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Introduction: Plant growth-promoting rhizobacteria (PGPR) and elevated CO2 
(eCO2) have demonstrated their individual potential to enhance plant yield and 
quality through close interaction with rhizosphere microorganisms and plant 
growth. However, the efficacy of PGPR under eCO2 on rhizosphere microbiome 
and, ultimately, plant yield and active ingredient accumulation are not yet fully 
understood.

Methods: This study investigated how the medicinal plant Pseudostellaria 
heterophylla (P. heterophylla) and its rhizosphere microbes respond to PGPR 
(Bacillus subtilis and Pseudomonas fluorescens) at eCO2 (1,000  ppm).

Results and Discussion: It was found that the yield and active ingredient 
polysaccharides accumulation in the tuber of P. heterophylla were significantly 
increased by 38 and 253%, respectively. This promotion has been associated 
with increased root development and changes in the indigenous microbial 
community. Metagenomics analysis revealed a significant reduction in 
pathogenic Fusarium abundance in the rhizosphere. Potential biocontrol 
bacteria Actinobacteria and Proteobacteria were enriched, especially the 
genera Bradyrhizobium and Rhodanobacter. The reshaping of the rhizosphere 
microbiome was accompanied by the upregulation of biological pathways 
related to metabolite biosynthesis in the rhizosphere. These modifications were 
related to the promotion of the growth and productivity of P. heterophylla. Our 
findings highlighted the significant role played by PGPR in medicinal plant yield 
and active ingredient accumulation when exposed to eCO2.

KEYWORDS

PGPR, elevated CO2, active ingredient, microbial community, biological pathways

OPEN ACCESS

EDITED BY

Marika Pellegrini,  
University of L’Aquila, Italy

REVIEWED BY

Malek Marian,  
University of Trento, Italy
Jun Zhao,  
Nanjing Normal University, China

*CORRESPONDENCE

Wen Hui Yan  
 whyanac@connect.ust.hk

RECEIVED 02 May 2024
ACCEPTED 14 August 2024
PUBLISHED 26 August 2024

CITATION

Ng CWW, Yan WH, Xia YT, Tsim KWK and 
To JCT (2024) Plant growth-promoting 
rhizobacteria enhance active ingredient 
accumulation in medicinal plants at elevated 
CO2 and are associated with indigenous 
microbiome.
Front. Microbiol. 15:1426893.
doi: 10.3389/fmicb.2024.1426893

COPYRIGHT

© 2024 Ng, Yan, Xia, Tsim and To. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 26 August 2024
DOI 10.3389/fmicb.2024.1426893

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1426893&domain=pdf&date_stamp=2024-08-26
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1426893/full
mailto:whyanac@connect.ust.hk
https://doi.org/10.3389/fmicb.2024.1426893
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1426893


Ng et al. 10.3389/fmicb.2024.1426893

Frontiers in Microbiology 02 frontiersin.org

1 Introduction

Administration of plant growth-promoting rhizobacteria (PGPR) 
is an important and environmentally friendly method to achieve 
sustainable crop production (Bhattacharyya and Jha, 2012; Gray and 
Smith, 2005; Lugtenberg and Kamilova, 2009). The mechanisms 
associated with plant promotion commonly reported include direct 
promotion via the production of phytohormones and/or mobilization 
of nutrients in the soil, such as phosphorus (Liu et  al., 2016; 
Richardson et al., 2009), and indirect promotion via inducing systemic 
resistance to biotic and/or abiotic stress (Akbar et al., 2022). While an 
increasing number of studies identified that biological amendments 
modified the composition and functionality of the rhizosphere 
microbial community, resulting in enhanced plant growth and health 
(Deng et al., 2022; Guo et al., 2024; Tao et al., 2023). The specific way 
in which PGPR affect soil microbiome varies depending on the PGPR 
strains, plant species, and environmental factors.

Recently, studies have revealed that the native rhizobacteria (Sun 
et al., 2022), fungi (Tao et al., 2023), and predatory protists (Guo et al., 
2024) can be recruited of PGPR and cooperate as partners to enhance 
plant development (Sun et al., 2022; Zhang et al., 2023). These changes 
in indigenous organisms are indirectly influenced by elevated 
atmospheric CO2 (eCO2) (Kohler et al., 2009; Williams et al., 2018; 
Zytynska et al., 2020). Studies showed that the effects of eCO2 on 
microorganisms in the rhizosphere had large variability, and can 
be  both positive (Jin et  al., 2022) and negative (Li et  al., 2022). 
Microbial growth, including bacteria, fungi, arbuscular mycorrhizal 
fungi, and actinomycetes can be stimulated under eCO2 (Lee and 
Kang, 2016). However, the high eCO2 may suppress the soil microbes 
and reduce their biomass (Xiao et al., 2017). These opposite effects 
happened through plant-mediated and soil-mediated mechanisms 
(Paterson et al., 1997; Montealegre et al., 2002). The phenotypic traits 
of PGPR related to plant growth, such as hormone indole-3-acetic acid 
secretion in Pseudomonas strains, are changed under 1,000 ppm 
conditions, contributing to establishing a developed root system that 
efficiently absorbs water nutrients from the soil (Sun et  al., 2022; 
Tarnawski et al., 2006; Yu et al., 2016). The influenced root growth and 
rhizodeposition, in turn, potentially manipulate the indigenous 
microbial populations and activities (Redondo-Gómez et al., 2022; 
Sadowsky and Schortemeyer, 1997; Zak et al., 2000). The effects of 
eCO2 on microbes are also linked to the soil nutrient availability. For 
instance, under eCO2, reduced soil nitrogen availability resulting from 
enhanced plant nutrient uptake led to a decrease in microbial biomass 
(Butterly et al., 2016). Increased microbial biomass under eCO2 was 
associated with increased dissolved organic carbon in the soil (Hu 
et  al., 2020). The functionality of recruited microorganisms is 
associated with competitive interactions (Wei et  al., 2015) and 
secondary metabolism manipulation in the soil (Zhang et al., 2023). 
For example, bacteria strains with the ability to produce 
6-hydroxypentadecanedioic acid (Cai et  al., 2021) and antibiotics 
(Zhang et al., 2022), as well as the ability to increase peptide synthetase 
gene abundance (Deng et al., 2022) were enriched to protect against 
pathogen invasion. However, despite the understanding that PGPR 
and elevated CO2 are manipulations that can influence the 
composition and functioning of rhizosphere microbiomes for plant 
growth. It is unclear if these manipulations could enhance treatment 
efficacy or not when plants grow in a changing climate scenario. 
Regarding this, a better understanding of how additive PGPR impacts 
plant root development and indigenous soil microbiomes under eCO2 

conditions is necessary to support more effective application strategies 
to improve host plant development.

