains scarce.  81 

Soil microorganisms play a pivotal role in regulatingP cycling and its availability 82 

(Hu et al., 2023). There are two primary mechanisms to increase available P: (1) 83 

secreting organic acids, such as citric acid and formic acid, to solubilize inorganic P 84 

(Yao et al., 2018), and (2) secreting enzymes, notably phosphatase, to mineralize 85 

organically fixed P (Devi et al., 2022). Microbes also contribute to fruit quality (Song 86 

et al., 2015). Sangiorgio et al. (2022) demonstrated that both bulk- and rhizosphere-87 

associated fungal microbiomes contributed to the total soluble sugar content and 88 

titratable acidity of fruits. Furthermore, the taste and aroma chemistry of tomatoes 89 

are associated with the relative abundance of bacteria in the root microbiome 90 

(Escobar Rodríguez et al., 2021).Therefore, profiling the structure and function of 91 

the microbiome offers  new insights for enhancing citrus plant nutrition and quality.  92 

In this study, we examined the impact of plant- and animal-derived organic fertilizers 93 

on the soil physicochemical properties, leaf nutrition, and fruit quality of citrus 94 



6 
 

cultivated in calcareous soil. Subsequently, we analyzed the microbial community 95 

structure via amplicon sequencing. We integrated these data with physicochemical 96 

parameters (including soil nutrients and fruit quality) to quantify the relative 97 

contributions of microbial communities and nutrient factors to fruit quality. 98 

Furthermore, we employed shotgun metagenomic sequencing to characterize 99 

microbial functional potential, thereby elucidating the mechanisms underlying 100 

microbe-mediated nutrient transformation, particularly phosphorus and iron 101 

mobilization. This study not only reveals the synergistic interaction between 102 

microbiomes and nutrients in enhancing citrus productivity and quality but also 103 

provides scientific evidence for the integrated nutrient management of citrus. 104 
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2. Materials and Methods 105 

2.1 Experimental Basics 106 

The study utilized 5-year-old normal “Orah mandarin” fruiting trees, serving as the 107 

base rootstock for Ruta “Citrange” and an intermediate rootstock for Trovita orange, 108 

as the experimental material for high grafting. It was conducted at a citrus orchard 109 

base in Chongqing, China (30°16′ N, 107°37′ E), which is characterized by a 110 

subtropical monsoon climate with an average rainfall of approximately 1200 mm 111 

and an average annual temperature of 17°C. The orchard soil was classified as 112 

calcareous purple soil with the following physicochemical properties: pH 8.1, 113 

organic matter 16.41 g kg⁻¹, available nitrogen 52.02 mg kg⁻¹, available phosphorus 114 

28.08 mg kg⁻¹, available potassium 232.08 mg kg⁻¹, available calcium 7536.99 mg 115 

kg⁻¹, available magnesium 1207.64 mg kg⁻¹, available iron 12.76 mg kg⁻¹, available 116 

manganese 172.82 mg kg⁻¹, available zinc 7.39 mg kg⁻¹, available copper 1.58 mg 117 

kg⁻¹, and available boron 0.07 mg kg⁻¹. Based on the long-term stationary 118 

experiment initiated in 2018, this study conducted field research in 2021 and 2022, 119 

the experiment followed a randomized block design with  two treatments and  a 120 

chemical fertilizer control treatment: (1) CK: conventional chemical fertilizer (N: 121 

P2O5: K2O=15:15:15, 2 kg per plant); (2) RC: conventional chemical fertilizer + 122 

hole-applied rapeseed cake fertilizer 5 kg per plant; and (3) CM: conventional 123 

chemical fertilizer + hole-applied cow manure fertilizer 20 kg per plant. Each 124 
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treatment was replicated three times in 2021 and four times in 2022. Organic 125 

fertilizers were applied in mid-February, and a sprouting fertilizer (15–20 d before 126 

spring sprouting) was applied once, amounting to 30%–40% of the total fertilizer for 127 

the year; in early to mid-July, a strong fruit fertilizer (applied 7–10 d before autumnal 128 

tips), totaling 40% of the annual fertilizer. In late September, over-wintering 129 

fertilizers were applied, comprising 20% to 30% of the annual fertilizer. 130 

Decomposed organic fertilizers were adopted in the experiment. Further details are 131 

presented in Supplementary Table 1, where both organic fertilizers maintained the 132 

same amount of added phosphorus. 133 

2.2 Fruit yield and quality 134 

The yield per tree (kg) was assessed during the fruit-ripening period in February 135 

2022 and 2023. Samples were collected from the upper-middle of the citrus canopy 136 

periphery in four directions: east, south, west, and north. Twenty fruits from five 137 

trees were combined to form one sample. The weight of each fruit (g) was measured 138 

using an electronic scale. Peel brightness (L), red-green difference (a*), and yellow-139 

blue difference (b*) were determined using a CR-10 handheld colorimeter (Konica, 140 

Tokyo, Japan). Soluble solid content (%) was measured through applying an AITO 141 

PAL-1 refractometer (ATAGO, Tokyo, Japan). The fruit titratable acid content (%) 142 

was assessed via titration with a sodium hydroxide indicator, and the fruit solid-acid 143 

ratio (soluble solids/titratable acid) was calculated. The vitamin C content of the fruit 144 
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(mg·100 mL-1) was determined by 2.6-dichlorophenol-indophenol titration (Liao et 145 

al., 2023). 146 

2.3 Leaf relative chlorophyll and nutrient content 147 

Mature leaves from the spring tips were collected in September 2021 and 2022. The 148 

relative chlorophyll content (SPAD value) was measured using a SPAD-502 149 

chlorophyll meter (Konica, Tokyo, Japan) (Li et al., 2020). The leaf nitrogen content 150 

was determined using concentrated sulfuric acid digestion and KDY-9820 Kjeldahl 151 

nitrogen determination (Tongrunyuan Electromechanical Technology, Beijing, 152 

China), and phosphorus content was assessed via nitric acid-perchloric acid (5:1) 153 

digestion and a TU-1901 UV spectrophotometer (Pudian General Instrument, 154 

Beijing, China) at 700 nm. Potassium, calcium, magnesium, iron, manganese, and 155 

zinc concentrations were determined through nitric acid-perchloric acid (5:1) 156 

digestion and analyzed using 240FS AA flame atomic absorption spectrometry 157 

(Agilent, CA, USA) (De Luna Souto et al., 2023). 158 

2.4 Soil physicochemical properties 159 

During the soil element stabilization period in September 2021 and 2022, a 40 cm 160 

deep pit was excavated near the drip line of the citrus tree canopy. Approximately 161 

