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Abstract: Humic acid (HA) is known to improve phosphorus (P) availability 
in agricultural soils. Yet, the underlying mechanisms by which it influences 
the microbial community and subsequent P turnover remain unclear. In this 
study, a pot experiment was conducted using soil from a three-year Salvia 
miltiorrhiza (S. miltiorrhiza) cultivation system, in which the soil was 
amended with three HA concentrations (T1: 100-fold dilution, T2: 200-fold, 
T3: 400-fold) alongside an untreated control (CK). We determined P uptake 
by S. miltiorrhiza, soil P fractions, phosphatase activities, along with high-
throughput sequencing of the microbial communities to specifically target 
those associated with P transformation. The results showed that HA 
application significantly enhanced root P uptake, with increases of 68.59% 
and 91.05% under T2 and T3, respectively. Consequently, soil Olsen-P 
content decreased by 19.19% and 15.20%, respectively, consistent with the 
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depletion of available P under enhanced plant uptake. Soil P fractionation 
further revealed that HA application decreased inorganic P by 20.91% and 
32.29%, respectively, under T2 and T3 treatments. Specifically, H2O-P 
decreased by 62.1% and 73.61%, and NaHCO3-Pi decreased by 53.21% and 
50.48%, respectively, under the T2 and T3 treatments. In parallel, acid 
phosphatase activity was increased by 68.72% and 66.67% under the T2 and 
T3 treatments compared to CK. Comparative high-throughput sequencing 
between T2 and CK revealed that HA application enriched key microbial 
genera associated with P cycling, including Sphingomonas, Nitrospira, 
Ferruginibacter, and Hyphomicrobium. Collectively, these findings suggest 
that HA may promote P mobilization and mineralization through association 
with microbial communities, thereby potentially enhancing P bioavailability 
and plant uptake. These findings offer new perspectives on the associations 
between HA application, microbial community shifts, and P use efficiency, 
suggesting a potential approach that merits further evaluation for P 
management in agricultural systems.
Keywords: Humic acid, Phosphorus fractions, Phosphorus transformation, 
Phosphorus-solubilizing microorganisms, Salvia miltiorrhiza.

1. Introduction

Salvia miltiorrhiza Bunge (S. miltiorrhiza) is a commercially important 
medicinal plant in China, valued for its dried roots, which are widely used to 
treat cardiovascular and cerebrovascular diseases, hypertension, and 
ischemic stroke 1-3. Due to the scarcity of wild resources and high market 
demand, its cultivation has expanded rapidly 4.5. However, intensive 
cultivation practices coupled with suboptimal fertilizer management often 
lead to reduced yield and quality of S.miltiorrhiza, largely due to declining 
soil fertility, biodiversity loss, and the accumulation of soil-borne pathogens 
6,7. Therefore, developing scientifically sound fertilization strategies is 
essential to enhance both the productivity and quality of S. miltiorrhiza.

Phosphorus (P) is an essential macronutrient and a key component of 
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nucleic acids, phospholipids, and adenosine triphosphate (ATP), supporting 
plant growth, metabolism, and energy transfer 8,9. Adequate P fertilization is 
critical for dry matter accumulation and bioactive compound synthesis in S. 
militorrhiza 10,11. Phosphorus availability also influences plant disease 
resistance, while excessive P may increase pathogen susceptibility, adequate 
P generally promotes defense through beneficial microbial interactions 12,13. 
However, plant-available P is often limited in agricultural soils due to 
chemical fixation and intensive cropping 14. Thus, improving the 
bioavailability is essential for sustainable S. miltiorrhiza production.

Soil P exists in various fractions, broadly categorized as labile-P (Resin-
P, NaHCO3-Pi, NaHCO3-Po), moderately available-P (NaOH-Pi, NaOH-Po), 
and stable-P pools (HCl-P, Residual-P). The conversion of stable P into plant-
available forms is essential for maintaining soil P fertility. Microorganisms 
facilitate P cycling through the secretion of phosphatases that mineralize 
organic P (Po) into inorganic orthophosphate (Pi), thereby enhancing soil P 
availability 15. Soil microbial communities also contribute to nutrient cycling 
through the decomposition of plant litter, thereby coupling with plant and soil 
P dynamics 16. Among these microbes, P-solubilizing bacteria (PSB) represent 
a key functional group capable of converting insoluble P into bioavailable 
forms17. Field studies consistently demonstrate the potential of PSB to 
enhance P uptake and crop yields across diverse agricultural systems18. 
Critically, the microbial mediation of soil P-cycling is governed by the 
production of key enzymes such as phosphatases, which facilitate organic P 
mineralization, along with other mechanisms involved in inorganic P 
solubilization and transporter 19,20. Understanding the abundance and 
activity of these microbial drivers provides a mechanistic basis for evaluating 
P turnover dynamics and bioavailability in the rhizosphere.