The tuberous root of Pseudostellaria heterophylla (P. heterophylla) 
Rupr. & Maxim, also known as crown prince ginseng, has been a 
common traditional Chinese medicine for nearly 300 years. The 
below-ground tubers contain bioactive components, and tuber 
extractions are the most used materials for treating coronavirus 
disease 2019 in clinical practices (Alam et al., 2021; Ren et al., 2021; 
Wu et al., 2019). However, the tubers of P. heterophylla have a high 
incidence of Fusarium wilt infection, a disease caused by the soil 
pathogen Fusarium oxysporum (Chen et al., 2021; Liu et al., 2020). 
Fusarium wilt poses an ever-increasing threat to agriculture, causing 
significant declines in plant yields, such as banana, tomato, and 
medicinal plants, ranging from 20 to 90% annually (Strange and Scott, 
2005; Tao et al., 2023; Yuan et al., 2022). As PGPR plays an essential 
role in pathogen control, they manipulate microbial resource 
competition networks (Wei et al., 2015), bacterial community diversity 
(Hu et  al., 2016), and organism interactions (Huo et  al., 2018). 
Although these studies revealed the importance of PGPR in pathogen 
suppression, how PGPR impacts the fungal genera Fusarium species 
presence under eCO2 and how these manipulations influence active 
ingredient accumulation in medicinal plants remains largely unknown.

The objectives of this study include (1) to investigate the 
differences in plant trait indicators; (2) to study the differences in soil 
microbiome composition and biological pathways; and (3) to reveal 
the relationship between plants and soil microbiome. P. heterophylla 
was grown in two separate chambers and inoculated with two types 
of PGPR strains (Bacillus subtilis and Pseudomonas fluorescens) under 
ambient CO2 and eCO2 conditions, respectively. The growth and 
productivity of P. heterophylla were monitored and evaluated by 
measuring its shoot, root, tuber yield, and active ingredient content. 
We first monitored the composition and diversity of the indigenous 
bacterial communities and the density of wilt pathogen Fusarium in 
the rhizosphere. Based on these results, we conducted the analysis to 
identify the changes in the key metabolites’ biosynthesis biological 
pathways related to the microbial community shift.

2 Materials and methods

2.1 Plant material and growth conditions

The experiments were conducted in two climate-controlled 
chambers in the Department of Civil and Environmental Engineering 
at The Hong Kong University of Science and Technology (HKUST) 
(22.3°N 114.2°E), from January to May 2022. The study used the 
P. heterophylla cultivar as the experiment plant material. Seed tubers 
were surface sterilized with 5% (v/v) sodium hypochlorite and washed 
four times with sterilized distilled water. The washed seed tubers were 
sown in a pot (8 cm diameter, 17 cm depth) filled with 1.7 kg soil 
collected from Bijie, Guizhou Province, China (Kong et al., 2021). Soil 
water condition (60% field capacity) was monitored with soil moisture 
probes and tensiometers (Ng et al., 2022a). The pots were watered 
every 2 days with deionized water. The basic physicochemical 
properties of soil are summarized in Table 1.

The growth conditions are presented in Supplementary Figure S1. 
One of the chambers was set with an elevated CO2 concentration 
(eCO2), and the other was maintained at the average ambient CO2 
concentration (aCO2). CO2 was supplied to the chamber via a 
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compressed CO2 tank connected to a pipe within the chamber at the 
beginning of the experiments. Both chambers were set to a long-day 
photoperiod of 16 h:8 h, light: dark, at 23.5 ± 3°C. The light intensity 
was set to 79.198 mW/nm, and the relative humidity was maintained 
at 60 ± 10% (Chen et al., 2021).

2.2 Experiment treatments

The experiments were conducted in two independent chambers, 
one with eCO2 1,000 ± 50 ppm (IPCC, 2022 predicted level) monitored 
and controlled using a remote sensor and an environmental controller 
(BETC-B2, Netherlands). The other one was with aCO2 concentration 
of approximately 400 ppm. In each chamber, plants were performed 
with 3 treatments: control groups (CK), a B. subtilis-inoculated group 
(BS), and a P. fluorescens-inoculated group (PF). All treatments were 
CK group grown under aCO2 (aCK) and eCO2 (eCK), BS group grown 
under aCO2 (aBS) and eCO2 (eBS), PF group grown under aCO2 (aPF) 
and eCO2 (ePF), respectively. To conduct the PGPR inoculation, the 
bacterial strains B. subtilis subsp. (GDMCC 1.372) and P. fluorescens 
Migula (GDMCC 1.782) were selected based on our previous study, and 
their beneficial traits were assessed (Ng et al., 2022b). The bacteria 
cultures were grown on nutrient agar for routine use and were 
maintained in Luria-Bertani broth with 15% glycerol at −80°C for long-
term storage. The inoculated volume was 15 mL/pot of diluted PGPR 
solution at a concentration of 10^8 CFU/mL in the BS and PF groups 
during plant growth at 186-h intervals to ensure their colonization 
(Yadav et al., 2014). Due to the BS and PF inoculants being diluted with 
0.9% NaCl solution, the same volume of 0.9% NaCl solution was 
inoculated into the CK group at the same frequency as the BS and PF 
groups. Each treatment contained 3 pots, and each pot contained 16 
seed tubers at the beginning of the cultivation. During cultivation, the 
tuber production of P. heterophylla varied among individual plants. 
After harvest, the plants that exhibited tuber formation were counted 
into the replicates (12–19). Plants that did not form tubers and those 
that died due to reasons, such as germination failure and disease during 
the 150-day cultivation period were excluded from the count.