400 g of soil from depths of 5–35 cm was uniformly collected and debris was 162 

removed. Five random points were sampled from each collection, and the soil 163 

samples were combined to form a 1 kg composite using a 4-partitioning method. The 164 
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samples were then transported to the laboratory, where they were naturally dried, 165 

crushed, and stored for soil nutrient analysis. The pH of the leachate was measured 166 

using a PB-10 acidimeter (Sartorius, Gottingen, Germany) (Xin et al., 2022). The 167 

organic matter content was determined using the oxidizing capacity method of 168 

potassium dichromate-sulfuric acid after decoction in a DK-S20 constant-169 

temperature oil bath (Shenxian Constant-Temperature Equipment Plant, Shanghai, 170 

China). Alkaline dissolved nitrogen was assessed via the diffusion method. Available 171 

phosphorus in alkaline soil was determined using sodium bicarbonate leaching with 172 

a UV-visible spectrophotometer. Available potassium, available calcium, and 173 

available magnesium were determined using ammonium acetate leaching flame 174 

photometry (Mei et al., 2022). Available iron, available manganese, and available 175 

zinc copper in alkaline soil were analyzed via atomic absorption spectrometry after 176 

leaching with a DTPA solution in an SHA-B water-bath constant-temperature 177 

oscillator (Bo Xun Medical and Bio-technical Instrument, Shanghai, China) (Achiba 178 

et al., 2010). 179 

2.5 Soil enzyme activity 180 

Rhizosphere soil (rhizosphere) refers to the soil surrounding the plant root system, 181 

influenced by the roots and their secretions, and the remaining soil is termed bulk 182 

(bulk) (Prashar et al., 2014). Soil sampling for the assessment of soil enzyme activity 183 

and microbial community diversity was conducted in September 2022. The top 5 cm 184 
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of soil in the vicinity of the dripline was excavated along with the root system of 185 

citrus plants at four points. Larger soil particles adhering to the root system were 186 

removed by gentle shaking, and rhizosphere soil adhering to the fibrous roots was 187 

brushed off with a fine brush and then placed into sterile self-sealing bags to replicate 188 

the rhizosphere soil. An equivalent amount of bulk soil was collected from areas 189 

without root growth and each treatment was sampled four times. The soil samples 190 

were immediately transported to the laboratory with ice. Upon arrival, they were 191 

divided into two parts: one part was applied to assess soil enzyme activities, and the 192 

other was stored at -80°C to determine the microbial community diversity and 193 

metagenome. Soil acid phosphatase (ACP) and alkaline phosphatase (ALP) 194 

activities were determined via visible spectrophotometry following the procedures 195 

outlined in the Soil Alkaline Phosphatase (S-AKP/ALP) Activity Test Kit and Soil 196 

Acid Phosphatase (S-ACP/ALP) Activity Detection Kit (Solarbio, Beijing, China).  197 

2.6 Determination of phosphate-solubilizing capacity of strains 198 

Strains in the logarithmic growth phase were inoculated at an inoculation ratio of 1 % 199 

into inorganic-phosphorus medium and organic-phosphorus medium, respectively, 200 

and incubated with shaking at 180 rpm and 30 ℃ for 2 d. The bacterial suspension 201 

was adjusted to an OD₆₀₀ of 1, and then centrifuged at 10000 rpm for 30 min. The 202 

supernatant was diluted 10-fold, and 2 mL of diluted supernatant was mixed 203 

thoroughly with 2 mL of molybdenum-antimony-anti chromogenic reagent. After 204 
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30 min of color-development reaction, the absorbance was determined at 880 nm. A 205 

phosphorus standard curve was generated using KH₂PO₄ standard solution. The 206 

phosphate-solubilizing capacities of the strain for inorganic phosphorus and organic 207 

phosphorus were calculated separately based on the standard curve and sample 208 

absorbance at 880 nm. 209 

2.7 Pot-based functional verification assay of the functional strain 210 

One-year-old Citrus reticulata cv. Orah mandarin seedlings with uniform growth 211 

status were selected, and the old shoots were pruned to a consistent plant height. Pot 212 

assays were performed using in-situ soil collected from the field. Strain C1 was 213 

shake-flask cultured to the mid-late logarithmic growth phase with fermentation 214 

broth OD₆₀₀ of 0.8-1.0. The original fermentation broth was diluted 10-fold with 215 

sterile pure water for root-drenching inoculation of citrus seedlings. The control 216 

group received sterile blank medium subjected to the identical 10-fold dilution. 217 

Inoculation treatments were conducted at 7, 21 and 35 days after transplanting. After 218 

the new shoots were fully mature, samples of above-ground new shoots and 219 

underground lateral roots were collected. 220 

2.8 Amplicon sequencing 221 

Soil DNA was extracted using a FastDNA® Spin Kit for Soil (MP Biomedicals, 222 

Solon, OH, USA), following the manufacturer's instructions. The microbial 223 

community structure analysis was performed using 16S rRNA high-throughput 224 
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sequencing technology, conducted by the Shanghai Meiji Biomedicals Technology 225 

Co. The extracted soil DNA served as a template to amplify the bacterial 16S rRNA-226 

specific V3-V4 variable region using the primer pair 515FmodF 227 

(GTGYCAGCMGCCGCGGGTAA) and 806RmodR 228 

(GGACTACNVGGGTWTCTAAT). Sequencing was performed on the MiSeq 229 

PE250 platform. 230 

2.9 Metagenome sequencing 231 

The soil DNA extraction and second-generation metagenome sequencing were 232 

performed by the Beijing Youji Technology Co. The soil DNA was extracted using 233 

the NucleoSpin Soil Kit (Macherey-Nagel, Germany), following the manufacturer's 234 

instructions. The DNA content was quantified using the Qubit dsDNA BR Assay kit 235 