Humic acids (HA) are major components of soil organic matter and play 
a pivotal role in promoting soil health and plant growth 21. As such, HA-based 
products have emerged as a promising strategy for sustainable agriculture 
22. HA stimulates plant growth directly by modulating phytohormone 
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production (e.g., auxin and cytokinin) and enhancing metabolic enzyme 
activity 23,24. Indirectly, it improves soil fertility and nutrient availability 
through chelation and co-transport mechanisms 25,26. Notably, HA has been 
shown to enhance the efficiency of sparingly soluble P fertilizers by 
increasing P solubility and improving plant P utilization 27,28. In addition, HA 
application can reshape soil microbial communities, increasing the diversity 
and abundance of bacteria and fungi, particularly taxa associated with P 
solubilization and mineralization 29,30.

Conventional cultivation of S. Miltiorrhiza requires a 2-3 year growth 
cycle followed by a 1-2 year fallow period to mitigate soil degradation from 
continuous monocropping 31. However, phosphorus (P) availability often 
remains limited in soils subjected to such systems. We hypothesized that 
humic acid (HA) amendment could alleviate this limitation by altering soil P 
fractions and reshaping the microbial community associated with P cycling. 
To test this hypothesis, we assessed HA-induced changes in soil P fractions 
and microbial community composition, and evaluated their implications for 
plant P uptake. This study provides a theoretical basis for integrating HA into 
fertilization strategies to enhance S. Miltiorrhiza production and promote 
sustainable agricultural practices.

2. Results

2.1 Effects of HA on dry matter accumulation and P uptake of 
S.miltiorrhiza

Application of HA significantly enhanced biomass accumulation and P 
uptake in S. miltiorrhiza (Figure 1). Shoot biomass increased by 45.56%, 
48.43%, and 43.84% under T1, T2, and T3 treatments, respectively, 
compared to the CK (Figure 1a, F = 20.89, P < 0.01). Similarly, Shoot P 
uptake rose significantly by 65.81% and 58.34% under T3 and T4 treatments 
(Figure 1b, F = 29.17, P < 0.01). Root biomass also increased significantly 
by 43.02% and 52.59% under T2 and T3 treatments, respectively, compared 
to the CK (Figure 1c, F = 11.43, P < 0.01). Similarly, root P uptake was 
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enhanced by 68.59% and 91.05% under T2 and T3 treatments, respectively, 
compared to the CK (Figure 1d, F = 31.79, P < 0.01).

2.2 Effects of HA on physicochemical properties of rhizosphere soil

Application of HA significantly increased the contents of soil organic 
carbon (SOC), total nitrogen (TN), nitrate (NO3--N), and ammonium (NH4+-
N) in the rhizosphere soil of S.miltiorrhiza copmared to the CK(Table 1). 
Specifically, the SOC content under T2 and T3 treatments significantly 
increased by 3.64-fold and 1.66-fold, respectively (F = 48.05, P < 0.01). The 
TN content under T2 and T3 treatments was significantly elevated by 21.44% 
and 20.01%, respectively (F = 9.51, P < 0.01). The NH4+-N content also 
increased markedly by 89.13% and 57.68% under T2 and T3 treatments, 
respectively (F = 8.701, P < 0.01). In addition, the NO3--N content in the T1 
treatment significantly increased by 57.60% (F = 7.768, P < 0.01). In contrast, 
HA application significantly reduced both total phosphorus (TP) and Olsen-P 
contents. Compared to the CK, the TP content decreased by 14.62% and 
25.42% under T2 and T3 treatments, respectively (F = 10.40, P < 0.01). The 
Olsen-P content under T2 treatment significantly decreased by 15.20% (F = 
53.25, P < 0.001). Furthermore, HA application altered the phosphatase 
activity in the rhizosphere soil, with Acid phosphatase (ACP) activity 
significantly increased by 68.72% and 66.67% under T2 and T3 treatments, 
respectively, compared to CK (F = 15.50; P < 0.001).

2.3 Effects of HA on phosphorus pools and fractions in the rhizosphere 
soil

Application of HA significantly increased the total organic phosphorus 
content (Po) in the rhizosphere soil of S.miltiorrhiza by 57.41% and 55. 63% 
under T2 and T3 treatments, respectively, compared to the CK (Figure 2a; F 
= 21.78, P < 0.01). In contrast, both total inorganic phosphorus (Pi) and 
residual-P contents were significantly reduced following HA application 
(Figure 2b and c). The Pi content decreased by 20.91% and 32.29% under the 
T2 and T3 treatments, respectively, compared to CK (Figure 2b, F = 16.23, P 
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< 0.01); while residual-P declined by 38.23% under T3 treatment (Figure 2c, 
F = 9.752, P < 0.05). In addition, HA also markedly affected P bioavailability. 
Compared to CK, the available-P content decreased by 48.70% and 44.37% 
under T2 and T3 treatments, respectively (Figure 2d, F = 74.85, P < 0.01). 
Whereas moderate available-P increased by 29.63% and 18.47%, respectively 
(Figure 2e, F = 14.28, P < 0.01). Non-available P decreased by 7.81% under 
T3 treatment (Figure 2f, F = 5.534, P = 0.032).