2.3 Plant growth, productivity, and disease 
incidence

To evaluate the growth changes in P. heterophylla, the shoot 
characteristics, including leaf area, number of leaves per plant, and 

shoot height, were monitored at five different time points after its 
germination: 60, 75, 90, 105, and 120 days. The leaf area was obtained 
with the software Image J (Abràmoff et al., 2004). Leaves numbers 
were counted and shoot height was measured with a ruler. 
Furthermore, we measured the photosynthetic parameters with the 
three fully expanded uppermost leaves of each plant. Stomatal 
conductance (gs) and soil plant analysis development (SPAD) were 
measured using a Leaf Porometer (SC-1, United  States) and a 
chlorophyll meter (SLY-C, China), respectively. After 150 days of 
growth, plants were harvested and washed with deionized water 
(Supplementary Figure S2). Then, the dry weights of shoot, root, and 
tubers were recorded to calculate the ratio of shoot dry weight to 
height (W/Hshoot), specific root length (SRL), tuber dry biomass, and 
harvest index (HI) based on Equations 1–4, respectively (Roberts, 
2020; Bell and Fischer, 1994):

 

Ratio of shoot dry weight

to height (g/cm)
=

Dry weight of shooot

Shoot height  
(1)

 
Specific root length (cm/g)

Root length

Dry weight of root
=

 
(2)

 

Tuber dry biomass

mg plant

Dry biomass of

tubers per plant/� � �
 (3)

 
Harvest index

Tuber dry biomass

Total dry biomass per plant
=

 
(4)

The maximum widths and lengths of the tubers were measured to 
present the morphology according to Hong Kong Chinese Materia 
Medica Standard (2020).

To assess the tuber quality, extraction and analysis of the active 
compounds comprised of polysaccharides (Hong Kong Chinese 
Materia Medica Standard, 2020), saponins (Ng et  al., 2022a), and 
heterophyllin B (Zheng et al., 2019) were conducted. All tuber samples 
were dried at 65°C up to dryness via the oven-drying method and 
crushed to powder. To measure the polysaccharides, 0.5 g of the tuber 
powder was extracted with 30 mL of Milli-Q water in a water bath for 
60 min. The polysaccharides content was measured using the 
anthrone-sulfuric acid colorimetric method at 625 nm with a UV–
visible spectrophotometer (Lambda 950, Perkin Elmer, United States). 
To measure the saponins content, 0.1 g of dried powder was extracted 
with 40 mL methanol at 60°C for one hour. The saponin content was 

TABLE 1 Soil physicochemical properties after harvest.

Treatment pH EC (mS/cm) C (μg/g) N (μg/g) P (μg/g) IAA (μg/g)

aCK 5.47 ± 0.03d 1.43 ± 0.01c 198.27 ± 4.07b 166.55 ± 19.68a 175.34 ± 9.81b 197.34 ± 25.00c

aBS 5.81 ± 0.03a 1.14 ± 0.01e 208.00 ± 6.00b 113.48 ± 1.60c 140.40 ± 17.01c 283.35 ± 25.81b

aPF 5.83 ± 0.02a 1.01 ± 0.02f 220.38 ± 5.43a 164.22 ± 22.02ab 145.89 ± 25.95bc 349.39 ± 17.04a

eCK 5.67 ± 0.01c 1.49 ± 0.03b 220.26 ± 4.20a 143.08 ± 3.66b 242.39 ± 24.59a 223.17 ± 12.78c

eBS 5.49 ± 0.10d 1.59 ± 0.03a 207.10 ± 7.00b 171.34 ± 3.81a 214.12 ± 24.94ab 305.86 ± 14.67b

ePF 5.70 ± 0.02b 1.20 ± 0.02d 226.31 ± 3.81a 169.48 ± 10.22a 175.76 ± 19.66b 278.17 ± 13.42b

a: ambient CO2 condition (400 ppm). e: elevated CO2 condition (1,000 ppm). CK, control group without bacterial inoculation; BS, Bacillus subtilis-inoculated group; PF, Pseudomonas 
fluorescence-inoculated group; EC, electricity conductance. C: total organic carbon. N: total nitrogen. P: bioavailable phosphorus. IAA: indole-3-acetic acid. Data presented are the 
mean ± standard deviation (n = 3). Different letters beside the data indicate the significance of differences among treatments (p < 0.05).
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estimated using ginsenoside Rb1 as the reference standard. The 
absorbance of the solution was measured at 560 nm using a UV–
visible spectrophotometer (Lambda 950, Perkin Elmer, United States). 
To measure the heterophyllin B content, 0.5 g of dried powder was 
ultrasonicated in 25 mL of ethanol for 45 min and filtered through a 
membrane (0.45 μm). high-performance liquid chromatography 
(HPLC) analysis was performed on a 1,200 series HPLC system 
(Agilent, United States). The one-point external standard method was 
used to calculate the content of heterophyllin B.

To calculate the disease incidence, the number of P. heterophylla 
tubers with wilt observation of disease symptoms, including wilting 
and dry brown rot, and the total number of P. heterophylla tubers after 
harvest in each treatment were counted. Each plant had one tuber, 
thus, the total number of tubers was 12–19 in all treatments. Disease 
calculation follows the below Equation 5.

 

Tuber disease incidence (%)

Number of tubers with wilt obs

�
eervation

Number of total tubers
�100%

 
(5)

2.4 Quantification of coupled effects

To assess the coupled effects of PGPR and eCO2, the independent 
action concept is used (Lasch et al., 2020). This method is applied to 
components with different modes of action, so the coupling effects can 
be  calculated from the response of the individual components 
(Foucquier and Guedj, 2015). In the current study, the predicted 
effects’ values were calculated with Equation 6 (Alassane-Kpembi 
et al., 2017):

 

Coupled A+B

predicted value

mean value A+mean value B -

mean
=

� � � �
  value A×mean value B� �  (6)

A is the effects of PGPR, and B is the effects of eCO2. The 
combination index (CI) is used to distinguish the different effects. CI 
is defined in Equation 7:

 
CI=

Coupled A+B predicted value

Coupled A+B measured value

� �
� �  

(7)

The empirical threshold of CI < 0.9 is set as the threshold indicates 
synergistic effects (synergism in PGPR and eCO2). 0.9 ≤ CI ≤ 1.1 is set 
to indicate the additive effects, and CI > 1.1 is set to indicate 
antagonistic effects (Chou, 2006).