(Invitrogen, USA) with a Qubit Fluorometer, and its quality was assessed using 1% 236 

agarose gel electrophoresis. The sample DNA (1 μg) was randomly sheared using 237 

Covaris and then size-selected for 200–400 bp fragments using magnetic beads. The 238 

sorted DNA fragments underwent end repair, 3′-end adenylation, adapter ligation, 239 

and PCR amplification, with subsequent purification of the PCR products using 240 

magnetic beads. The purified PCR products were denatured and cyclized using splint 241 

oligo sequences. The cyclized single-stranded DNA constituted the final DNA 242 

library, which was subjected to bipartite sequencing on the DNAseq PE150 platform 243 

with Q30 ≥ 80%. 244 
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2.10 Data statistics and analysis 245 

Data organization was performed using Microsoft Excel 2021. Data analysis and 246 

graphs were conducted using RStudio 4.2.2. Visualization was performed using 247 

Adobe Illustrator 2021. 248 

Physiological indicators such as yield, fruit quality, and leaf and soil nutrients, were 249 

analyzed using the Shapiro-Wilk normality test and Levene's test (Anderson, 2006) 250 

to evaluate the normality and homogeneity of variances before conducting ANOVA 251 

test. ANOVA test was performed on data that met the normal distribution and 252 

homogeneity of variance criteria, with post-hoc testing performed using Duncan's 253 

method. The Spearman correlation analysis was conducted due to the skewed 254 

distribution of the data. This is implemented using the psych package in R.  255 

Amplicon upstream analysis was conducted using QIIME2 v 2022.8 (Bolyen et al., 256 

2019). PCR primers and low-quality sequences were trimmed using the DADA2 257 

workflow in the QIIME2. The remaining reads were denoised, merged, and 258 

characterized to generate amplicon sequence variant (ASV) tables. Representative 259 

sequences from the preprocessed data were classified using the pre-trained classifier 260 

SILVA (Silva release 138; 99% of OTUs 515F/806R sequences) (Bokulich et al., 261 

2018), retaining only ASVs annotated at least at the phylum level and removing 262 

those annotated as chloroplasts or mitochondria. ASVs with a total abundance less 263 

than ten or present in fewer than six samples (25% of the samples) were filtered out. 264 
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The library size was standardized for each sample by scaling through ranked 265 

subsampling to a total of 53,129 reads per sample (Beule and Karlovsky, 2020). 266 

Representative sequences were further filtered based on the ASV table, followed by 267 

the generation of approximate maximum likelihood phylogenetic trees using 268 

FastTree 2.1.8 in QIIME2 with default parameters. 269 

For high-throughput sequencing data, variance partitioning analysis (VPA) was first 270 

performed using the vegan package to quantify the relative contributions of two 271 

factor groups to citrus fruit quality: (1) nutrient input factors (including soil 272 

physicochemical properties) and (2) microbial factors (represented by genus-level 273 

microbial community composition from amplicon sequencing). The VPA was based 274 

on redundancy analysis (RDA) to decompose the total variance of fruit quality 275 

indicators into the independent contributions of the two factor groups and their 276 

interaction. The Kruskal-Wallis rank sum test was also employed for multiple 277 

comparisons to assess the differences between the groups, with post hoc tests 278 

including Dunnett's T3 test for multiple groups and Wilcoxon rank sum test for two 279 

groups. α-Diversity among treatments was characterized by richness (Chao1) and 280 

diversity (Shannon) indices, displayed as bar charts. The principal coordinate 281 

analysis (PCoA) based on the Bray–Curtis distance algorithm was performed to 282 

evaluate the between-group differences. Stacked histograms at the gate level were 283 

plotted using the tax_stackplot function in the amplicon package (Liu et al., 2023), 284 
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and UpSet plots were generated using the UpSetR package (Conway et al., 2017). 285 

The website https://huttenhower.sph.harvard.edu/galaxy/ can offer linear 286 

discriminant analysis (linear discriminant analysis Effect Size, LEfSe) to identify 287 

species producing significantly different effects across treatments (Segata et al., 288 

2011). The Mantel test from the linkET package was employed to explore the 289 

correlations between soil physicochemical properties, leaf nutrients, and fruit yield 290 

quality with variations in bulk and rhizosphere soil bacteria. Finally, the Spearman 291 

coefficients were computed using the Pheatmap package to assess the relationships 292 

between soil physicochemical properties, leaf nutrients, fruit yield quality, and 293 

genus-level bacteria, and the results were visualized in a heatmap. 294 

Raw metagenome sequencing data were subjected to quality control using the 295 

kneaddata process (version 0.7.4) to ensure contamination-free high-quality data for 296 

downstream analysis (Liu et al., 2021). This involved the removal of low-quality 297 

reads using Trimmonmatic (version 0.39) (Bolger et al., 2014), as well as the 298 

elimination of host, splice, and PCR contamination using Bowtie 2 (version 2.5.0) 299 

(Langmead and Salzberg, 2012). Taxonomic classification of metagenomic reads 300 

into bacteria, archaea, fungi, and viruses was achieved using Kraken2 (version 2.1.1) 301 

based on the k-mer algorithm (Lu et al., 2022). Each sequence was divided into 302 

multiple k-mers, mapped to the lowest common ancestor (LCA) of all reference 303 

genomes, and grouped into classifications to form a classification tree, with the 304 



17 
 

weight of each node representing the frequency of k-mers assigned to that 305 

classification. Each RTL (root-to-leaf) path score on the classification tree represents 306 

the cumulative weight, with the highest-scoring path determining the classification 307 

path and assigning a classification leaf label to the sequence. In the case of multiple 308 

paths with equal scores, the sequence was tagged with a common ancestor. 309 

Taxonomic abundance estimation was accurately conducted using Bracken (version 310 

