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Introduction: Organic fertilizers (OF) are crucial for enhancing soil quality and 
fostering plant growth, offering a more eco-friendly and enduring solution 
compared to chemical fertilizers (CF). However, few studies have systematically 
analyzed the effects of OF/CF on root microbiome of medicinal plants, especially 
in combination with active ingredients.

Methods: In this study, we investigated the composition and function of bacteria and 
fungi in the rhizosphere or within the root of traditional Chinese medicinal plants, 
Citri Grandis Exocarpium (Huajuhong), which were treated with OF or CF over 1, 3, 
and 5 years (starting from 2018). Additionally, we conducted metabolome analysis to 
evaluate the effects of different fertilizers on the medicinal properties of Huajuhong.

Results: The results indicated that extended fertilization could enhance the microbial 
population and function in plant roots. Notably, OF demonstrated a stronger 
influence on bacteria, whereas CF enhanced the cohesion of fungal networks 
and the number of fungal functional enzymes, and even potentially reduced 
the proliferation of harmful rhizosphere pathogens. By adopting distancebased 
redundancy analysis, we identified the key physicochemical characteristics that 
significantly influence the distribution of endophytes, particularly in the case of OF. 
In contrast, CF was found to exert a more pronounced impact on the composition 
of the rhizosphere microbiome. Although the application of OF resulted in a broader 
spectrum of compounds in Huajuhong peel, CF proved to be more efficacious 
in elevating the concentrations of flavonoids and polysaccharides in the fruit.

Discussion: Consequently, the effects of long-term application of OF or CF on 
medicinal plants is different in many ways. This research provides a guide for OF/
CF selection from the perspective of soil microecology and aids us to critically 
assess and understand the effects of both fertilizers on the soil environment, and 
promotes sustainable development of organic agriculture.
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1 Introduction

Traditional Chinese medicines (TCMs) are gaining increasing recognition and acceptance 
globally for their significant contributions to the prevention and treatment of various global 
public health crises and complex diseases (Cai et al., 2004; Klayman, 1985). Citri Grandis 
Exocarpium (Huajuhong in Chinese), a valuable TCM with a centuries-old history, is utilized 
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as an antitussive, expectorant, digestive aid, and for lowering blood 
sugar and lipid levels (Kong et al., 2020). Huajuhong is immature or 
nearly mature, dried exocarp of Citrus grandis “Tomentosa” or Citrus 
grandis (L.) Osbeck (Committee for the Pharmacopoeia of People’s 
Republic of China, 2015). Currently, in the context of circular 
agriculture, there is a growing trend towards using organic fertilizers 
(OF), such as the waste manure of livestock and poultry, to enhance 
the quality of perennial Chinese medicinal plants. Concurrently, the 
reliance on chemical fertilizers (CF) has significantly decreased. This 
trend is equally applicable to the cultivation of Huajuhong, with the 
consensus being that medicinal quality is higher when OF is used 
(Kong et al., 2020).

Fertilizer plays a vital role in enhancing crop yields and 
significantly influences agricultural productivity (Xu et al., 2024). In 
China, CF has been reported to contribute up to 56.81% to crop yield 
(Yang and Lin, 2019). Due to the rapid growth of extensive livestock 
and poultry farming, there is a substantial and concentrated 
accumulation of manure (Wang et al., 2022). The practice of returning 
breeding manure to agricultural land is a solution that addresses issues 
related to livestock and poultry breeding pollution, as well as 
agricultural non-point source pollution, promoting green 
development (Wang et al., 2021). This has brought OF back into focus 
which are environmental friendly and sustainable offer various 
advantages. However, OF also have drawbacks such as slower nutrient 
release compared to CF, potentially leading to slower plant growth. 
They can also be more costly and may not provide nutrients in the 
precise ratios required by plants (Spanoghe et al., 2020). Additionally, 
the nutrient content of OF can vary, posing challenges in accurately 
predicting and controlling nutrient availability for optimal plant 
growth (Shaji et al., 2021). Determining the optimal composition and 
ratio of OF remains a challenge that requires resolution, presenting an 
opportunity to draw insights from successful CF practices. Fertilizers 
also influence soil microbial diversity. OF, in addition to containing a 
large amount of organic matter and essential nutrients for crop 
growth, also contain a multitude of functional microorganisms. 
Numerous studies have reported that the gradual replacement of CF 
with OF has significantly promoted the diversity of soil microbial 
communities and soil enzyme activity (Bastida et al., 2021), thereby 
promoting plant growth, enhancing plants’ disease resistance and 
resistance to diseases, and improving the utilization rate of fertilizers 
(Wei et al., 2019). CF, when used excessively, may reduce soil microbial 
diversity, potentially decreasing soil fertility (Xu et al., 2020).

The root microbiome, often referred to as the “second genome” of 
plants, is crucial for plant growth and development (Bakker et al., 
2013). Microbes play an important role in enhancing plant growth, 
such as nutrient supply (including nitrogen, phosphorus, potassium, 
sulfur, and micronutrients) and disease prevention (de Cássia Mesquita 
da Cunha et al., 2024). These beneficial activities predominantly take 
place in the rhizosphere—the narrow soil zone surrounding the 
roots—which serves as the primary site for nutrient exchange between 
plants and their surroundings (Ling et al., 2022; Philippot et al., 2013; 
Zuo et al., 2021). It’s also where most of the plant-associated microbes 
gather to access nutrients derived from the roots (Athul et al., 2022; 
Verma et  al., 2022). Within these niches, microbes establish 
nonpathogenic relationships as endophytes within the roots, and form 
mutually beneficial associations like mycorrhizal fungi (Chen et al., 
2024), while also potentially harboring harmful symbionts detrimental 
to plant health (Trivedi et al., 2020). These microbial interactions in the 

rhizosphere and within plant root tissue play a crucial role in regulating 
various aspects of plant life, including growth, physiology, yield, and 
resilience against both abiotic stresses (e.g., nutrient and water 
availability) and biotic stresses (Ruan et al., 2024).