Principal component analysis (PCA) exhibited a clear separation between 
HA-treated and control samples, with the first two axes accounting for 77.75% 
of the total variation (Figure 3a). The rhizosphere soil was predominantly 
composed of low-available P forms, such as NaOH-P, D.HCl-P, C.HCl-P, and 
Residual-P, collectively representing 81.80% to 85.67% of the total P pool 
(Figure 3b). HA application significantly reshaped the profile of individual P 
fractions (Figure 4). Within the inorganic P (Pi) pools, H2O-P, NaHCO3-Pi, and 
NaOH-Pi were significantly reduced. Specially, compare to the CK, the H2O-
P decreased by 62.1% and 73.61% undre T2 and T3 treatments, respectively 
(Figure 4a, F = 75.05, P < 0.001), The NaHCO3-Pi contents decreased by 
53.21% and 50.48%, respectively (Figure 4b, F = 63.03, P < 0.001), the 
NaOH-Pi content was reduced by 22.23% under T3 treatment (Figure 4c, F 
= 6.704, P = 0.003). Among organic P (Po) fractions, NaOH-Po and C.HCl-Po 
increased significantly, while NaHCO3-Po declined. Compare to CK, the 
NaHCO3-Po decreased by 44.92% and 37.40% under T2 and T3 treatments 
(Figure 4e, F = 8.609, P = 0.012), the NaOH-Po increased by 57.11% and 
45.67%, respectively (Figure 4f, F = 15.21, P < 0.001), and C.HCl-Po 
increased by 72.27% and 69.34% under T2 and T3 treatments, respectively 
(Figure 4g, F = 23.50, P < 0.001).

2.4 Correlation of soil properties related to P fractions

Correlation analysis further revealed that shoot P uptake, root P uptake, 
and acid phosphatase (ACP) activity were major factors driving these changes 
(Figure 5). Shoot P uptake was significantly negatively correlated with 
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inorganic P, such as H2O-Pi, NaHCO3-Pi, and NaOH-Pi (ρ = -0.793, -0.813, 
and -0.603, respectively, P < 0.05), and positively correlated with ALP and 
ACP activity (ρ = 0.485 and 0.766, P < 0.05). Root P uptake showed a 
significantly negative correlation with SOC, TP, NO3--N, H2O-P, NaHCO3-Pi, 
and NaOH-Pi (ρ = -0.612, -0.783, -0.507, -0.783, -0.598, and -0.411, 
respectively, P < 0.05), and positive correlations with the ALP and ACP (ρ = 
0.517 and 0.616, respectively, P <0.05). The ACP activity was positively 
correlated with organic P fractions, such as NaHCO3-Po, NaOH-Po, and 
C.HCl-Po (ρ = 0.613 and 0.727, respectively, P < 0.05), and negatively 
correlated with inorganic P, such as H2O-Pi, NaHCO3-Pi, and NaOH-Pi (ρ = -
0.836, -0.799, and -0.574, respectively, P < 0.05). The NaHCO3-Pi showed a 
significantly negative correlation with NH4+-N (ρ = -0.524, P < 0.05), and the 
D.HCl-Pi and C.HCl-Pi showed a significantly negative correlation with NO3--
N (ρ = -0.401 and -0.463, respectively, P < 0.05).

2.5 Effects of HA on the composition and microbial biodiversity 
involved in P metabolism

To elucidate the mechanism by which humic acid (HA) influences P 
transformation in rhizosphere soil, we compared the composition and 
diversity of P-cycling microbes between the control (CK) and HA-treated (T2) 
groups using metagenome sequencing. A total of 8 samples were sequenced, 
yielding approximately 54.79GB of clean reads, ranging from 69.10 to 79.53 
million high-quality reads per sample. A non-redundant gene catalog 
comprising 3,596,916 genes (average length 400.39 bp) was constructed. 
Sequencing Coverage across samples ranged from 99.12% to 99.45%. 
Principal coordinate analysis (PCoA) combined with ANOSIM, based on Bray-
Curtis distance, revealed significant differences in P-cycling microbial 
communities between T2 and CK (ANOSIM, r = 0.302, P = 0.034), with the 
first two axes explaining 65.52% of the total variation (Figure 7). The 
microbial communities were dominated at the phylum level by 
Pseudomonadota, Actinomycota, Acidobacteriota, Bacteroidota, 
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Chloroflexota, and Nitrososphaerota (Figure 6a). At the genus level, the top 
10 genera included Luteitalea, Sphingomonas, Nocardioides, Arthrobacter, 
Anaerolinea, Gaiella, Phenylobacterium, Pseudarthrobacter, Nitrospira, and 
Bradyrhizobium (Figure 7b). Differential abundance analysis using the two-
tailed Wilcoxon test indicated significant enrichment of Chloroflexota, 
Nitrososphaerota, and Nitorspirota in the T2 group, while Actinomycota was 
enriched in the CK group at the phylum level (Figure 6b). At the genus level, 
a total of 97 genera were differentially abundant, with 50 enriched in the T2 
group, such as Sphingomonas, Nitrospira, Ferruginibacter, Hyphomicrobium, 
and Nitrosophacera, and 47 enriched in CK, such as Nocardioides, 
Aestuariivirga, Usitatbacter, and Knoellia (Figure 7c).