2.5.0) (Lu et al., 2022), with read counts converted to relative abundances for 311 

subsequent analysis. Metagenomic functional profiling was performed using 312 

HuMAnN3 (version 3.6.1) (Beghini et al., 2021). Pairwise comparisons and 313 

visualization of the differential metabolic pathways were performed using STAMP 314 

2.1.3. 315 
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3. Results 316 

3.1 Organic fertilizer improves plant-soil performance of citrus 317 

The 2021-2022 field experiment result demonstrated that organic fertilizers 318 

improved fruit yield and citrus quality. In 2021, compared to the control, the animal-319 

derived cow manure (CM) significantly increased the yield per plant by 66.25% and 320 

single fruit weight by 14.15% (Fig. 1A, p<0.05). In 2022, plant-derived rapeseed 321 

cake (RC) significantly enhanced single-fruit weight by 20.49% (Fig. 1A, p<0.05). 322 

Additionally, both CM and RC significantly reduced the titratable acid content of 323 

ripe fruits by 2022 (Fig. 1A, p<0.05). Vitamin C content increased in fruits treated 324 

with CM in 2021 and RC in 2022 (Fig. 1A, p<0.05). Nevertheless, the soluble solids 325 

exhibited no significant post-treatment differences (Fig. S1A). Overall, organic 326 

fertilizer application promoted the improvement of citrus yield and fruit quality, with 327 

CM exhibiting a better comprehensive improvement effect. 328 

Organic fertilizer effectively alleviated leaf yellowing symptoms, as evidenced by a 329 

significant increase in the relative chlorophyll content (SPAD values; Fig. S1B). 330 

Therefore, we analyzed plant nutrition levels across different treatments. In 2022, 331 

RC significantly increased leaf phosphorus (P) concentration by 15.38% (Fig. 1B). 332 

In addition, RC also increased leaf iron (Fe) by 38.89%, calcium (Ca) by 27.58%, 333 

manganese (Mn) by 79.77%, and zinc (Zn) by 59.27% in 2021, as well as 334 

magnesium (Mg) by 68.75% in 2022. CM significantly enhanced leaf Fe by 33.94% 335 
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in 2021 and Mg by 106.25% in 2022 (Fig S1B). No significant differences were 336 

observed for other elements between the organic fertilizer treatment and control 337 

groups. Hence, organic fertilizer improved the nutritional status of citrus plants, with 338 

RC exhibiting superior effects compared to CM.  339 

Organic fertilizers notably improved soil quality. After two years of application in 340 

2022, CM significantly reduced soil pH by 7.10% and increased organic matter by 341 

147.05%, whereas RC significantly increased organic matter by 59.37% in bulk soil 342 

(Fig. S1C). Regarding element availability, RC notably boosted available P by 61.30% 343 

in the rhizosphere (Fig. 1B). CM enhanced available P by 114.79% and Fe by 120.22% 344 

in bulk soil in 2022 (Figs. 1B and S1C). In the first year (2021), organic fertilizer 345 

did not affect element availability (Fig. S1C). The collective results of the plant and 346 

soil nutrition levels indicated that organic fertilizer promoted P utilization. 347 

Subsequently, we assessed the enzyme activity of acid phosphatase (ACP) and 348 

alkaline phosphatase (ALP), which contributed to P cycling in the soil. The results 349 

indicated that CM significantly promoted ALP activity rather than ACP activity in 350 

both the bulk and rhizosphere soils (Fig. 1D). The correlation analysis revealed a 351 

significant negative relationship between available P and pH (Spearman's ρ=-0.76, 352 

p=0.004) and positive relationships with ACP (ρ=0.66, p=0.018) and ALP activity 353 

(ρ=0.71, p=0.010) in bulk soil (Fig. S2). However, in the rhizosphere soil, available 354 

P presented no significant negative relationship with ACP activity (Spearman's ρ=-355 
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0.31, p=0.331), but exhibited a significant positive relationship with ALP activity 356 

(ρ=0.62, p=0.033) (Fig. S2). ACP originated from both plants and the microbiome, 357 

whereas ALP originated primarily from microbiomes. Hence, the microbiome can 358 

play a role in improving P nutrition through the application of organic fertilizer in 359 

citrus plants. 360 

To clarify whether the improvement in fruit yield and quality was driven by 361 

additional nutrient input from organic fertilizers or the superimposed effect of altered 362 

microbial community structure, we performed variation-partitioning analysis (VPA) 363 

by integrating significantly-differentiated fruit-related indicators, soil nutrient 364 

factors, and the top 50 microbial genus-level abundances. The VPA results revealed 365 

that phosphorus and iron exhibited relatively high explanatory power for the 366 

variations in fruit yield, single-fruit weight, and titratable acid (TA) content. Notably, 367 

the joint explanatory power of phosphorus nutrients and the microbiome was higher 368 

than that of other elements, with values of 0.084, 0.122 and 0.261 for yield, 369 

single-fruit weight and TA, respectively (Fig. 1D). These findings suggested that the 370 

coupling effect of phosphorus nutrition and the microbiome played a dominant role 371 

in regulating citrus fruit yield and quality under organic fertilizer application. 372 

3.2 Organic fertilizer induces alterations in microbial community diversity and 373 

composition 374 

The combined explanatory power of soil available phosphorus and the microbiome 375 
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is the core factor driving the variation in fruit quality, and the microbiome itself also 376 

exerts an independent contribution. Then, how do organic fertilizers alter the 377 

diversity, composition, and core taxa of soil microbial communities? For α-diversity 378 

at the ASV level, organic fertilizer did not affect the Chao1 index (indicative of 379 

richness) or Shannon index (indicative of diversity) (Fig. S3A). Significant 380 

differences were observed between the rhizosphere and bulk soils in both the Chao1 381 

and Shannon indices (Fig. S3A). The principal coordinate analysis (PCoA) based on 382 