Endophytes have the potential to be passed down from the parent 
host to its offspring (seeds) vertically, whereas the majority of bacterial 
endophytes are horizontally transmitted through the surrounding 
environment into the host (Frank et  al., 2017; Li et  al., 2023). 
Microorganisms on and around the plant surface can affect the 
survival and colonization of endophytes (Hardoim et  al., 2008; 
Kandasamy and Kathirvel, 2023). In the early stage of invasion, 
microorganisms must adapt to the complex environment outside the 
host plant and overcome adverse factors to achieve invasion (Frank 
et  al., 2017), so endophytes are considered to be  a subgroup of 
rhizosphere microbiota. The assembly of endophytes in plants is driven 
by many factors, including soil type, host secretions, and artificial 
management (application of OF), and preferences for colonization in 
different ecological niches of plants (Dennis et al., 2010; Huang et al., 
2023). The intricate relationship between plant roots, soil, and soil 
microorganisms forms a vibrant and resilient ecosystem. These 
components engage in a cycle of interaction and regulation. Through 
their exudates, plant roots foster certain microorganisms (Feng et al., 
2023), which, in return, support the plant’s growth and development. 
This mutualistic relationship is instrumental in enhancing the soil’s 
ecological health, facilitating the plant’s nutrient absorption, and 
bolstering the host plant’s defenses against diseases (Dhanabalan et al., 
2024). Notably, exploration into the rhizosphere microbiome and 
endophytes of medicinal plants is still in its infancy.

Current studies primarily concentrate on examining the impacts 
of OF on Chinese medicinal ingredients, with limited attention given 
to the effects of CF, particularly on Huajuhong. The comparison 
between the impact of CF and OF on medicinal ingredients remains 
insufficient. Whether the influence of CF on Huajuhong can be used 
as a reference for the application of OF is worth thinking about. In this 
study, we  conducted a comprehensive analysis by screening soil 
samples collected from various years, different fertilizer applications, 
and different root regions. Through amplicon sequencing and 
non-target metabolomics analysis, we  examined the microbiome 
composition, major enzyme types, and contents in both the 
rhizosphere and roots of the Huajuhong plant. Additionally, 
we investigated changes in fruit metabolites (Figure 1). Our objectives 
encompassed identifying: (1) variations in the structure and function 
of the root microbiome under long-term OF application compared to 
CF, (2) the impact of prolonged OF use on fruit metabolites in contrast 
to CF, and (3) strategies to leverage the benefits of CF for Huajuhong 
compared to OF. By delving into these data-driven studies and 
analyses, we aim to address whether CF outperform OF, pinpoint the 
key microbes or influencing mechanisms shaping Huajuhong quality 
during its growth, and furnish theoretical backing for advocating the 
substitution of CF with OF.

2 Materials and methods

2.1 Experimental design and sampling

The experiment has been carried out in Huajuhong Planting Base 
of Meihua, Zhongtong Town, Huazhou City, Guangdong Province, 
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China since 2018 (21°29′–22°13′N, 110°20′–110°45′E). In February 
2018, 10 Huajuhong seedlings were planted, with five receiving 
continuous application of OF and five receiving continuous application 
of CF under the same fertilization schedule and conditions. In 
February 2020 and February 2022, an additional five Huajuhong 
seedlings were planted every time and treated with OF. The OF 
consisted of chicken and pig manure, brown sugar (for fermentation), 
fish bone meal (to supplement calcium), peanut oil bran (for nitrogen 
and phosphorus supplementation), tobacco bone meal (for potassium 
supplementation and as a pesticide), and marine fish. This mixture 
undergone a 45-day composting process before application. 
Additionally, CF with a composition of 16:8:24 (N:P:K) is purchased 
directly as a commodity fertilizer.

In December 2022, rhizosphere soil and young roots from the 
0–20 cm depth of the roots of the 1-year OF treated (OF-1), 3-year OF 
treated (OF-3), 5-year OF treated (OF-5), and 5-year CF treated 
(CF-5) Huajuhong plants were collected. Young root samples were 
collected with a length of 3 cm at the root tip. Each sample was 
collected by a five-point method, followed by sample mixing for a total 
of five replicates. Root samples and rhizospheric soil samples were 
collected for 16S rRNA gene high throughput sequencing as described 
by Edwards et al. (2015). The initial physicochemical properties of soil 
samples were measured by previously described methods.

Huajuhong fruits were harvested with similar size from five-
year-old trees treated with CF or OF in July 2022. Following a 
standardized production process, the fresh fruits were briefly 
boiled in water for 1–3 min to halt enzymatic activity, transitioning 
the fruits color from green to yellow-green. Subsequently, the fruits 
were air-dried to room temperature, then transferred to a drying 
room where the temperature was maintained at 55–60°C for 
approximately 30–36 h until the moisture content reached below 

12%. This process resulted in the production of Huajuhong 
medicinal fruit. The majority of the active components of the fruit 
are concentrated in the peel. To extract these components, the 
fuzzy peel on the surface of the fruit was carefully removed using 
a knife, and fruits samples from two treatments were made six 
repeats for metabolome detection.