3. Discussion

The present study demonstrated that application of humic acid (HA) 
significantly promoted the growth and phosphorus (P) uptake of 
S.miltiorrhiza, concurrent with shifts in soil P fractions and microbial P-
cycling processes. These finding suggest that HA application may enhance P 
bioavailability and is associated with shifts in the functional structure of 
microbial communities potentially involved in soil P mobilization and plant P 
utilization.
3.1 HA effects on plant growth and P uptake

Humic acid (HA) functions as a bio-stimulant that enhances nutrient 
uptake and promotes plant growth 32. Previous studies have suggested that 
HA may act by activating auxin-related signaling pathways and modulating 
hormone-related gene expression or metabolism (e.g., increasing IAA 
content), which could in turn stimulate root development and support overall 
plant growth 33,34. In line with these observations, our results showed that 
HA application increased root biomass accumulation of S. miltiorrhiza, 
possibly through enhanced root elongation linked to hormonal pathways 
(Figure 1). Although phosphorus in plants is primarily derived from soil, its 
bioavailability is often limited due to strong fixation by soil components, 
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which can reduce the efficiency of P fertilizers and constrain plant 
productivity 35. Humic acid, as a natural organic macromolecule containing 
functional groups such as carboxylic (-COOH) and phenolic (-OH), is known 
to reduce P fixation and enhance P availability, potentially chelating metal 
ions such as calcium, iron, and aluminum 36. For instance, in calcareous soils, 
HA has been reported to convert insoluble P (e,g., Ca10-P) into more plant-
available forms (e.g., Ca2-P), thereby increasing available P content 37. 
Consistent with this mechanism, our results showed that the T2 and T3 
treatments increased P uptake in S. miltiorrhiza shoot by 65.81% and 58.34%, 
and in the root by 68.59% and 91.05% compared to non-HA treatments 
(Figure 1b and d). This increase is likely related to reduced P fixation and 
enhanced P availability, which may have facilitated greater P uptake and 
accumulation in plants 38. The observed decrease in rhizosphere soil Olsen-P 
content following HA application likely reflects multiple interacting processes, 
including enhanced plant P uptake, microbial immobilization, and potentially 
chemical stabilization by HA.

3.2. HA on soil P transformation and bioavailability

Plants and microorganisms play a central role in converting inorganic 
phosphorus (Pi) into organic forms (Po), representing a key pathway for Po 
accumulation in soils 39. In this study, HA application was associated with 
increased Po contents in the rhizosphere of S. miltiorrhiza (Figure 2), 
suggesting a potential link with HA-induced stimulation of root exudation, 
such as sugars and amino acids, which may supply bioavailable carbon to 
rhizosphere microbial communities, thereby fostering microbial activity and 
residue accumulation 40,41. The observed increases in Po were accompanied 
by significant changes in its composition: the increase in labile NaHCO3-Po 
was positively correlated with enhanced ACP activity (Figure 3c and 5), 
indicating a potential association between microbial activity and Po 
mineralization dynamics of this labile organic P pool. This process may be 
further facilitated by the HA-induced increase in soil organic carbon (SOC) 
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content (Table 1). In contrast, the more stable Po fractions, NaOH-Po and 
C.HCl-Po, also increased (Figure 4e and h), potentially reflecting greater 
inputs of root-derived organic materials and microbial residues under HA 
treatment. In addition to these pant-mediated effects, HA may directly 
influence microbial activity by providing a favorable micro-environment or 
serving as a source of trace elements and organic compounds that modulate 
microbial metabolism. Such direct interactions could further shape the 
composition and function of P-cycling microbial communities, complementing 
the indirect pathways discussed above.