Bray–Curtis distance revealed significant differences between the bulk and 383 

rhizosphere soils (PERMANOVA R2=0.1450, p=0.001, Fig. 2A), as well as between 384 

treatments in both the bulk (PERMANOVA R2=0.3202, p=0.001, Fig. 2A) and 385 

rhizosphere soils (PERMANOVA, R2=0.3591, p=0.005, Fig. 2A), indicating the 386 

substantial effects of rhizosphere compartments and organic fertilizers on the soil 387 

microbial community structure. 388 

Organic fertilizers contributed to a shift in the soil bacterial community composition, 389 

identifying 3078 ASVs spanning 34 phyla, 89 classes, 200 orders, 303 families, and 390 

553 genera through database alignment. Actinobacteriota emerged as the dominant 391 

species with an average relative abundance of 20.59% (Fig. S3B). Other notable 392 

phyla were Proteobacteria (18.73%), Acidobacteriota (13.01%), Crenarchaeota 393 

(12.43%), Chloroflexi (9.15%), and Firmicutes (8.87%). The upset analysis of ASVs 394 

across different treatments revealed 1391 shared ASVs were present in all soils, with 395 
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specific ASVs observed under different organic fertilizer treatments and locations. 396 

Notably, 123 ASVs were present only in the RC and CM treatments, 7 to RC 397 

treatment alone, 20 to bulk soil, and 6 to rhizosphere soil (Fig. S3C). 398 

The LEfSe analysis utilized a screening threshold of LDA>3.0, p<0.05. In the 399 

rhizosphere, RC enrichment compared to control revealed two orders, four families, 400 

and seven genera, which encompassed unclassified_f_Pseudonocardiaceae, 401 

uncultured_f_Roseiflexaceae, Fictibacillus, Dongia, Cupriavidus, mle1_7, and 402 

Candidatus_ Xiphinematobacter. Similarly, in the bulk soil, RC enrichment 403 

highlighted one phylum, two classes, three orders, three families, and three genera, 404 

including uncultured_p_Armatimonadota, unclassified_f_Myxococcaceae and 405 

Cupriavidus (Fig. 2B). 406 

In the rhizosphere, significant differences in CM were observed across one class, 407 

one order, three families, and four genera. The enriched genera included 408 

unclassified_f_Pseudonocardiaceae, unclassified_f_Myxococcaceae, and 409 

Cupriavidus, and the excluded genus was Candidatus_Xiphinematobacter (Fig. 2C). 410 

In the CM bulk soil, significant differences were evident in two phyla, three classes, 411 

seven orders, eleven families, and ten genera. The enriched genera included 412 

unclassified_f_Salisediminibacteriaceae, Novibacillus, Dongia, Devosia, and 413 

uncultured_c_Alphaproteobacteria, while the excluded genera comprised 414 

Nocardioides, Pseudogracilibacillus, unclassified_f_Bacillaceae, Acidibacter, and 415 
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Steroidobacter. 416 

To clarify whether the rhizosphere microenvironment exerts a filtering effect on 417 

bacterial communities, this study further selected bacterial genera that were 418 

significantly enriched and had clear taxonomic status in the RC and CM treatments 419 

as the core research subjects, and analyzed their abundance distribution differences 420 

between rhizosphere soil and bulk soil. The results showed that Cupriavidus and 421 

Dongia had the highest abundance in the RC treatment and both exhibited significant 422 

rhizosphere enrichment characteristics; Cupriavidus also showed the highest 423 

abundance and a distinct rhizosphere enrichment effect in the CM treatment. In 424 

addition, Nocardioides and Steroidobacter showed significant rhizosphere exclusion 425 

characteristics (Fig. 2D). 426 

3.3 Relationships between microbiome community and plant-soil parameters 427 

First, we conducted Mantel's test to examine the association between the overall 428 

community structure and plant-soil parameters. These findings indicated that the 429 

microbiome community of rhizosphere soil, as opposed to bulk soil, exhibited a 430 

notable correlation with fruit quality and yield. Specifically, it demonstrated 431 

significant correlations with titratable acid content and plant nutrition level, as 432 

indicated by the relative chlorophyll content (characterized by SPAD value), along 433 

with leaf concentrations of Mg and Fe (Fig. 3A and 3B).  434 

The microbial community structure of the bulk soil was significantly correlated with 435 
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organic matter, alkaline dissolved nitrogen, available calcium, available magnesium, 436 

available manganese, available zinc, and available phosphorus content (p<0.01). 437 

Additionally, there was a significant correlation between the pH and available iron 438 

(p<0.05). Conversely, the microbial community structure of the rhizosphere soil was 439 

significantly associated solely with the concentration of available P, with no 440 

significant correlations found with ACP and ALP activity (Table S2). 441 

Examining the correlation between specific bacterial genera and plant-soil 442 

parameters can facilitate the identification of potential key microbial taxa. For this 443 

purpose, we focused on dominant genera, defined as those with a relative abundance 444 

exceeding 0.5% (44 in total), for the Spearman rank correlation analysis. In the 445 

rhizosphere soil, 13 genera were significantly correlated with yield and fruit quality 446 

(Fig. 3D), 17 genera indicated significant correlations with leaf nutrient elements 447 

(Fig. 3E), and 10 genera were significantly correlated with ACP, ALP activity, and 448 

available P concentration (Fig. 3F). Furthermore, 30 genera were significantly 449 

correlated with the soil physicochemical properties in the bulk soil (Fig. 3G). 450 