2.2 DNA extraction and amplicon 
sequencing

Total microbial genomic DNA was extracted from a total of 20 soil 
samples and 20 root samples using the E.Z.N.A.® soil DNA Kit 
(Omega Bio-tek, Norcross, GA, United  States) according to 
manufacturer’s instructions. The quality and concentration of DNA 
were determined by 1.0% agarose gel electrophoresis and a 
NanoDrop2000 spectrophotometer (Thermo Scientific, United States).

PCR amplification of 16S rRNA gene was carried out in a 20 μL 
reaction mix using primer pairs 341F (5′-CCTAYGGGRB 
GCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) 
for the hyper variable region V3–V4 (Xun et al., 2018), and the 
primers ITS1 (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 
(5′-GCTGC GTTCTTCATCGATGC-3′) for the ITS region (Jogaiah 
et al., 2013). PCR products were purified using the PCR Clean-Up 
Kit (YuHua, Shanghai, China) according to manufacturer’s 
instructions and quantified using the Qubit 4.0 (Thermo Fisher 
Scientific, United States). Amplicons were pooled in equimolar 
concentrations and sequenced using the Illumina MiSeq PE 250 
platform (Illumina, San Diego, United  States) by Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China). After 
demultiplexing, the obtained sequence was subjected to quality 

FIGURE 1

Schematic figure of the experimental design.
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filtering using fastp (0.19.6) (Magoč and Salzberg, 2011) and 
merged using FLASH (v1.2.11). Then the high-quality sequences 
were de-noised using DADA2 (Chen et al., 2018) plugin in the 
Qiime2 (version 2020.2) pipeline with recommended parameters 
(Bolyen et al., 2019), which obtained single nucleotide resolution 
based on error profiles within samples. Read pairs from each 
sample were merged and screened with a maximal expected error 
of 0.2 and a minimum length of 250 base pairs (bp). DADA2 
denoised sequences are usually called amplicon sequence variants 
(ASVs). Following the merging of paired reads and chimera 
filtering, the taxonomic classification of each ASV was determined 
using the Silva (SSU132) 16S rRNA database and Unite (Release 
7.2 https://unite.ut.ee/index.php) with a confidence 
threshold of 70%.

2.3 Statistical analysis

All statistical analyses were performed using GraphPad Prism 
Software (version 8.0) and the R package (v4.0.3). Student’s t-test was 
used to compare the group means in the statistical analyses. 
Statistically significant differences were indicated as follows: *p < 0.05 
and **p < 0.01.

Biodiversity indices such as species diversity, richness, and 
evenness were calculated using functions in Vegan (Ruan et al., 2024). 
The Chao diversity index was used to estimate microbial diversity for 
each group. We  used principal coordinates analysis (PCoA) with 
Bray–Curtis distances to ordinate the samples based on their 
dissimilarity using the “metaMDS” function in Vegan. The 
microbiome data graphs were generated using the “ggplot2” (v3.3.0) 
and “VennDiagram” (v1.6.20) packages in R.

All molecular ecological networks were constructed on the basis 
of Pearson correlations of log-transformed ASV abundances, followed 
by an RMT-based approach that determines the correlation cut-off 
threshold in an automatic fashion. The ASVs with the top 500 average 
relative abundance at each time point in each treatment were selected, 
and their co-occurrence networks were computed separately using the 
Molecular Ecological Network Analysis Pipeline (MENAP)1 (Deng 
et al., 2012). To ensure the reliability of correlation calculation, only 
ASVs present in 5 of the 5 samples were included for correlation 
calculation. We  used the same cut-off value (0.88) of correlation 
coefficient for all networks. The topological roles of ASVs (nodes in 
the network) was assessed by determining their Zi (connections 
within modules) and Pi (connections between modules) values using 
the rnetcarto package in R (v4.0.3). The importance of each node was 
categorized into four sections based on Olesen’s et  al. (2007) 
methodology. Network visualization was carried out using Gephi 
(v0.9.1) (Bastian et al., 2009). PICRUSt2 (version 2.3.0b) software was 
utilized to predict the functional gene products (Enzyme Commission 
numbers, EC numbers) based on the taxonomic information obtained 
from the 16S rRNA sequencing database (Douglas et  al., 2020). 
Distance-based redundancy analysis (dB-RDA) was used to assess the 
potential contribution of fertilizer composition to microbiome in 
different treatments in R.

1 http://ieg2.ou.edu/MENA

2.4 Non-target metabolomics analysis of 
Huajuhong fruits

Six parallel replicates for each treatment group were used in our 
non-targeted metabolomics investigation of five-year-old OF and CF 
Huajuhong fruits. Fifty milligrams solid sample was first added to a 
2 mL centrifuge tube and a 6 mm diameter grinding bead was added. 
Four hundred microliters of extraction solution [methanol: water = 4:1 
(v:v)] containing 0.02 mg/mL of internal standard 
(L-2-chlorophenylalanine) was used for metabolites extraction. 
Samples were ground by the Wonbio-96c (Shanghai Wonbio 
Biotechnology Co., Ltd.) frozen tissue grinder for 6 min (−10°C, 
50 Hz), followed by low-temperature ultrasonic extraction for 30 min 
(5°C, 40 kHz). The samples were left at −20°C for 30 min, centrifuged 
for 15 min (4°C, 13,000 g), and the supernatant was transferred to the 
injection vial for LC-MS/MS analysis. As part of the system 
conditioning and quality control procedures, a pooled quality control 
(QC) sample was created by combining equal volumes of all individual 
samples. These QC samples underwent disposal and testing in the 
same manner as the analytical samples. This practice aided in 
representing the entire sample set and was utilized for regular 
monitoring of analysis stability by injecting it at specified intervals. 
The details of (UHPLC-MS) analysis and data analysis are described 
in Supplementary Methods. When comparing the metabolomes of CF 
and OF to map the volcano plot, the initial step involves assessing 
overall differences between the two groups through principal 
component analysis (PCA) and partial least squares discriminant 
analysis (PLSDA). Subsequently, differential metabolites are identified 
by analyzing the variable importance in projection (VIP) values from 
the orthogonal partial least squares discriminant analysis (OPLSDA), 
complemented by univariate analysis focusing on fold change and 
p-value, followed by the creation of a volcano plot to visually represent 
these data. It is important to note that if the OPLSDA model is 
overfitted, the VIP values from PLSDA should be utilized instead. This 
approach ensures a comprehensive evaluation of metabolite 
differences influenced by the application of CF and OF treatments.