Plant P use efficiency is strongly influenced by the mobilization of soluble 
P and the mineralization of Po 42. Consistent with this, the HA application 
significantly increased phosphatase activity in the rhizosphere soil (Table 1), 
corroborating earlier reporting that HA enhances ACP activity and facilitates 
the conversion of Po into readily available Pi forms 43,44. This enzymatic 
enhancement appears to contribute to both organic P mineralization and 
solubilization of insoluble Pi, coinciding with an increase in proportions of 
labile and moderately labile P fractions and a reduction in sparingly soluble 
P (Figure 2d-f). As a result of the enhanced phosphatase activity and the shifts 
in P fractions, the Pi pool was markedly affected. HA treatments were 
associated with enhanced biomass and P uptake in S. miltiorrhiza (Figure 1), 
alongside a significant decrease in total Pi compared to the control (Figure 
2b). Specifically, the highly soluble H2O-P fraction (directly available to plants) 
and the dynamic reservoir comprising NaHCO3-Pi (readily desorbable P) and 
NaOH-Pi (Fe/Al-bound P) were depleted under conditions of enhanced plant 
uptake 45, consistent with HA-induced increase in P bioavailability. 
Collectively, these observations suggest that HA may influence P availability 
through a combination of direct effects on enzyme activity and indirect effects 
mediated by shifts in soil physicochemical and biological properties.
3.3. HA on soil microorganisms related to P cycling

Metagenomic analysis revealed that HA application restructured the P-
cycling microbial communities, resulting in a significant divergence between 
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HA-treated (T2) and CK soils (Figure 7a). At the genus level, the enrichment 
of Sphingomonas, Ferruginibacter, Nitrospira, and Nitrososphaera in HA-
treated soils points to a shift toward taxa possessing diverse P-acquisition 
strategies (Figure 7c). Many Sphingomonas species have been reported to 
promote plant growth and enhance stress resistance, owing to their 
functional capabilities such as phosphate solubilization and phytohormone 
production 46. Studies have further indicated a positive correlation between 
the relative abundance of Sphingomonas and of Olsen-P content, suggesting 
that application of microbial amendments may improve the soil nutrient 
environment by increasing both available nutrients and the abundance of 
beneficial microorganisms 47. Phosphorus deficiency in the soil is 
conventionally addressed through P fertilizer application; however, P anions 
in chemical fertilizer are highly reactive and can be quickly fixed through 
interactions with Fe3+ in soil, rendering much of the applied P unavailable to 
plants. Some studies suggest that Ferruginibacter may be involved in P 
release from Fe-P complexes, potentially through mechanisms such as 
reduction of ferric ion (Fe3+) to soluble ferrous iron (Fe2+) 48. Microbial N and 
P cycling processes are closely coupled. During nitrification, nitrifiers such 
as Nitrospira and Nitrososphaera may produce organic acids (e.g., citric and 
oxalic acid), which may lower rhizosphere pH and facilitate the dissolution of 
insoluble Pi compounds (e.g., Ca-P, Al-P, and Fe-P) 49-51. This acidic 
environment may further promote synergistic interactions with P-solubilizing 
microorganisms (PSMs), establishing a coupled “nitrification-P solubilization” 
effect that could improve P availability 52. Notably, Certain PSMs are known 
to contribute primarily via proton release driven by NH₄⁺ assimilation. 
Consistent with these potential mechanisms, our results show that HA 
application increased the abundance of nitrifying microorganisms, including 
Nitrospira and Nitrososphaera. This, along with the observed negative 
correlations between NH4+-N and labile P pools, is consistent with potential 
synergy between nitrification and P solubilization (Figure 5). These findings 
indicate a potential association between HA application and enhanced 
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nutrient use efficiency, possibly mediated by microbial coupling processes, 
highlighting its consideration in sustainable agriculture.

In this study, shifts in the relative abundance of microbial taxa involved 
in P cycling were observed following HA application. The NR-based analysis 
provided taxonomic-level resolution; the metabolic pathways potentially 
involved in P transformations remain to be explored through functional 
databases such as KEGG, eggNOG, or CAZy. In addition, the present findings 
were obtained under controlled pot conditions and may not readily extend to 
field-scale systems. To this end, gradient trials anchored to the optimal 
application rate identified here would help assess how these effects manifest 
under field conditions.
4. Conclusion

This study provides evidence that humic acid (HA) application is 
associated with enhances phosphorus (P) acquisition in S. miltiorrhiza, 
accompanied by shifts in the microbiome and increased indicators of 
microbial-mediated P solubilization. Humic acid application significantly 
increased plant P uptake while reducing soil Olsen-P content, suggesting 
enhanced P mobilization from the soil to the plant. The shift was accompanied 
by a transformation of soil fractions from inorganic to organic forms and a 
pronounced increase in acid phosphatase activity, suggesting HA-induced 
stimulation of microbial activity. Comparative high-throughput sequencing 
between T2 and control groups revealed that HA enriched key microbial 
genera involved in P-cycling, including Sphingomonas, Nitrospira, and 
Ferruginibacter. Collectively, these findings suggest that HA may improve P 
bioavailability through microbially mediated processes, pointing to a 
potential approach to improve P use efficiency in agricultural systems. 
Further field-based studies are needed assess whether these findings hold 
under continuous-cropping S. militiorrhiza systems and to evaluate their 
applicability to other soils with similar P limitations.