Among all dominant microbial communities, Cupriavidus was the core genus with 451 

the highest abundance and significant enrichment in both rhizosphere and bulk soils 452 

of treatment groups. Correlation analysis showed that its relative abundance was 453 

significantly positively correlated with soil ALP activity and available phosphorus 454 

content in rhizosphere soil. No significant correlation was observed between the 455 
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genus abundance and leaf total phosphorus content, while a positive trend was 456 

detected. Its abundance also had a significant positive correlation with leaf SPAD 457 

value. In terms of fruit traits, the relative abundance of Cupriavidus was significantly 458 

positively correlated with single fruit weight and yield, and significantly negatively 459 

correlated with fruit titratable acid content. 460 

3.4 Organic fertilizer treatment alters acid- and phosphorus-related metabolic 461 

pathways 462 

Under the organic fertilizer treatment, soil pH decreased (Fig. S1), which was 463 

confirmed by microbial functional profiling. Thirty-eight metabolic pathways 464 

potentially associated with acids were identified, and their abundance mostly 465 

increased after organic fertilizer treatments, particularly in the rhizosphere compared 466 

to the bulk soil (Fig. 4A). 467 

In the CM treatment group (Fig. 4C), significantly enriched pathways included 468 

tricarboxylic acid (TCA) cycle I (prokaryotic) (TCA), TCA cycle VII (acetate 469 

producer) (PWY-7254), glyoxylate bypass and TCA hyper pathway (TCA-GLYOX-470 

BYPASS), 2-methylcitrate cycle II (PWY-5747), glycolysis, pyruvate 471 

dehydrogenase, TCA, and glyoxylate bypass hyper pathway (GLYCOLYSIS-TCA-472 

GLYOX-BYPASS). Notably, the TCA, TCA-GLYOX-BYPASS, and PWY-5747 473 

pathways were predominantly associated with Cupriavidus, constituting 4.65%, 474 

4.63%, and 32.96% of their abundance, respectively (Fig. 4D). 475 
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ALP activity originating from microorganisms significantly increased under the 476 

organic fertilizer treatment (Fig. 1), potentially contributing to the increase in soil 477 

available P (Fig. S2). Therefore, the impact of microorganisms on the metabolic 478 

pathways associated with phosphorus metabolism under organic fertilizer treatment 479 

was further analyzed. The relative abundance in most of the 41 metabolic pathways 480 

potentially related to phosphorus increased notably after organic fertilizer treatment, 481 

particularly in the rhizosphere soil compared with the bulk soil (Fig. 4B). Among 482 

these pathways, phosphatidylcholine acyl editing (PWY-6803) was enriched in the 483 

rhizosphere soil under both RC and CM treatments as well as in the bulk soil under 484 

RC treatment. Additionally, the phospholipase (LIPASYN-PWY) pathway was 485 

enriched in the rhizosphere soil under both the RC and CM treatments (Fig. 4E). 486 

Furthermore, 93.19% of PWY-6803 originated from Cupriavidus, whereas 487 

LIPASYN-PWY was contributed by Cupriavidus, Variovorax, Achromobacter, 488 

Bacillus, and Streptomyces, accounting for 24.17%, 0.81%, 0.31%, 0.26%, and 489 

0.16%, respectively (Fig. 4F). 490 

Previous studies indicated that Cupriavidus could significantly promote 491 

phosphorus mobilization in citrus rhizosphere soil by regulating soil 492 

acidification processes and phosphorus-metabolic pathways. To further verify 493 

its phosphorus-mobilizing capacity, rhizosphere soil samples collected in 2022 494 

were used for the isolation of culturable bacteria. A total of 142 bacterial 495 
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isolates belonging to 17 genera were obtained, among which three Cupriavidus 496 

strains were screened and designated as C1, C2 and C3. The 16S rRNA gene 497 

sequences of the three isolates and 13 reference sequences of Cupriavidus 498 

retrieved from the NCBI database were trimmed to identical amplified regions 499 

for sequence alignment and phylogenetic tree construction, with Bacillus 500 

subtilis used as the out-group for tree rooting. Meanwhile, sequence similarity 501 

comparison was performed between the isolates and Cupriavidus ASVs 502 

derived from rhizosphere amplicon sequencing (Fig. 5A). 503 

3.5 Identification and pot-based functional verification of Cupriavidus isolates 504 

Previous studies have demonstrated that Cupriavidus can significantly 505 

promote phosphorus mobilization in citrus rhizosphere soil by modulating soil 506 

acidification processes and phosphorus-metabolic pathways. To further 507 

validate its phosphorus-mobilizing potential, rhizosphere soil samples 508 

collected in 2022 were used for the isolation and screening of culturable 509 

bacteria. A total of 142 bacterial isolates affiliated to 17 genera were obtained, 510 

among which three Cupriavidus strains were recovered and designated as C1, 511 

C2 and C3. The 16S rRNA gene sequences of the three isolates and 13 512 

Cupriavidus reference sequences retrieved from the NCBI database were 513 

trimmed to identical amplified regions for sequence alignment and 514 
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phylogenetic tree construction, with Bacillus subtilis employed as the 515 

out-group for tree rooting. Meanwhile, sequence identity analysis was 516 

performed between the isolates and Cupriavidus ASVs derived from 517 

rhizosphere amplicon sequencing (Fig 5A). 518 

Among these candidate strains, strain C1 possessed the highest 519 

phosphate-solubilizing capacity for both inorganic and organic phosphorus 520 

sources, and exhibited 100 % sequence identity with the Cupriavidus ASV 521 

detected by amplicon sequencing (Fig 5B). Accordingly, strain C1 was selected 522 

for pot-based functional verification assays. Compared with the CK control 523 

treatment, rhizosphere available phosphorus content increased by 14.58 % and 524 

leaf phosphorus concentration increased by 20.89 % following inoculation 525 

with strain C1. Meanwhile, the above-ground new-shoot biomass and 526 

underground lateral-root biomass were higher than those of the control group, 527 

with increments of 20.16 % and 8.54 %, respectively (Fig 5C). 528 

 529 
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4. Discussion  530 

Organic fertilizer significantly enhanced the plant-soil P and Fe nutrition levels of 531 

citrus (Fig. 1), likely due to soil acidification and microbiome activity (Figs. 3-4). In 532 

this study, soil pH availability was significantly correlated with P and Fe availability, 533 

(Fig. 3). Specifically, P availability decreased as the soil pH increased from 7.5 to 534 

8.5 (Lambers and Oliveira, 2019). The reduced P availability in calcareous soils was 535 

attributed to the reaction of P with Ca, where P-Ca solubility is the lowest at pH=8.0 536 

(Lambers and Oliveira, 2019). Moreover, Fe solubility decreased by 1000-fold with 537 

each unit increase in soil pH within a pH range of 4–9 (Tsai and Schmidt, 2020). The 538 

application of CM significantly lowered the soil pH from 8.25 to 7.73, which was 539 

favorable for citrus cultivation, as citrus prefers slightly acidic soils (Zhang et al., 540 