3 Results

3.1 Fertilizers promote microbial diversity 
over time

To investigate the temporal evolution of microbial communities 
under various fertilization treatments, the alterations in bacterial and 
fungal microbial communities were examined at 1-year, 3-year, and 
5-year. A histogram of Chao index was employed to illustrate the 
species abundance within each treatment, revealing that both OF and 
CF enhanced the diversity of rhizosphere microbial and endophytic 
communities. Fertilizers promoted the abundance of bacteria 
significantly more than that of fungi. Notably, OF exhibited a greater 
propensity to enhance the diversity of bacterial and fungal species 
compared to CF. The microbial diversity of CF-5 was always lower 
than that of the 3- and 5-year OF treatments (Figure 2A).

The analysis of β-diversity also confirmed differences in the 
composition between rhizosphere and endophyte microbiome 
regardless of the treatments (Figure 2B). Compared with OF, CF had 
a greater effect on the structure of fungi, especially on rhizosphere. 
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The principal coordinates analysis (PCoA) diagram revealed that the 
variances between rhizosphere bacteria and bacterial endophytes 
remained relatively stable over time. In contrast, the β-diversity 
distance between rhizosphere fungi and fungal endophytes exhibited 
a gradual decrease over time, suggesting that endophytes were 
influenced by rhizosphere fungi and displayed a tendency 
towards convergence.

In terms of species composition, there were variations observed 
in the samples from year to year and across different treatments. For 
example, Eurotiomycetes exhibited a notably high proportion in the 
rhizosphere of CF-5, while the highest abundance of Sordariomucetes 
was observed in OF-3 and OF-5 when considering bacteria. In the 
case of endophytes, the species that held dominance in the initial year 
did not maintain their dominance in the third and fifth years. It is 
worth noting that the abundance of Agaricomycetes treated with CF 
was higher than the abundances corresponding to the other groups 
(Figure 2C; Supplementary Figure S1). Agaricomycetes are large fungi 
with crucial symbiotic relationships with plants. They form 
mycorrhizal associations that facilitate nutrient exchange, enhancing 
plant growth and health. Their presence indicates soil health and 
biodiversity, and they play a vital role in ecosystem sustainability 
through their contributions to nutrient cycling and organic matter 
decomposition (Lutzoni et  al., 2018). This pattern of substantial 
variation in species composition was also evident in bacteria, with 
distinct differences observed in the composition of endophytic and 
rhizosphere bacteria (Supplementary Figure S2).

3.2 Microbial network properties under 
different fertilization conditions

We constructed co-occurrence networks based on Spearman 
correlations to illustrate the influence of long-term application of 
fertilizers on microbial community structure (Figure  3A). Our 
findings indicated distinct co-occurrence patterns in the bacterial and 
fungal communities across various fertilizer treatments. When 
applying the same threshold value, the extended use of OF resulted in 
a more tightly connected microbial co-occurrence network. However, 
in comparison to OF treatment, the positive correlation ratio in the 
CF network was higher, particularly with a positive correlation ratio 
of 77.83% observed in bacterial rhizosphere group. Interestingly, 
co-occurrence network properties of fungi were always notably lower 
in the OF group compared to the CF treatment group, indicating a 
greater impact of CF on the fungal network structure (Figure 3B; 
Supplementary Figure S3).

The network’s within-module degree (Zi) and among-module 
degree (Pi) of nodes were simultaneously determined using the greedy 
module optimal algorithm. Nodes with Zi <2.5 and Pi <0.62 are 
classified as peripherals, while those with Zi <2.5 and Pi >0.62 are 
connectors. Nodes with Zi >2.5 and Pi <0.62 are considered modular 
hubs, and nodes with Zi >2.5 and Pi >0.62 are network hubs (Ling 
et al., 2022). In a community, connectors, modular hubs, and network 
hubs can all be regarded as potential keystone taxa of the community. 
Our results indicated that keystones from CF or OF groups played a 

FIGURE 2

Diversity analysis of microbial communities. (A) α-diversity analysis (using the Chao index) for bacteria and fungi. The data are presented as mean 
values ± SD (n  =  5 biological independent replicates). The significance of differences was assessed using a two-sided student’s t-test (**p  <  0.01 and 
*p  <  0.05). (B) Principal coordinates analysis (PCoA) plots of β-diversity (Bray–Cutis dissimilarity). (C) Taxonomic composition of the fungal microbiome 
at the phylum level. OF-1, one-year tree treated by organic fertilizer; OF-3, three-year tree treated by organic fertilizer; OF-5, five-year tree treated by 
organic fertilizer; CF-5, five-year tree treated by chemical fertilizer.
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role in promoting modular hubs and connectors within the network. 
This suggested that fungi facilitated the connection and interaction 
between modules, while bacteria primarily contributed to interactions 
within modules (Figure 3C; Supplementary Figure S4).