2.5 Soil sampling, DNA extraction, and 
metagenome sequence analysis

To collect the rhizosphere soil, P. heterophylla plants were carefully 
uprooted from each pot. The rhizosphere soil was obtained by gently 
shaking off loosely attached soil around the roots and collecting the 
soil tightly attached to the roots (Akbar et al., 2022). Subsequently, the 
collected soil samples were then homogenized by pot. Each treatment 

had three pots, and therefore, the rhizosphere soil sample had three 
replicates per treatment. The soil samples were sieved through a 2-mm 
mesh, and a portion of each sample was stored at −80°C for total DNA 
extraction. The remaining soil was air-dried and used for nutrient and 
indole-3-acetic-acid (IAA) determination following Ng et al. (2022b) 
and Yan et al. (2022). The total DNA extraction was performed using 
an E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, 
United States). The quality of extracted soil DNA was assessed with a 
NanoDrop 2000 Spectrophotometer (Thermo Scientific, Waltham, 
MA, United States).

Metagenome sequence analysis was conducted at the Beijing 
Genomics Institute (BGI, Hong Kong, China). The DNA from each 
sample was fragmented, end-repaired, and adenylated. Adaptors were 
then ligated to the ends of the fragments, and a polymerase chain 
reaction (PCR) was carried out to amplify the product. The PCR 
product was then subjected to circularization, and single-stranded 
circular DNA molecules were produced via rolling cycle amplification. 
These were loaded onto patterned nanoarrays and sequenced using 
combinatorial Probe-Anchor Synthesis. All the raw data were 
trimmed using SOAPnuke v.1.5.2, and the trimmed reads were 
mapped to the host genome to remove host-originated reads (only for 
samples of host origin). High-quality reads were assembled using 
MEGAHIT software, and contigs with lengths less than 200 bp were 
discarded. Genes were predicted using MetaGeneMark, and 
redundant genes were removed using CD-HIT with identity and 
coverage cutoffs of 95 and 90%, respectively. Salmon software was 
used for quantification. Moreover, annotation information was 
generated by aligning the protein sequences of genes against a 
functional database (like KEGG) using DIAMOND. Taxonomic 
annotation was assigned based on the Kraken LCA algorithm, and 
Bracken software was used to generate the taxonomic and functional 
abundance profiles. Wilcoxon’s rank sum test was used to determine 
the features with significantly differential abundances across groups, 
and differentially enriched KEGG pathways were identified using 
reporter scores. Statistical analysis of the Wilcoxon rank test and the 
Kruskal-Wallis H test were performed using the R project.

2.6 Statistical analysis

The normality of the soil physicochemical properties data and 
plant-associated data was analyzed and represented as the mean with 
standard deviation. Statistical analysis was conducted using the software 
package SPSS version 20.0. Differences between mean values of soil 
physicochemical properties and plant-associated parameters were 
assessed via a two-way analysis of variance (ANOVA) followed by post 
hoc comparisons using the least significant difference (LSD) test (Yang 
et al., 2022). Significance was assessed at the 95% confidence interval 
(p < 0.05). Microbial composition and diversity results were analyzed in 
the RStudio (Version 2023.06.1). The alpha diversity was quantified by 
the Shannon, Chao1, and Simpson indices using the relative abundance 
profiles at the species level with the R package “vegan” (Oksanen et al., 
2019). The beta diversity was presented with principal coordinate 
analysis (PCoA) based on the Bray-Curtis distance. The permutational 
multivariate analysis of variance, function adonis, transformed data by 
Bray-Curtis, permutation = 999 (PERMANOVA) was used to analyze 
the differences in the microbial community profiles with the “vegan” 
package (Zhang et al., 2023). Mantel test was performed using the 
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“vegan” package in R to determine correlations between plant–soil 
factors and rhizosphere microbial communities. Spearman’s correlation 
analysis of dominant bacterial genera and biological pathways in the 
rhizosphere was performed using the “psych” package in R (Zhang 
et  al., 2023). Random Forest analysis was used to disentangle the 
potential main predictors of Fusarium pathogen, harvest index, and 
active compound contents (Ding et al., 2022).

3 Results

3.1 Plant photosynthesis performance, 
shoot, and root development

The photosynthesis performance of P. heterophylla was significantly 
affected by eCO2 treatment and eCO2 coupled with BS treatment. With 
the elevation of CO2, the stomatal conductance (gs) showed a 
pronounced increase in treatments at eCO2 conditions, especially at 
105 and 120 days (Figure 1A). The gs describes the rate of gas exchange 
(e.g., CO2 uptake) and functions as the measure of stomatal opening 
in response to environmental conditions. Greater gs indicates the 
photosynthesis rate is higher. Although inoculating PGPR also 
increased the gs than control treatments, the differences were not 
significant. Higher gs values were observed in the eBS treatments from 
75 days to 120 days. Soil plant analysis development (SPAD) measures 

leaf chlorophyll concentrations and larger values indicating higher leaf 
photochemical efficiency. The eCK and eBS treatments at 120 days 
exhibited larger SPAD values than aCK (Figure 1B). Shoot development 
including leaf area, leaf number, and shoot height was increased by 
PGPR and/or eCO2 (Figure 1C; Supplementary Figure S3). The leaf 
area showed a remarkable increase from 60 to 75 days of plant 
development. It increased by 20–25% at 120 days in eCK, eBS, and ePF 
treatments, thereby surpassing other treatments during this period 
(Figure  1C). PGPR coupled with eCO2 enhanced the shoot 
development, with higher shoot height and larger ratio of shoot dry 
weight to height (W/Hshoot) were observed at 75 and 105 days 
(Figure 1D). Compared to aCK, W/Hshoot increased by 70 and 26% at 
eCK (p < 0.05) and eBS, respectively. The root development, especially 
the specific root length (SRL), was improved under eCO2 (Figure 1E).