2018). Although RC (pH 5.30) was more acidic than CM (pH 5.8) (Table S1), RC 541 

application did not affect soil pH (Fig. S1). One reason could be that the application 542 

amount of RC was four times higher than that of CM, as the major nutrient 543 

concentration of RC were 3–3.87 times lower than that of CM. A higher amount of 544 

acidic organic material resulted in better soil acidification. Another reason could be 545 

the higher secretion of organic acids from the microbiome, as revealed by the 546 

metagenomic analysis (Fig. 4). Organic fertilizers, particularly CM, increased the 547 

abundance of small-molecule organic acid-related metabolic pathways, with higher 548 

expression observed in the rhizosphere soil (Fig. 4). P-solubilizing microorganisms 549 
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can produce organic acids that can be crucial for mineral P solubilization as 550 

metabolic pathway intermediates, including gluconic, 2-ketogluconic, oxalic, acetic, 551 

citric, succinic, and glyuronic acids (Khan et al., 2009). After CM treatment, the 552 

abundance of five pathways significantly increased: TCA cycle I (prokaryotic), TCA 553 

cycle VII (acetic acid producer), glyoxylate bypass and TCA hyper pathway, 2-554 

methylcitrate cycle II, glycolysis, pyruvate dehydrogenase, TCA, and glyoxylate 555 

bypass hyper pathway (Fig. 4). All four pathways are involved in the TCA cycle, in 556 

which organic acids, such as citric acid, succinic acid, and malic acid, are 557 

synthesized (Yin et al., 2015). The 2-methylcitric acid cycle is a widely distributed 558 

carbon metabolic pathway that efficiently converts propionate and propionyl-CoA 559 

into succinic acid and pyruvate, respectively (Rocco and Escalante-Semerena, 2010). 560 

Succinic acid dissolves insoluble phosphates (Scervino et al., 2010). As the 561 

microbiome exhibits consistent activity, acidification by the microbiome occurs over 562 

a prolonged duration, resulting in a gradual effect.  563 

Microbiome enzyme activity plays a crucial role in soil P transformation. In this 564 

study, ALP activity consistently exceeded ACP activity (Fig. 1). This may be 565 

attributed to the pH dependence of phosphatase activity, with alkaline conditions 566 

favoring ALP activity (Ragot et al., 2017). Because ALP is solely secreted by the 567 

microbiome (Nannipieri et al., 2011), microbiome-derived ALP played a 568 

predominant role, which is consistent with previous studies (Luo et al., 2017; Wang 569 
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et al., 2012). Metagenomic analysis also indicated an increase in the abundance of P 570 

metabolism-related pathways induced by organic fertilizers, particularly in the 571 

rhizosphere (Fig. 4). Specifically, both organic fertilizers enriched 572 

phosphatidylcholine acyl editing and phospholipase pathways in rhizosphere soil 573 

(Fig. 4). Phospholipases can release P from organic sources, thereby facilitating plant 574 

growth (Tapia-Torres et al., 2016). ACP is secreted by plants and microorganisms 575 

(Nannipieri et al., 2011). P-deficiency stress can notably elevate ACP activity in the 576 

plant rhizosphere, serving as a critical mechanism for plants to acquire P in low P 577 

environments (Spohn and Kuzyakov, 2013). In this study, the reduction in 578 

rhizosphere ACP activity following organic fertilizer application may be attributed 579 

to improved P nutrition in citrus, resulting in decreased ACP secretion by citrus 580 

plants. Overall, the combination of soil enzyme activity and metagenomic analysis 581 

suggested that microbiome activity contributed to the enhancement of P availability 582 

induced by organic fertilizers.  583 

The microbiome composition of the rhizosphere soil, presented a significant 584 

correlation with citrus fruit quality and plant nutrition level (Fig. 3). The microbial 585 

community can explain the variation in fruit quality through its independent effect 586 

or through synergistic interaction with rhizosphere nutrients (Fig. 3E). Therefore, 587 

investigating the diversity of rhizobacterial composition can be essential to 588 

understanding the role of the microbiome in citrus plant performance. The 589 
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composition and function of rhizosphere microbiomes are influenced by the 590 

physiological state of the plants through root exudates (Zhou et al., 2020). 591 

Conversely, rhizosphere microbiomes can affect plant nutrition, yield, and quality 592 

(Kumar and Dubey, 2020). In this study, the composition and function of 593 

rhizosphere microbiomes were analyzed in September during the critical period for 594 

citrus fruit quality development, whereas fruit quality was assessed during the fruit-595 

ripening period in the following months of February. Microbiome profiling was 596 

conducted nearly five months in advance, based on the developmental stages of fruit 597 

quality. Dongia, Cupriavidus, and Streptomyces emerged as the top candidate genera 598 

for enhancing citrus plant nutrition, as they were enriched by organic fertilizers and 599 

showed positive correlations with plant nutrition, yield, and fruit quality (Figs. 2 and 600 

3). The metagenomic analysis provided evidence for potential plant growth 601 

promoting rhizobacteria, with enriched organic acid metabolic pathways primarily 602 

attributed to the genus Cupriavidus (Fig. 4). Additionally, after organic fertilizer 603 

treatment, there was a notable increase in phosphorus-related metabolic pathways, 604 

particularly in rhizosphere soil. Both the phosphatidylcholine acyl-editing and 605 

phospholipase pathways, which contributed to fatty acid and lipid biosynthesis, 606 

exhibited significant increases after RC and CM treatment, with phospholipases also 607 

capable of releasing phosphorus from organophosphates (Tapia-Torres et al., 2016). 608 