The Venn diagram illustrated the species information present in 
the largest module of the network diagram for each treatment group. 
Analysis of the diagram revealed that there was a high degree of 
similarity between bacterial endophytes and rhizosphere bacteria in 
the OF group, with minimal impact of CF treatment on endophytes. 
Conversely, in the fungal network, there was little similarity observed 
between endophytes and rhizosphere fungi across different groups 
(Figure 3D). We also analyzed the degree values of top10 genus/family 
with significant differences between CF and OF treated groups in the 
co-occurrence network (Supplementary Figures S5, S6). These top 10 
microorganisms in the network, no matter in CF or OF group, their 
network degrees were relatively consistent indicating similar 
important role in the network. For example, Burkholderia had a high 
degree in the OF network as well as in the CF network, while Dyella 

had a low degree of network in both groups. The situation was similar 
in both fungi and bacteria.

3.3 Contribution of soil properties to the 
variation of the microbial community

The soil basic chemical properties are shown in 
Supplementary Table S1. The long-term application of fertilizer led to 
a decrease in pH value, and the acidification caused by CF was 
relatively stronger. The contents of ammonium, nitrate and available-N 
in OF-treated soil were relatively low, while the contents in CF-treated 
soil were higher and more stable.

RDA was used to illustrate the relationship between the soil 
properties and the microbial diversity. The explanatory variables, 
including nitrate, available nitrogen, total nitrogen (TN), total 
organic carbon (TOC), available potassium (K), and dissolved 
organic carbon (DOC), were the main factors influencing endophytes 

FIGURE 3

Microbial co-occurrence network analysis of five-year-Huajuhong. (A) Co-occurrence networks of microbiomes associated with CF and OF 
treatments from fifth year trees. The percentage values represent the positive correlation index of the networks. (B) Edge-note ratio of bacteria and 
fungi of the network parameters. (C) Number of keystone species through co-occurrence network analysis based on Zi-Pi values. Species with Zi <2.5 
and Pi >0.62 are connectors, and Zi >2.5 and Pi <0.62 are modular hubs. (D) Venn diagram based on the network module with the highest number of 
microorganisms in each sample. OF-5, five-year tree treated by organic fertilizer; CF-5, five-year tree treated by chemical fertilizer (n  =  5 biological 
independent replicates). E, endophyte; R, rhizosphere.
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in OF-5 group and bacterial endophytes in CF-5 group (Figures 4A,B). 
As for rhizosphere, the effects of CF on soil factors and microbiome 
were more obvious than that of OF, where all soil factors except 
ammonium and pH were the main factors affecting CF-treated 
rhizosphere microorganisms, whether it was for bacteria or fungi 
(Figures 4C,D).

3.4 Microbial functional alteration under 
different fertilization treatments

OF and CF also had a great impact on microbial function. After 
long-term application of OF, the enzyme content of both endophytic 
and rhizosphere microbiome showed a decreasing trend (except 
rhizosphere fungi). CF promoted both the total enzyme amount and 
the number of ECs of the endophytic and rhizosphere fungi, which 
was much higher than the OF-treated group (Figure 5A).

The abundance of carbon (C) and nitrogen (N) in the environment 
were the main factors affecting microbial activities, so we focused on 
analyzing the enzyme coding genes related to C cycle and N cycle in 
the different treatments (Figure 5B). In the C cycle, the enzyme coding 
genes for both bacteria and fungi in the OF group gradually decreased 
over time. However, applying CF decreased the enzyme coding genes 
involved in C cycle of bacteria which was lower than OF-5, but 
increased the abundance of related genes of fungi. The abundance of 
enzyme coding genes related to N cycle showed a similar pattern. 
Additionally, the abundance of enzyme coding genes for rhizospheric 
bacteria involved in C and N cycle was higher in all treatments than 
that of endophytic bacteria; whereas it was opposite for fungi.

Fusarium was the most abundant fungi in all samples, and many 
species of this genus were pathogens. In order to understand the 
interaction between soil microbial function and Fusarium, we analyzed 
the correlation between the abundance of the enzyme coding genes in 
C cycle and N cycle and the abundance of Fusarium (Figure 5C). In 

FIGURE 4

Distance-based redundancy analysis (dB-RDA) demonstrates shifts in the microbial community’s pattern at the genus level as affected by soil 
properties. (A) Fungal endophytes. (B) Bacterial endophytes. (C) Rhizosphere fungi. (D) Rhizosphere bacteria. OF-1, one-year tree treated by organic 
fertilizer; OF-3, three-year tree treated by organic fertilizer; OF-5, five-year tree treated by organic fertilizer; CF-5, five-year tree treated by chemical 
fertilizer (n  =  5 biological independent replicates). TOC, total organic carbon; TN, total nitrogen; DOC, dissolved organic carbon.

https://doi.org/10.3389/fmicb.2024.1461821
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhou et al. 10.3389/fmicb.2024.1461821

Frontiers in Microbiology 08 frontiersin.org

the rhizosphere, the number of enzyme coding genes related to C cycle 
or N cycle was negatively correlated with the abundance of Fusarium, 
while in the endophyte, there was a positive correlation. The 
abundance of the genes of fungi was higher than that of bacteria, 
especially in the CF treated group, indicating that it was more likely to 
lead to the growth of pathogens in plants (Figure 5B). However, it is 
interesting to note that the abundance of Fusarium in the CF group 
was lower than that in OF groups, especially in the rhizosphere.