5 Materials and methods
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5.1 Experimental design and treatments
The experiment was conducted from April to September 2024 on the 

campus of Shangluo College, Shaanxi Province. The site is located in the 
southern foothills of the Qinling Mountains (33°52 ′N, 109°56 ′E, elevation 
850m), a region renowned for producing high-quality S. Miltiorrhiza and 
recognized as a National Geographical Indication (GI) Product. In this area, 
S. Miltiorrhiza is conventionally cultivated for 2-3 years before harvest. Soil 
used in the pot experiment was collected from a field that had undergone 
three consecutive years of S.miltiorrhiza monocropping. The soil exhibited 
the following characteristics: soil organic carbon (SOC) 6.04g/kg, total 
nitrogen (TN) 0.53g/kg, total phosphorus (TP) 0.79mg/kg, available 
phosphorus (Olsen-P) 12.73 mg/kg, and pH 8.3 (measured in 1:5 soil-water 
suspension). Liquid humic acid (HA) fertilizer (≥ 30g/L free humic acid) was 
provided by the Humic Acid Ecological Engineering Research Centre of the 
University of Science and Technology. The humic acid in this fertilizer is 
derived from mineral sources (extracted from weathered coal). The test 
materials were the one-year-old seedlings of S. Miltiorrhiza provided by 
Shaanxi TASLY Plant Medicine Co., Ltd.

The HA concentration treatments were directly selected from our 
established protocol 53, in which high HA concentrations (e.g., 50-fold dilution) 
were found to exert no significant stimulatory effect on S. miltiorrhiza growth 
and, in some cases, even inhibited root development. Accordingly, we 
designed a gradient comprising a potential inhibitory concentration (T1: 100-
fold dilution), the recommended field application rate (T2: 200-fold dilution), 
and a lower concentration (T3: 400-fold dilution) to comprehensively evaluate 
the dose-dependent effects of HA on soil phosphorus dynamics and plant 
response. The treatments included: (I) CK: basal fertilization only (no HA); 
(II) T1: Basal fertilization + 100-fold diluted HA solution; (III) T2: Basal 
fertilization + 200-fold diluted HA solution; (IV) T3: Basal fertilization + 400-
fold diluted HA solution. The basal fertilization, potting. Seedling 
transplantation and thinning procedures were performed as described 
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previously53. In brief, a compound fertilizer (N-P2O5-K2O = 15-15-15) was 
applied at a rate of 1.5g per pot and thoroughly mixed with the soil before 
being packed into pots (22cm diameter  30 cm height, 4.5 kg soil per pot). 
Five uniform seedlings were transplanted per pot and thinned to three after 
establishment. Thirty days after emergence, each pot received 500 mL of its 
respective HA dilution (CK pots received distilled water). The experiment 
employed a completely randomized design with four biological replications 
per treatment.

5.2 Soil physicochemical parameters and soil enzyme activity assay

At harvest, S.miltiorrhiza plants were separated into stems, leaves, and 
roots. The tissues were oven-dried (105℃ for 30min deactivation, then 75℃ 
to a constant weight) to determine the dry weight of aboveground and root 
biomass. Phosphorus content in ground tissue (∼0.2g) was digested using the 
H2SO4-H2O2 method and determined using the molybdenum antimony 
colorimetric method. Plant P uptake was calculated as the product of the 
tissue P content and its biomass.

Rhizosphere soil from each pot was sieved (2 mm) and divided into two 
subsamples: one stored at -80°C for soil enzyme activities and metagenomic 
analyses, and the other air-dried for physicochemical characterization. Soil 
organic carbon (SOC) was determined by potassium dichromate oxidation. 
Total nitrogen (TN) by the Kjeldahl nitrogen method. Ammonium (NH4+-N) 
and nitrate (NO3--N) were extracted with 1M KCl and subsequently analyzed 
using a flow injection analyzer. Total phosphorus (TP) and Olsen-P were 
determined using the H2SO4-molybdenum antimony resistance method and 
the NaHCO3-molybdenum antimony resistance method, respectively. Alkaline 
phosphate (ALP) and acid phosphate (ACP) activities were determined using 
the p-nitrophenylphosphate (PNPP) method.