The analysis of these two pathways revealed predominant contributions from 609 
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Cupriavidus, Variovorax, Achromobacter, Bacillus, and Streptomyces. A significant 610 

positive correlation between Cupriavidus and Streptomyces and the rhizosphere soil 611 

available phosphorus content was evident (Fig. 3). Consequently, their metabolic 612 

activities could induce soil insoluble phosphorus dissolution through organic acid 613 

secretion, and the secretion of phospholipases and other enzymes may facilitate 614 

organophosphate mineralization. Cabrera-Rodríguez et al. (2020) observed a marked 615 

increase in the relative abundance of Dongia in pecan plantations with the 616 

application of organic fertilizer. Prior research has indicated that Cupriavidus is the 617 

predominant genus harboring phoC in soils (Zheng et al., 2019), where phoC-618 

carrying bacteria played a vital role in enhancing soil phosphorus availability 619 

through acid phosphatase secretion. Cupriavidus nantongensis X1 can degrade 620 

propylene phosphorus residues in insecticides, thereby mitigating environmental 621 

contamination (Fang et al., 2023). Moreover, the Cupriavidus metallidurans CH34 622 

strain is resilient to harsh heavy-metal conditions abundant in heavy metals (Janssen 623 

et al., 2010). The phoD gene encodes alkaline phosphatase (Jiang et al., 2022), and 624 

its functional microbial populations were more abundant in soils treated with organic 625 

materials than in those receiving chemical fertilizer.  Streptomyces is the principal 626 

genus encoding phoD functional microorganisms (Luo et al., 2019). Therefore, 627 

Dongia, Cupriavidus, and Streptomyces are plant growth promoting rhizobacteria 628 

(PGPRs) and prospective functional strain candidates. In future studies, 629 
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representative strains from these genera should be selectively isolated from the 630 

rhizosphere soil and reintroduced into citrus rhizosphere settings under field 631 

conditions to validate their biological efficacy. 632 
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5. Conclusion 633 

This study found that both RC and CM can regulate the composition and function of 634 

the microbial community, and act synergistically with soil nutrients (primarily 635 

available phosphorus), thereby increasing citrus yield and improving fruit quality 636 

(Fig. 6). However, CM outperformed RC in terms of increasing yield, improving 637 

fruit quality, enhancing soil nutrients, and increasing enzyme activity, and its 638 

regulatory effects on microbial community composition and function were also more 639 

significant. Therefore, in citrus cultivation in calcareous soil, CM is more suitable 640 

than RC. Notably, the microbiome composition in the rhizosphere soil, rather than 641 

in the bulk soil, correlated significantly with citrus performance. Cupriavidus could 642 

be potential plant growth-promoting rhizobacteria for citrus, enhancing soil nutrient 643 

availability, facilitating leaf nutrient absorption, and improving fruit quality. In 644 

summary, our study explained the role of the microbiome in enhancing citrus yield 645 

and quality through organic fertilizer application. 646 
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Figures  843 

844 

Fig. 1 Effect of organic fertilizer treatment on plant-soil performance of citrus. (A) Citrus 845 

yield and fruit quality after RC and CM treatments. (B) Plant and soil P nutritional levels after RC 846 

and CM treatments. (C) Soil enzyme activity of citrus after RC and CM treatments. (D) Individual 847 

and combined proportions of explained variance in yield, single-fruit weight, fruit titratable acidity 848 

(TA) and vitamin C, attributed to different nutrients (P, Fe, OM, etc.) and rhizosphere microbial 849 

community composition. Different lowercase letters indicate significant differences between 850 

treatments in 2021 (p<0.05), whereas different uppercase letters indicate significant differences 851 

between treatments in 2022 (p<0.05). Data are expressed as the mean ± SD, with n = 3 (2021, 3 852 

biological replicates) and n = 4 (2022, 4 biological replicates). 853 
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47 
 

Fig. 2 Organic fertilizer-induced alterations in microbial community diversity and 855 

composition. (A) Organic fertilizers altered microbial community diversity and composition. (B) 856 

LEfSe analysis of RC treatment and CK in rhizosphere soil (left) and bulk soil (right). (C) LEfSe 857 

analysis of CM treatment and CK control in rhizosphere soil (left) and bulk soil (right). Circles 858 

radiating from inside to outside represent the classification level from phylum to genus. Species 859 

without significant differences were uniformly colored yellow, and the significantly different 860 

species were colored according to the group. (D) The abundance of the enriched genera in the 861 

rhizosphere and non-rhizosphere soils. Data are expressed as the mean ± SD (n = 4, with n 862 

representing four biological replicates). 863 



48 
 

Fig. 3 Correlation coefficient matrix between plant and soil performance of citrus and 864 

microbial community. (A) Correlation coefficient matrix between fruit quality and microbial 865 

community. (B) Correlation coefficient matrix between leaf nutrition and microbial community. 866 

(C) Correlation coefficient matrix between soil physicochemical properties and microbial 867 

community. (D) Correlation between genus-level bacteria and fruit quality in rhizosphere soil. (E) 868 

Correlation between genus-level bacteria and leaf nutrition in rhizosphere soil. (F) Correlation 869 



49 
 

between genus-level bacteria and soil physicochemical properties in rhizosphere soil. (G) 870 

Correlation between genus-level bacteria and soil physicochemical properties in bulk soil. 871 



50 
 

Fig. 4 Heatmap of metabolic pathways and pathway differential analysis under different 872 

treatment. (A) Heatmap of abundance after standardization of acid-related and (B) phosphorus-873 

related metabolic pathways under organic fertilizer treatments; (C) acid-related and (E) 874 

phosphorus-related differential pathway analysis for different positions; (D) acid-related and (F) 875 

phosphorus-related pathway composition analysis. 876 

 877 
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878 

Fig. 5 Screening and verification of candidate strains. (A) Phylogenetic tree of three isolated 879 

Cupriavidus strains and different species within the same genus. (B) Phosphate-solubilizing ability 880 

of three Cupriavidus strains for organic and inorganic phosphorus. (C) Growth status of above-881 

ground and underground plant parts and related nutrient indicators in pot experiments. Data are 882 

expressed as the mean ± SD (n = 4, with n representing four biological replicates). 883 
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 884 

Fig. 6 Schematic diagram of microbiome-mediated enhancement of soil P and Fe availability 885 

by organic fertilizers for improving citrus fruit quality 886 
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