3.5 Metabolomics analysis of Huajuhong 
fruits

The effects of OF and CF on fruit metabolism were relatively 
significant in principal component analysis (PCA) of citrus peel 

metabolome (Figure  6A), which included 294 carbohydrate-
polysaccharide substances, 616 flavonoids, 207 coumarins, etc. 3,558 
substances were detected, and 466 were significantly upregulated in 
the OF treated Huajuhong peel and 184 substances were significantly 
upregulated in CF treated Huajuhong peels (Figure  6B; 
Supplementary Figure S8). Flavonoids, polysaccharides, 
monoterpenes, coumarins and other active ingredients with 
pharmacological effects were contained in Huajuhong. However, there 
was no significant difference in the abundance of these substances in 
different groups (Supplementary Figure S6). Meanwhile, there was 
also no significant difference in the abundance of the four main 
medicinal flavonoid substances (poncirin, rhoifolin, naringin, and 
neohesperidin) (Figure 6C). The average diameter of fruits treated 
with OF was 4.14 cm, and that treated with CF was 4.62 cm 
(Figure 6D). The results showed that the application of OF had no 

FIGURE 5

Functional analysis of bacterial and fungal microbiome. (A) Bubble diagrams based on the types and abundance of bacterial (left)/fungal (right) 
metabolic enzymes and ECs. (B) Number of C/N cycle-related metabolic enzyme coding genes among different samples. (C) The number of 
pathogenic fungi Fusarium decreased with the number of enzyme coding genes associated with the C/N cycle of rhizosphere microbiome, and 
increased with the number of enzyme coding genes associated with the C/N cycle of endophytes. Linear regression line is indicated by the grey line. 
p-values are two-sided. OF-1, one-year tree treated by organic fertilizer; OF-3, three-year tree treated by organic fertilizer; OF-5, five-year tree treated 
by organic fertilizer; CF-5, five-year tree treated by chemical fertilizer (n  =  5 biological independent replicates). E, Endophyte; R, rhizosphere.

https://doi.org/10.3389/fmicb.2024.1461821
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhou et al. 10.3389/fmicb.2024.1461821

Frontiers in Microbiology 09 frontiersin.org

significant effect on the overall yield of the main substances exerting 
the medicinal effect. However, since the fruits in OF group were 
smaller, OF did regulate the significant secretion of more metabolites.

4 Discussion

4.1 Differences in root microbiome 
structure and function under extended OF 
vs. CF application

Soil physical and chemical properties are considered to be one of the 
key factors affecting microbial composition (Philippot et al., 2013). In this 
study, although the soil chemical properties were different in different 
planting years, the diversity analysis showed that the planting years was 
the main factor affecting the microbial community structure. Microbial 
diversity in the rhizosphere or endophyte gradually increased over time, 
especially for OF groups (Figure  2). Proteobacteria, Actinobacteria, 
Chloroflexi, and Firmicutes were bacteria with high abundance in the 
rhizosphere, and their relative abundance changed differently under 
different planting years, which is consistent with previous results that 
root-associated bacterial communities are predominantly composed of 
members from the phyla Actinobacteria, Bacteroidetes, Firmicutes, and 
Proteobacteria (Bulgarelli et al., 2013). Similarly, bacterial community 
function showed a “time-decline” pattern in both sites, which also 
confirmed the similar results. Interestingly, the opposite was true for 
fungi, where functional diversity firstly decreased and then increased over 

time (Figure 5). Previous studies have shown that the composition of 
many plant rhizosphere bacteria and fungi (e.g., Arabidopsis thaliana, 
Astragalus mongholicus, sugarcane, pea, wheat, and soybeans) (Leite et al., 
2021; Li et al., 2023; Lundberg et al., 2012) varies with the stage of plant 
development. It has been confirmed that different root microorganisms 
will be  formed due to the differences in root exudations of plants at 
different developmental stages. As for Huajuhong, it takes at least 5 years 
to begin the first round of fruit production (Committee for the 
Pharmacopoeia of People’s Republic of China, 2015), so the rhizosphere 
microbes would be related to planting years (tree age).

The type of fertilizers was another important factor. The overall 
trend for both bacterial and fungal abundance was to increase with 
the duration of OF application. Long-term application of CF only 
promoted abundance of rhizosphere bacteria, but inhibited microbial 
diversity for fungi and endophytic bacteria. Studies have shown that 
long-term application of CF increases the effective phosphorus 
content in the rhizosphere environment. This enhancement not only 
stabilizes the soil bacterial community but also boosts its overall 
abundance (Xiao et al., 2024). This is consistent with the reported 
rhizosphere of non-medicinal plants (Coleman-Derr et al., 2016; Ling 
et al., 2022). There was a great distance of β-diversity between the CF 
and OF groups, especially in the rhizosphere. Although there were 
significant differences in rhizosphere microorganisms and 
endophytes, the effects of OF and CF on microbial abundance and 
function in the two sites were consistent, especially the enrichment of 
key species. Previous studies have shown that inoculation of 
Burkholderia in citrus roots can promote the metabolic reactions 