Soil P fractions were determined by the Tiessen-Moir sequential 
extraction method 54. Seven fractions were obtained by successive extraction 
with H2O, 0.5 mol/L NaHCO3, 0.1 mol/L NaOH, 1 mol/L dilute HCl (D.HCl), 
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and concentrated HCl (C.HCl). These were categorized into three major 
categories: organic phosphorus (Po), inorganic phosphorus (Pi), and residual 
phosphorus (Residual-P). The Po fraction includes extractable organic forms 
from NaHCO3 (NaHCO3-Po), NaOH (NaOH-Po), and concentrated HCl 
(C.HCl-Po). The Pi comprised inorganic extracts from NaHCO3 (NaHCO3-Pi), 
NaOH (NaOH-Pi), dilute HCl (D.HCl-Pi), and concentrated HCl (C.HCl-Pi). 
Based on mobility and bioavailability, phosphorus pools were classified into 
three categories: available phosphorus (H2O-P, NaHCO3-P), moderately 
available phosphorus (NaOH-P), and Non-available phosphorus (HCl-P, 
Residual-P)55.

5.3. DNA extraction and metagenome sequencing analysis of 
rhizosphere soil

To further explore the microbiological mechanisms underlying the HA-
induced improvement in P acquisition in S. miltiorrhiza, the T2 group, which 
exhibited pronounced shifts in soil P fractions together with enhanced plant 
P uptake, was selected along with the control (CK) for subsequent 
metagenomic analysis. For each analysis, total genome DNA was extracted 
from approximately 0.2g rhizosphere soil using the E.Z.N.A. soil DNA Kit 
(Omega Bio-tek, Norcross, GA, USA). DNA concentration and quality were 
assessed using a NanoDrop2000 spectrophotometer and 1% agarose gel 
electrophoresis. The DNA was then fragmented to an average size of 
approximately 350bp with a Covaris M220 focused-ultrasonicator (Gene 
Company Limited, China) for paired-end library construction. Sequencing 
was performed on Illumina NovaSeq X Plus (Illumina Inc., San Diego, CA, 
USA) at Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China).
Raw sequencing reads were processed using Fastp (v0.23.0) to remove 
adapters and low-quality sequences (length < 50bp or average quality value 
≤ 20) 56, generating approximately 69.10-79.53 million clean reads per 
sample. Clean reads from each sample were subjected to de novo assembly 
with MEGAHIT (v1.1.2) 57, resulting in a total of 6,341,316 contigs. Contigs 
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with a length of ≥ 300bp were retained for subsequent gene prediction and 
annotation. Open reading frames (ORFs) were identified from the assembled 
contigs using Prodigal (v2.6.3), yielding 7,599,080 ORFs with a minimum 
length of 100bp. These sequences were then clustered with CD-HIT (v4.6.1) 
using an identity threshold of ≥ 0.9 and a coverage threshold of ≥ 0.9, 
yielding a non-redundant gene catalog comprising 3,596,916 genes, with an 
average length of 400.39 bp 58. Taxonomic annotation was carried out by 
aligning the representative nucleotide sequences against the Non-redundant 
(NR) protein database using Diamond (v2.0.13) with default parameters (e-
value < 1  10-5)59.
5.4. Statistical analysis

The effects of humic acid on biomass, P uptake, and soil physicochemical 
properties were evaluated using one-way analysis of variance (ANOVA). 
Statistical analyses were performed using GraphPad Prism (version 10.4.1, 
GraphPad Software, CA, USA, https://www.graphpad.com). Beta diversity of 
microbial communities related to P metabolism was assessed using principal 
coordinates analysis (PCoA) based on Bray-Curtis distance. Analysis of 
similarities (ANOSIM) with 999 permutations was applied to test for a 
significant difference between the control (CK) and humic acid (HA) 
treatment. Differential microbial taxa associated with P metabolism were 
identified using the Majorbio Cloud platform (www.majorbio.com). 
Significant differences between groups are indicated at P < 0.05 using a two-
tailed Wilcoxon test with false discovery rate (FDR) adjustment.
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Figure captions
Figure 1. Effects of HA on biomass and P uptake of S.miltiorrhiza. Data represent mean 
± standard error (SE, n = 4). Differences among treatments were analyzed by one-way 
ANOVA, and different lowercase letters indicate significant differences at P < 0.05.
Figure 2. Effects of HA on the P pools in the rhizosphere soil of S.miltiorrhiza. Values 
shown are mean ± standards error (SE; n = 4). Differences among treatments were 
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analyzed by one-way ANOVA, and different lowercase letters indicate significant 
differences at P < 0.05.
Figure 3. Changes in soil phosphorus (P) fractions under HA treatment. (a) Principal-
component analysis (PCA) revealed distinct clustering of the P fractions across HA 
treatments; (b) Relative proportions (%) of P fractions under different HA treatments.
Figure 4. Effects of HA on P fractions in the rhizosphere soil of S.miltiorrhiza. Values 
shown are mean ±  standard error (SE; n = 4). Different lowercase letters in each 
column indicate significant differences (P < 0.05) among all treatments based on the 
one-way ANOVA followed by Tukey-HSD.
Figure 5. Pearson correlation heatmap depicting relationships among P uptake, P 
fractions, and soil properties of S.miltiorrhiza. An asterisk (*) indicates significant 
correlations at P < 0.05.
Figure 6. Composition and biodiversity of rhizosphere microbial communities 
associated with P cycling at different treatments. (a) The normalized relative abundance 
(Reads Per Kilobase Million, RPKM) of the top 15 P-cycling microbial phyla. (b) 
Differences in the relative abundance (RPKM) of microbial phyla.
Figure 7. Composition and biodiversity of rhizosphere microbial communities 
associated with P cycling at CK and T2 treatments. (a) Beta diversity illustrated by PCoA 
based on the Bray-Curtis distances at genus levels; (b) The normalized relative 
abundance (Reads Per Kilobase Million, RPKM) of the top 15 P-cycling microbial genera. 
(c) Differences in the relative abundance (RPKM) of microbial genera.