3.2 Plant productivity and disease 
incidence

The productivity of P. heterophylla was described by yield (tuber 
biomass and harvest index) and tuber quality (the contents of the 
active ingredients) (Figure  2). Compared to aCK, the tuber dry 
biomass significantly increased by 7, 36, and 38% in aBS, eCK, and 
ePF, respectively. Additionally, the harvest index showed 
enhancements ranging from 5 to 24% in PGPR and eCO2-treated 

FIGURE 1

Growth traits for P. heterophylla individuals cultivated with inoculation of PGPR (B. subtilis and P. fluorescens) under different atmospheric CO2 levels 
(ambien: 400  ppm, elevated: 1000  ppm) at 60, 75, 90, 105, and 120  days of development. (A) Stomatal conductance. (B) Soil plant analysis development 
(SPAD). (C) Leaf area. (D) Ratio of shoot dry weight to height. (E) Specific root length. Bars represent the mean with standard deviation (n  =  12–19). 
Different letters on the top of each bar indicate the significance of differences among treatments (p  <  0.05).
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groups. The ePF had plants with the largest tuber dry biomass at 
213 mg/plant, as well as the highest harvest index at 0.77 
(Figures 2A,B). Taken together, the results showed that the yield of 
P. heterophylla was enhanced the most in the ePF treatment.

Compared to aCK, the proportions of polysaccharides were 
significantly increased from 2.65 to 9.35%, with a 253% increase 
(Figure 2D). The highest polysaccharide content was found in ePF, at 9.3% 
(g/g), which is over 5 times higher than the content found in tubers grown 
in Anhui Province (1.62%, g/g) (Deng et al., 2018). The percentages of 
saponins were significantly increased by 60, 46, 51, and 19% in aBS, aPF, 
eCK, and ePF, respectively, compared to aCK (Figure  2E). The aBS 
showed the highest saponins content of 3.1% (g/g), which is nearly 7 times 
higher than the content found in tubers grown in Fujian Province (Ma 
et  al., 2018). As for the heterophyllin B, applying PGPR and eCO2 
decreases its percentages by 46–64% relative to aCK (Figure 2F). Overall, 
the polysaccharides and saponins proportions were positively increased 
with PGPR and eCO2, while heterophyllin B proportion in tubers was 
negatively decreased.

Inoculating with PGPR and/or elevation of CO2 reduced tuber 
disease incidence by 46.7 to 73.3% compared to the control group 
(Figure 2C). Although the PGPR or eCO2 resulted in a lower tuber 
disease incidence than aCK, the difference was not significant. The 
most significant decrease in tuber disease incidence was found in the 
ePF treatment with a significant 73.3% reduction (p  < 0.05). The 

relative abundance of F. oxysporum in the rhizosphere showed similar 
trends as the disease incidence (Figure 3).

3.3 Structure and composition of the 
indigenous microbial community

PCoA results of the beta diversity showed that the untreated 
group, i.e., aCK, was clearly separated from other treatments 
(Figure 3A), suggesting PGPR and eCO2 influenced the indigenous 
bacterial community, but the fungal community change was less 
evident (Figure 3B). Similar to the Chao 1 index, the elevation of CO2 
only increased the alpha diversity of bacterial community 
(Supplementary Table S2). The fungus Fusarium associated with wilt 
disease showed a marginal decrease in density in response to PGPR 
and eCO2 application. As depicted in Figure 3C, compared with aCK, 
the relative abundance of F. oxysporum significantly decreased by 57, 
57, and 45% in aBS, aPF, and eCK, respectively. Moreover, its 
abundance was further decreased in eBS and ePF, with a 78 and 72% 
reduction being observed instead, relative to aCK.

Within the composition of bacterial communities, at the phylum 
level (Figure 3D), Proteobacteria and Actinobacteria were the most 
dominant across all treatments. Compared to aCK, the application of 
PGPR and eCO2 significantly increased the relative abundance of 

FIGURE 2

Tuber yield, quality, and disease incidence of P. heterophylla with different treatments. (A) Tuber dry biomass. (B) Harvest index. (C) Tuber disease 
incidence. (D) Proportion of polysaccharides in tubers. (E) Proportion of saponins in tubers. (F) Proportion of heterophyllin B in tubers. Bars represent 
the mean with standard deviation (n  =  12–19). Different letters on the top of each bar indicate the significance of differences among treatments 
(p  <  0.05).
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Actinobacteria by 18–40%, except for the aPF treatment. The dominant 
bacterial genera were also altered by applying PGPR and eCO2 
(Figure  3E). The relative abundances of Bradyrhizobium, 
Rhodanobacter, and Mesorhizobium were significantly higher in the 
PGPR coupling with eCO2 treatments. The relative abundances of 
Lysobacter and Stenotrophomonas were significantly lower in the 
PGPR coupling with eCO2 treatments.

3.4 Changes in metabolites biosynthesis 
biological pathways in indigenous 
microbiome

KEGG biological pathway analysis revealed major transcriptional 
alterations in different pathways (Figure 4). Spearman correlation 

analysis showed that soil microbial components were correlated to 
biological pathways prominence in the rhizosphere (Figure  4A; 
Supplementary Figure S6). The fungus Fusarium and dominant 
bacterial genera were significantly related to antibiotics biosynthesis 
pathways and secondary metabolisms pathways (p < 0.01). The 
application of PGPR and eCO2 upregulated the pathways associated 
with antibiotic biosynthesis, including tetracycline, clavulanic acid, 
macrolides, and various alkaloids. The normalized abundance of 
genes in the tetracycline biosynthesis and biosynthesis of various 
alkaloids were significantly increased by 17–36% in eBS and ePF, 
compared to aCK (Figure 4B). In contrast to antibiotic biosynthesis, 
the plant-pathogen interaction and biosynthesis of various other 
secondary metabolite pathways were downregulated, suggesting 
relieved pathogen stress and decreased production of 
some phytohormones.