FIGURE 6

Plant non-target metabolomics. (A) Principal component analysis (PCA) of citrus peel metabolome (n  =  6 biological independent replicates). 
(B) Volcano plot of significant difference analysis of active ingredients. Yellow dots, substances were significantly upregulated in OF. Gray dots, 
substances were significantly upregulated in CF. The VIP value represents the impact strength of the corresponding metabolite’s group differences in 
the model’s sample classification discrimination among groups. It is generally considered that metabolites with VIP ≥1 are significantly different. 
(C) Relative abundance of the four main medicinal flavonoid substances. (D) Photos of Huajuhong fruits. (E) Diameters of Huajuhong fruits (n  =  3 
biological independent replicates). OF, organic fertilizer; CF, chemical fertilizer. The data are presented as mean values ± SD.
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related to carbohydrates and amino acids in the microbiome (Wang 
et al., 2023). In this study, we also found that Burkholderia was always 
the most dominant strain in both rhizosphere and roots of Huajuhong, 
and the abundance in the OF group was significantly higher than that 
in the CF group (Supplementary Figure S6), even with a high degree 
in co-occurrence networks, indicating Burkholderia could be used as 
a biofertilizer combined with OF to promote plant growth 
(Supplementary Figure S5).

Applying OF over an extended period can raise the soil’s organic 
carbon content and supply enough substrate for microbial growth (Chen 
et al., 2023). This effect is stable and long-lasting, and will get stronger 
with the longer the application (Zhang et al., 2010). In our study, the 
bacteria in the root were affected by CF/OF chemical properties in the 
same way, while CF/OF had opposite effects on rhizosphere bacteria and 
fungi. Most endophytes came from the rhizosphere, so the effect of 
accurate application of fertilizer on endophytes may not be  ignored, 
especially the prevention and control of pathogens.

4.2 Effects of CF or OF on soil pathogens 
and probiotics

In the rhizosphere, plants are constantly exposed to a diverse array 
of microbial populations, including commensals, pathogens, and 
symbionts. Plant pathogens and nitrogen-fixing bacteria, such as 
Rhizobium sp., are particularly abundant in the rhizosphere due to 
their reliance on organic matter supplied by the plant host for 
reproduction and function (Supplementary Figure S6). Despite the 
dynamic nature of the rhizosphere and the rapid evolution of its 
microbiome over time and space, there is growing evidence to suggest 
that plants actively shape the rhizosphere microbiome to their 
advantage and effectively utilize the functional capabilities of these 
microbes (Bakker et al., 2013; Ling et al., 2022).

Fusarium is one of the most destructive agricultural pathogens, 
causing great damage to a wide variety of plants (Guo et al., 2022; Li 
et al., 2022; Zhou et al., 2022). Although no studies have reported the 
effect of Fusarium on Huajuhong, in this study, a high abundance of 
Fusarium was detected in the roots of Huajuhong. In the rhizosphere, 
the application of OF can lead to a decrease in the abundance of 
Fusarium due to the introduction of many non-indigenous 
microorganisms and the increased availability of easily degradable 
organic carbon sources that stimulate the growth of other microbial 
groups (Wen T. et al., 2020). Inside roots, however, the presence of OF 
provides a rich growth substrate for Fusarium, and since the microbial 
diversity inside the roots is not as abundant as in the rhizosphere, 
Fusarium becomes dominant (Shu et al., 2022; Wen Y. C. et al., 2020). 
Under the influence of low C/N cycle genes in the rhizosphere of OF 
groups, the abundance of Fusarium was negatively correlated with the 
expression of C/N cycle genes, while in the root, there was a positive 
correlation (Figure 5C). Interestingly, the CF groups always had the 
lowest Fusarium abundance. This is consistent with the results 
reported in previous studies that long-term application of chemical 
nitrogen and phosphorus fertilizer combined with organic 
improvement provided a secure disease management strategy for 
suppressing Fusarium root rot of soybean (Liu et al., 2021).

In addition to Fusarium, the application of OF or CF also had 
different effects on other soil pathogens and probiotics. We selected 
the top 10 species with the highest abundance in each group, and the 
number of probiotics in the rhizosphere decreased with time. Almost 

all top 10 rhizosphere bacteria were probiotics, while rhizosphere 
fungi accounted for a higher proportion of pathogens in OF groups 
than in CF group (Supplementary Tables S4, S5). The situation in 
Huajuhong root was different, the number of fungal pathogens first 
decreased with time and then raised again 
(Supplementary Tables S2, S3). Although the effect of CF on fungi was 
more significant, for probiotic bacteria, CF could promote their 
abundance more than OF, especially in the root. It is not surprising 
that plant pathogens are more prevalent in the rhizosphere compared 
to the surrounding bulk soil (Ling et al., 2022), which may be due to 
the following reasons: (1) the number of pathogenic fungi that are 
classified as soilborne is limited, likely due to the inability of non-spore 
forming fungi to thrive in bulk soils for extended periods of time 
(Raaijmakers et al., 2009); (2) the majority of plant pathogens exhibit 
saprophytic growth in the rhizosphere, deriving essential energy from 
the roots (Larsen et al., 2015); (3) some pathogens, whether they are 
potential symbionts or covert pathogens, show a preference for 
colonizing the rhizosphere (Hannula et al., 2021; Ma et al., 2020). The 
abundance and variety of harmful and beneficial microorganisms play 
a crucial role in determining the outcomes of microbial interactions 
in the rhizosphere. However, determining the optimal conditions for 
plant health and striking a balance between defense against pathogens 
and promotion of beneficial bacteria remains a challenging task. 
Therefore, the application of OF alone would lead to an increase in the 
number of pathogens, which was also consistent with previous studies 
(Pu et  al., 2022), and it was recommended to supplement the 
application of CF or microbial OF, providing reference for the 
prevention and control of other microbial diseases of Huajuhong.