Table 1. Effects of HA on rhizosphere soil properties and phosphatase activities of S. 
miltiorrhiza.

Figure 1. Effects of HA on biomass and P uptake of S. miltiorrhiza. Data represent mean 
± standard error (SE, n = 4). Differences among treatments were analyzed by one-way 
ANOVA, and different lowercase letters indicate significant differences at P < 0.05.
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Figure 2. 
Effects of HA on the P pools in the rhizosphere soil of S.miltiorrhiza. Values shown are 
mean±standards error (SE; n = 4). Different lowercase letters in each column indicate 
significant differences (P < 0.05) among all treatments based on the one-way ANOVA 
followed by Tukey-HSD.
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Figure 3. Changes in soil phosphorus (P) fractions under HA treatment. (a) Principal-
component analysis (PCA) revealed distinct clustering of the P fractions across HA 
treatments; (b) Relative proportions (%) of P fractions under different HA treatments. 
NP: non-available P; MP: moderate available P; AP: available P.
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Figure 4. Effects of HA on P fractions in the rhizosphere soil of S.miltiorrhiza. Values 
shown are mean ±  standard error (SE; n = 4). Different lowercase letters in each 
column indicate significant differences (P < 0.05) among all treatments based on the 
one-way ANOVA followed by Tukey-HSD.

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Figure 5. 
Pearson correlation heatmap depicting relationships among P uptake, P fractions, and 
soil properties of S.miltiorrhiza. An asterisk (*) indicates significant correlations at P < 
0.05.
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Figure 6. Composition and biodiversity of rhizosphere microbial communities 
associated with P cycling at the phylum level under different treatments. (a) The 
normalized relative abundance (Reads Per Kilobase Million, RPKM) of the top 15 P-
cycling microbial phyla. (b) Differences in the relative abundance (RPKM) of microbial 
phyla. The bar plot displays the mean proportions (% of total RPKM) of differential 
microorganisms. Significant differences between groups are indicated at P < 0.05 (two-
tailed Wilcoxon test, FDR-adjusted).

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Figure 7. Composition and biodiversity of rhizosphere microbial communities 
associated with P cycling at the genus level under CK and T2 treatments. (a) Beta 
diversity illustrated by PCoA based on the Bray-Curtis distances; (b) The normalized 
relative abundance (Reads Per Kilobase Million, RPKM) of the top 15 P-cycling microbial 
genera. (c) Differences in the relative abundance (RPKM) of microbial genera. The bar 
plot displays the mean proportions (% of total RPKM) of differential microorganisms. 
Significant differences between groups are indicated at P < 0.05 (two-tailed Wilcoxon 
test, FDR-adjusted).
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Table 1. Effects of HA on rhizosphere soil properties and phosphatase activities of S. 
miltiorrhiza

Treatment CK T1 T2 T3
SOC (g/kg) 6.33±0.88d 45.23±5.19a 29.44±5.48b 16.85±0.97c
TN (g/kg） 0.68±0.02b 0.84±0.02a 0.83±0.05a 0.82±0.05a

NO3--N (mg/kg) 17.49±2.54c 40.37±9.54a 27.56±2.84b 28.93±2.81b
NH4+-N 
(mg/kg)

7.96±1.23c 14.77±2.81ab 15.07±1.27a 12.56±0.98b

TP (g/kg) 0.76±0.03a 0.64±0.03b 0.64±0.03bc 0.57±0.06c
Olesn-P (mg/kg) 11.05±0.44a 10.72±0.65ab 8.86±0.38c 9.37±0.61b

ALP
(ug p-

nitrophenol/g/h)
128.51±3.16b 130.26±2.45ab 135.72±3.21a 129.68±3.58ab

ACP
(ug p-

nitrophenol/g/h)
33.15±5.55b 50.05±3.15a 55.94±2.73a 55.26±5.89a
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