FIGURE 3

The structure and composition of soil microbiome. PCoA was used to visualize the dissimilarity of (A) bacterial and (B) fungal compositions. (C) Relative 
abundance of fungus Fusarium. Relative abundance of bacterial communities at the (D) genus level and (E) phylum level. The asterisks in the boxes of 
the heatmaps (C,E) indicate the significance of differences among treatments (p  <  0.05).
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3.5 Relationship between plant and 
indigenous microbiome

The Mantel test results showed the relationships in the plant–soil 
network. Plant characteristics were connected to soil microbial 
components and soil physicochemical properties (Figure  5A). The 
abundance of Fusarium pathogen was negatively related to the harvest 
index and root development. The abundance of inoculated PGPR was 
positively related to rhizosphere IAA. Pearson’s correlation analyses 
showed that rhizosphere IAA was a crucial factor affecting root 
development, harvest index and the proportions of active compounds. 
Total organic carbon was positively related to root biomass, tuber 
biomass, and the content of polysaccharides. Additionally, soil 
bioavailable phosphorus was also related to root growth.

The Random Forest model results showed that rhizosphere 
microbial components were important predictors for the Fusarium 
pathogen presence, tuber harvest index, and active compound 
contents (Figure  5B). Two types of PGPR and thirteen recruited 
bacteria genera as the main microbial predictors of the Fusarium 
pathogen abundance in the rhizosphere. Among nine bacteria genera 
selected for predicting harvest index, Bacillus was the most significant 
indicator. Regarding the active compound contents, Fusarium and 
eleven bacteria genera were identified as potential microbial 
 predictors.

Pearson correlation analysis revealed that the tuber yield was 
positively related to root length in all treatments except for aBS and 

eBS (Supplementary Figure S7). Instead, strong positive correlations 
among the photosynthetic parameters and tuber yield were found in 
aBS and eBS treatments. In aCK treatments, tuber quality was 
positively correlated to the leaf area, W/Hshoot, and root development. 
A positive relation was found between the content of polysaccharides 
and root development in treatments at aCO2 conditions. While 
polysaccharides contents showed a positive correlation with leaf area 
in eBS and ePF treatments.

4 Discussion

4.1 Coupled effects of PGPR and eCO2 on 
plant growth and productivity

To quantify the coupled effects of two environmental 
manipulations (PGPR and eCO2) on plant growth and productivity, 
we  used the independent action concept by calculating the 
combination index (CI) (Table 2). Empirical thresholds of the CI < 0.9, 
0.9 ≤ CI ≤ 1.1, and CI > 1.1 are set to indicate synergistic effects 
(synergism), additive effects, and antagonistic effects (antagonism), 
respectively (Chou, 2006; Lasch et al., 2020). Applying PGPR and 
eCO2 together showed an additive effect (CI: 0.98) in the increased 
tuber yield (dry biomass and harvest index) (Table 2), with the dry 
biomass of tubers in this study approximately 1.5 times higher than 
that of a previous study (Ng et al., 2022a). This can be attributed to the 

FIGURE 4

(A) Spearman correlation between soil microbes and biological pathways. (B) KEGG analysis of the normalized abundance of genes in response to 
PGPR and eCO2. P2: Biosynthesis of various alkaloids. P4: Biosynthesis of various other secondary metabolites. P6: Plant-pathogen interaction. P7: 
Tetracycline biosynthesis. Bars in (B) represent the mean with standard deviation (n  =  3). Different letters on the top of each bar indicate the 
significance of differences among treatments (p  <  0.05).
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promoted root development in ePF, as a strong positive correlation 
was found between tuber yield and root development (Figure  5; 
Supplementary Figure S7). The ratio of root length to dry weight 
(specific root length, SRL) provides a ratio of a standard unit of 
acquisition (root length) to resource investment (biomass) (Kramer-
Walter et al., 2016; Poorter and Ryser, 2015). It characterizes economic 
aspects of the root system and is indicative of environmental changes, 
such as elevated CO2 concentrations (Ostonen et  al., 2007). In 
Figure 1E, the results showed the SRL of P. heterophylla increased 
slightly under eCO2, suggesting enhanced nutrient uptake. This 
observation was different from Ostonen et al. (2017) reported that 

there was a decrease in the SRL of trees. The reason may be that root 
development varies from species to species, and it relies on growth 
conditions, root order, and root locations (Crookshanks et al., 1998). 
Moreover, PGPR inoculation significantly increased IAA in the 
rhizosphere, which was significantly correlated with average root 
length (p < 0.01) (Supplementary Figure S4). IAA induces vascular 
differentiation in the root system and enhances root development, 
contributing to nutrient and water uptake for plant vigor (Tarnawski 
et al., 2006). This finding was consistent with the results of another 
bacteria strain, P. stutzeri XL272, which stimulated cucumber growth 
through IAA production (Sun et  al., 2022). The harvest index 

FIGURE 5

(A) Mantel test of the relationship between plant characteristics, rhizosphere microbial community components, and soil properties. The asterisks in 
the box *, **, and *** represent significant differences at the 0.05, 0.01, and 0.001 levels, respectively. (B) Random Forest analysis of predictors 
importance [percentage of increase in mean square error (MSE)] of rhizosphere microbes as drivers for the Fusarium pathogen, harvest index, and 
active compound contents in the tubers of P. heterophylla. Higher MSE% values imply more important predictors.

TABLE 2 Summary of combination index of coupled effects of PGPR and eCO2.

Combination index

B. subtilis  +  eCO2 P. fluorescens  +  eCO2

Tuber morphology Maximum width 1.24 (ant.) 1.05 (add.)

Length 1.43 (ant.) 1.65 (ant.)

Yield Tuber dry biomass 1.55 (ant.) 0.98 (add.)

Harvest index 1.24 (ant.) 0.94 (add.)

Active compound contents Polysaccharides 1.33 (ant.) 0.81 (syn.)

Saponins 1.44 (ant.) 1.34 (ant.)