4.3 Optimizing OF application of 
Huajuhong from CF benefits

The key to the modernization of Chinese medicine is to ensure the 
stable chemical composition of Chinese medicine. Huajuhong is a 
famous herbal for resolving phlegm, suppressing cough and calming 
panting, and has been paid more and more attention. However, the 
cultivation methods of saffron have not been uniform, some use CF, 
and some use OF combined with CF. A series of studies have found 
that the application of OF can improve the appearance, color and odor 
of medicinal plants. The content of phenols, alkaloids, flavonoids and 
other components is significantly higher than that of no fertilization 
or CF application (Obidola et al., 2019; Pacheco et al., 2021). The 
results of this study are also consistent. Although the content of total 
flavonoids and naringin, the index of Chinese medicine to develop 
high quality products of Huajuhong (Li et  al., 2014), was not 
significantly different between the OF and CF groups. There were 
more types and abundance of metabolites in Huajuhong fruits treated 
with OF than that treated with CF (Supplementary Figure S8). 
Therefore, it was beneficial to cultivate Huajuhong with OF.

The significant discharge of manure from the breeding industry 
and the excessive use of fertilizers in the planting sector exacerbate 
agricultural non-point source pollution, placing considerable strain 
on rural ecological management and the sustainable development of 
agriculture. The effective utilization of animal manure has emerged as 
a pressing issue in the sustainable advancement of animal husbandry. 
Implementing a green breeding cycle model that utilizes livestock and 
poultry manure to produce OF represents a crucial step towards 
promoting environmentally friendly, low-carbon agricultural practices 
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and enhancing rural ecological conditions (Jin et al., 2021; Zhu et al., 
2022). In this study, diverging from the traditional practice of utilizing 
livestock and poultry manure as raw materials for OF, we capitalized 
on the proximity to the sea to incorporate a range of agricultural 
wastes, including fish bones, marine fish, and tobacco residues, and 
the effect of OF was comparable to that of CF.

In certain OF, such as manure, the C/N ratio has been identified as a 
crucial factor influencing the variability in nitrogen mineralization from 
the initial OF (Qian and Schoenau, 2002). Numerous experiments have 
shown that the nitrogen released from OF may not be  adequate for 
achieving economic production. Therefore, in addition to supplementing 
CF, the focus of future research lies in enhancing the efficient 
mineralization of organic nitrogen in OF through the activities of soil 
microorganisms. However, for Huajuhong, a perennial medicinal plant, 
the slow-release properties of OF were not as pronounced as they were for 
other crops. Furthermore, OF offers various advantages beyond mere 
nutritional benefits, with positive impacts on key soil characteristics such 
as water-holding capacity, cation exchange capacity, and microbial activity. 
Studies on OF in medicinal plants primarily examine the overall effects 
on yields, with less emphasis on the specific effects of individual nutrients. 
The composition of manure was complex, so it is necessary to carry out 
specific effects and risk analysis of the individual substances.

Plants exhibit varying nutrient requirements at different growth 
stages, leading to inconsistencies in the composition of aggregated 
microorganisms (Zhang et  al., 2024). Variations in the species 
composition of inter-vegetative microorganisms during distinct 
developmental phases of Huajuhong not only impact soil metabolism 
but also indicate the plant’s adjustment to changing nutrient needs 
(Sun et al., 2022). To address the evolving requirements of Huajuhong 
across different growth stages, the application of OF alone or in 
conjunction with CF can enhance soil fertility and positively 
influence soil nutrient cycling (Zhang et al., 2022). Furthermore, 
apart from the diverse fertilizer demands at various growth stages, 
the plant rhizosphere microbial community becomes more responsive 
to soil environmental changes and may enhance soil carbon and 
nitrogen cycling following prolonged OF application (Zhao et al., 
2023). Since the effects of chemical and organic fertilizers on 
microbial communities differed, particularly in their potential 
influence on pathogenic microbes. Based on the results of this 
experiment, it was not necessary to exclusively apply OF. When there 
was an increase in the number of pathogenic bacteria, CF could 
be  utilized as a regulatory measure. This necessitates growers to 
exercise precise control over fertilizer application to meet the plant’s 
immediate requirements while mitigating the adverse effects of 
nutrient accumulation.

5 Conclusion

Given the pressing need to address agricultural non-point source 
pollution, our research offered insights into the judicious use of OF on 
TCM. Furthermore, our findings addressed the question posed in the 
title, revealing that OF was not inherently superior to CF and may lead 
to an increase in pathogenic fungi abundance in Huajuhong. In 
conclusion, while emphasizing the utilization of agricultural 
byproducts like livestock manure, a balanced approach incorporating 
various fertilizers, including chemical options, was recommended. 
With the increasing focus on the quality of cultivated medicinal 

plants, our findings have not only contributed to improving the quality 
of medicinal materials but have also endorsed the adoption of 
integrated planting and breeding techniques within a circular 
agricultural system. This approach promoted resource recovery and 
the environmentally safe disposal of waste materials generated by the 
planting and breeding industries. Our research provides both 
theoretical insights and practical support for the advancement of 
sustainable agricultural practices. With the advancement of integrated 
crop-livestock farming, organic fertilizers are gaining more attention 
for their future use. Besides the need to carefully combine them with 
inorganic fertilizers, it is crucial to take a holistic approach in 
considering the impact of harmful microorganisms, heavy metals, and 
organic pollutants found in organic fertilizers on the plant 
microbiome, which is referred to as a second genome of plant.
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