Heterophyllin B 1.34 (ant.) 2.04 (ant.)

eCO2, elevated CO2 condition (1,000 ppm); CI, combination index. CI < 0.9, 0.9 ≤ CI ≤ 1.1, and CI > 1.1 were set to indicate synergistic effects (syn.), additive effects (add.), and antagonistic 
effects (ant.), respectively (Chou, 2006).
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illustrates biomass allocation. A higher harvest index in aBS and ePF 
indicated more efficient resource allocation to the economically 
valuable part (tuber), potentially increasing profitability. The 
increased harvest index can be attributed to the improvement in shoot 
and root development with the application of PGPR and/or eCO2. 
Higher allocation of resources to root biomass may result in reduced 
resource allocation to above-ground shoots (Poorter and Ryser, 2015). 
Changes in the ratio of shoot dry weight to height (W/Hshoot) describe 
the response of plant morphology under different growth conditions. 
For example, P. heterophylla showed a larger W/Hshoot under higher 
CO2 conditions (Figure 1D), suggesting elevated CO2 improved plants 
lateral growth more than vertical growth (Wu et al., 2004).

The content of active compounds in medicinal crops is crucial for 
their curative properties (Wei et al., 2020). However, little attention has 
been given to understanding how these qualities are affected by growth 
conditions and microorganisms. This study revealed that the 
proportion of three active compounds: polysaccharides, saponins, and 
heterophyllin B, were significantly influenced (Table 2). The synergistic 
promotion (CI: 0.81) of polysaccharides content in ePF was significant. 
The promotion may be due to the increased leaf area (Figure 1C), 
leading to higher photosynthesis and more carbohydrate accumulation 
in tubers (Burlak et al., 2013). Additionally, root dry weight and average 
root length showed increases in PGPR and eCO2-treated groups 
(Supplementary Figure S3), which may enhance transpiration and 
partially mitigate the negative effects of eCO2. The transpiration process 
drives increased carbohydrate transport to the tuber (Sun et al., 2022).

In contrast to polysaccharides, an antagonistic effect (CI: 1.1) of 
PGPR coupling with eCO2 on the increased saponins and heterophyllin 
B over aCK was found. Their contents were negatively correlated with 
total nitrogen and total organic carbon in the soil and were affected by 
microbial components. This observation was in agreement with a 
previous study conducted by Xu et  al. (2024) that identified the 
significant role of microbial communities in regulating soil nutrients. 
Developing a denser network of root hairs and lateral roots in eBS and 
ePF (Section 3.1) helped improve nutrient absorption ability. However, 
the higher uptake of microelements, such as Cu and Mn, negatively 
affected saponin biosynthesis (Wei et  al., 2020; Ng et  al., 2022a). 
Heterophyllin B is a cyclic octapeptide whose formation needs nitrogen-
contained precursors. The downregulation of the biological pathways, 
like the biosynthesis of amino acids and various secondary metabolites, 
may influence its formation (Zheng et al., 2019; Ruan et al., 2023).

Tuberization is a complex process involving interaction between 
various genetic, biochemical, and environmental factors (Singh et al., 
2015). Plants without tuber formation may be  due to the varied 
temperatures during growth, which is one of the most significant 
factors that affect tuber formation. Besides, the condition factors, such 
as photoperiod, light (intensity and quality), mineral nutrition, water 
availability and pathogens can influence tuberization (Abelenda et al., 
2014). In addition, at the beginning of the cultivation, some of the 
seed tubers failed to germinate, which may lead to an increased death 
rate. Moreover, the survival rate of plants excluding disease ranged 
from 58 to 75% (Supplementary Figure S9), which probably implied 
that a high rate of plants died because of disease. Additionally, PGPR 
inoculants significantly increased the maximum width of tubers under 
aCO2 conditions (p < 0.05) (Supplementary Table S1), suggesting the 
tuber shape changed from elongated to ellipsoid. This may be due to 
the changes in the ATP/ADP translocator, which is the only protein 
dominant in the tuber morphology (Fernie and Willmitzer, 2001).

4.2 Suppression of fusarium pathogen by 
biocontrol bacteria in the rhizosphere

In this study, aCK had the highest abundance of the pathogen 
fungus Fusarium, which has a strong predictive importance for wilt 
incidence and crop quality (the content of nutrients and active 
ingredients) reduction (Guo et al., 2022; Tao et al., 2023). As a result, 
the tubers in aCK show wilting and dry brown rot, and its 
polysaccharides and saponins contents were lower than tubers of 
other treatments (Supplementary Figure S5). However, after applying 
PGPR and eCO2, the Fusarium density, in particular F. oxysporum, 
significantly decreased. It has been demonstrated that reductions of 
Fusarium indicated a relieved pathogen threat to plants, leading to 
a decrease in wilt disease incidence (Deng et al., 2022). The decrease 
in disease incidences and pathogen densities is associated with the 
PGPR inoculation and elevation of CO2. The disease-suppressive 
function of PGPR and eCO2 is related to interactions between 
pathogenic fungus F. oxysporum and bacteria. Previous studies 
showed that the abundance of dominant bacteria families potentially 
contributed to the pathogen abundance in the rhizosphere of tomato 
plants (Deng et  al., 2022). Our results enforce the suppression 
potential of the bacterial communities recruited in soils. They also 
complement previous findings indicating that bacterial functions 
related to metabolite biosynthesis pathways can effectively increase 
plant health and quality by reducing pathogenic fungi in various 
plant-pathogen systems (Guo et al., 2024; Wei et al., 2015). This 
suppressed growth of Fusarium is in line with research that showed 
the inhibitory effects of probiotic agents on F. oxysporum growth in 
other herbal plants, e.g., American ginseng (Boulahouat et al., 2023; 
Dukare et al., 2021; Liu et al., 2020) and tomato plants (Guo et al., 
2024). Different from previous research, the decrease in Fusarium 
density was higher under eCO2 conditions. Previous studies revealed 
the possible mechanism of PGPR against disease pathogens was 
reshaping the indigenous microbiome composition and function 
(Deng et al., 2022; Wu et al., 2021). Specifically, the beneficial strains, 
mostly Pseudomonas poae, were recruited into the rhizosphere of 
P. heterophylla to resist Fusarium wilt (Yuan et al., 2022). However, 
our study found no significant variance in the relative abundance of 
Pseudomonas poae among all treatments (Supplementary Figure S9). 
It is instead identified that the relative abundance of the dominant 
phylum Actinobacteria and the genera, e.g., Rhodanobacter, 
Bradyrhizobium, and Mesorhizobium, is increased in response to 
PGPR and eCO2 treatments (Figure 3). As reported by Huo et al. 
(2018) and Palaniyandi et  al. (2013), Actinobacteria and 
Rhodanobacter are prolific antibiotic producers in soil and can 
produce functioning metabolites, like antibiotics, to suppress 
pathogen growth. As such, it can be said that applying PGPR at eCO2 
recruits indigenous biocontrol bacteria, which can contribute to the 
suppression of Fusarium pathogens.

4.3 Regulation of metabolites biosynthesis 
biological pathway to reshape microbial 
community

The role of PGPR coupling with eCO2 in rhizosphere microbial 
communities has been investigated using microbial analysis (Yu 
et al., 2016). To further examine the biocontrol mechanisms at the 
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molecular level, this study takes advantage of metagenomic analyses 
to characterize the transcriptional outcomes of microbe interactions 
in the soil. It was found that distinct gene expression profiles were 
present in the PGPR and eCO2 treatments compared to the control. 
The biological pathways related to functioning metabolite 
biosynthesis significantly correlated with the abundance of 
Fusarium and indigenous dominant bacterial genera (Figure 4). 
This agrees with studies conducted by Sun et al. (2022) and Deng 
et al. (2022), which concluded that metabolic interactions play a 
significant role in reshaping the rhizosphere microbiome. With 
KEGG analysis, previous studies identified microbial agents against 
Fusarium disease in watermelons and tomatoes by manipulating 
metabolic pathways related to the synthesis of lignin, acid, and 
antibiotics (Cai et al., 2021; Zhang et al., 2022). Consistently, this 
study found that four typical pathways of antibiotic biosynthesis 
(tetracycline, alkaloids, macrolides, and clavulanic acid) were 
upregulated, two of which were significant, namely tetracycline and 
alkaloids. Rhizobacteria Actinobacteria has evolved an excellent 
ability to produce tetracycline, and Pseudomonas can produce 
alkaloids, which has been demonstrated by previous research 
(Klapper et al., 2016; Lozano et al., 2019; van der Heul et al., 2018). 
Applying PGPR coupled with eCO2 significantly increased the 
abundance of Actinobacteria and Pseudomonas, strengthening our 
findings that PGPR coupled with eCO2 contributes to the 
biosynthesis of antibiotics by recruiting biocontrol bacteria. Thus, 
Fusarium pathogen growth can be  suppressed by the above 
biocontrol bacteria via upregulating antibiotic biosynthesis in the 
PGPR and eCO2 treatments. This was further demonstrated by the 
decreased abundance of Fusarium in Figure 3. Akbar et al. (2022) 
reported that the plant-pathogen interaction is a significant player 
in mediating the plant immune response against invading 
pathogens. The relieved pathogen stress led to a downregulated 
plant-pathogen interaction, suggesting a decreased pathogen 
infection in plants following the application of PGPR coupled with 
eCO2. By creating a favorable and healthy rhizosphere, the growth 
and productivity of P. heterophylla, including yield and quality, in 
PGPR and eCO2-treated groups were enhanced more effectively.

The structure and composition of rhizosphere microbial 
communities are crucial for plant growth and health (Wei et al., 2019). 
The individual effects of PGPR or eCO2 on microbial communities 
have already been well-studied (Gray and Smith, 2005; Kohler et al., 
2009; Šibanc et  al., 2014; Yilmaz and Karik, 2022). However, the 
response patterns of microbial communities to interactions between 
different manipulations (e.g., CO2 elevation and PGPR inoculation) 
remain largely unknown. P. fluorescens coupled with eCO2 slightly 
decreased the alpha index, reducing species richness and evenness 
(Supplementary Table S2). These changes were not observed when 
PGPR or eCO2 treatments were administered separately, in which 
bacterial diversity was either unaffected or increased (Berg et al., 2020; 
Finkel et al., 2020; Jia et al., 2023). This might be due to plants in soil 
inoculated with PGPR at eCO2 favoring certain bacterial species over 
others, as observed in Figure 3. This favor was also found in other 
plant species, such as barley (Zytynska et al., 2020), Leymus chinensis 
(Li et al., 2022), and Brassica napus (Mamet et al., 2022). Bacteria that 
best contributed to plant growth in the rhizosphere were greatly 
favored in this environment and, as such, were grown in greater 
abundances, leading to lower bacterial diversity. To bridge links 

between plant physiology and microbial activities under eCO2, 
molecular signaling evaluations, including the role of osmolytes and 
reactive oxygen species, should also be explored. Additionally, further 
study should incorporate data on plant physiological parameters that 
would provide valuable insights into the mechanisms of plant-
microbe interactions.

5 Conclusion

In summary, this study evaluated the coupled effects of different 
environmental manipulations on plant growth and productivity as 
well as the rhizosphere microbiome within a medicinal plant 
cultivation system. We  provided evidence that increased root 
development and indigenous beneficial bacteria were associated with 
plant productivity (yield and active ingredient accumulation) in 
response to PGPR under eCO2. Specifically, the recruitment of 
biocontrol bacteria probably is effective in inhibiting the growth of the 
pathogenic fungus Fusarium. The increase in these probiotics was 
accompanied by the upregulation of biological pathways related to the 
biosynthesis of secondary metabolites, which may contribute to the 
suppression of Fusarium. These findings highlighted the importance 
of PGPR under eCO2 in improving active ingredient accumulation in 
medicinal plants. The balanced interaction between rhizosphere 
probiotics and Fusarium pathogen could be  facilitated by the 
combined environmental manipulations, demonstrating the potential 
for sustainable agriculture practices. However, further studies on in 
vitro investigations of Fusarium and field applications with long-term 
cultivation are still needed.
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