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Metabolomic approach reveals sl

the mechanism of synthetic communities
to promote high quality and high yield
of medicinal plants—danshen (Salvia
miltiorrhiza Bge.)
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Abstract

Background Salvia miltiorrhiza Bunge, a significant and widely used medicinal herb, is also recognized in the US
Pharmacopoeia as a dietary supplement. However, the decline in yield and quality limits its further development
as a traditional herbal medicine. Therefore, a deeper understanding of how synthetic communities (SynCom) affect
the quality and yield of S. miltiorrhiza and the underlying mechanisms is necessary.

Results In this study, we selected S. miltiorrhiza as the research subject and designed two synthetic communities
(SynCom 1 and SynCom 2) using five endophytic fungi without significantly growth-promoting effect. We con-
ducted both greenhouse and field experiments to investigate their impact on the yield and quality of the herbal
plants. Greenhouse experiments confirmed that SynCom 1 significantly increased the biomass of S. miltiorrhiza,
whereas SynCom 2 had the opposite effect. Field experiments further demonstrated that the application of SynCom
1 promoted photosynthesis and enhanced carbon and nitrogen metabolism, steady and markedly promoted plant
growth, and thus increased S. miltiorrhiza yield compared to the uninoculated. In contrast, SynCom 2 inhibited yield
but increased the content of the main active components. Un-targeted metabolomics analysis showed that SynCom
1 mainly promoted tricarboxylic acid cycle and nitrogen assimilation process to increase yield, and SynCom 2 mainly
increase substrate content in the salvianolic acid and tanshinone synthesis pathways to improve quality.

Conclusion These beneficial qualities exhibited by SynComs composed of fungi without apparent growth-promot-
ing abilities represent an untapped resource that can be leveraged to enhance crop productivity. This opens up new
research avenues for precision manipulation of plant microbiomes.
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Highlights

1 The Synthetic communities with non-growth promoting fungi promote the growth and quality of Salvia miltior-
rhiza Bge.

2 SynCom 1 promoted tricarboxylic acid cycle and nitrogen assimilation process to increase yield.

3 SynCom 2 increase substrate content in the salvianolic acid and tanshinone synthesis pathways to improve qual-
ity.

4 The SynComs possess the potential to be applied to field planting and promote medicine food homology plant
development as well.

5 The addition of distant species changes the interaction pattern among closely related species.

Keywords SynComs, Quality, Microbiomes, Medicinal plants, Salvia miltiorrhiza Bge
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Introduction

Medicinal plants are widely used in the prevention of
diseases [17]; however, the decrease in medicinal ingre-
dients and vyield greatly restrict their application [36].
Previous studies have characterized that a single micro-
organism positively impacts the yield and quality of
herbal medicine [15, 34]. Endophytic fungi play a growth-
promoting role by producing plant hormones, strength-
ening photosynthetic capacity, and enhancing carbon
and nitrogen metabolism [7, 9, 10, 18]. Meanwhile, fungi
can also impact herbal medicine quality by affecting the
biosynthesis and accrual of secondary metabolites. How-
ever, there is now general consensus that utilizing a single
strain to improve growth and development is often lim-
ited and unstable [4].

Under natural conditions, the interactions between
microbial communities and plants are complex, compli-
cating the elucidation of the functions and mechanisms
underlying the reciprocal relationships between specific
strains and herbal medicines. This complexity also hin-
ders the practical application of microbial communities
in production settings. Therefore, designing synthetic

communities (SynComs) is essential to simplify the study
of these intricate interactions [27]. Recently, the develop-
ment and construction of SynComs has provided func-
tional and mechanistic insights into the magnitude of
plant-related microbial communities for plant growth
and development. Accordingly, it is a feasible method to
increase plant yield and active component content using
SynComs. Unlike conventional crop cultivation, which
typically prioritizes yield, the quality of herbal medicines
is a critical factor that cannot be overlooked. Therefore,
optimizing SynComs to enhance both quality and yield
consistently is crucial. Currently, the construction of
SynComs predominantly relies on selecting microorgan-
isms with potential growth-promoting functions [11, 28].
However, there is limited knowledge on whether Syn-
Coms constructed from endophytic fungi, which lack
obvious growth-promoting functions, can positively
impact medicinal plants.

Current research on the functions of SynComs is pri-
marily conducted under controlled conditions, which
do not always translate directly to practical benefits in
the field. There is limited information on whether the



Jia et al. Chem. Biol. Technol. Agric. (2024) 11:120

Page 3 of 14

single strain .
Fungi ‘ Fresh weight
Enzyme
SynCom 1 Greenhouse
Greenhouse (four strains) Qd” 30 days
Ll
Isolated from the roots of
S It hi SynCom 2 .
. miltiorrniza (five strains) ‘;) / Fresh weight
‘—) SynCom 1 q;. . Fresh weight
. (four strains) Enzyme
Field - Filed Y
180 days
. ] ) SynCom 2 Fresh/Dry weight
Sterile seedling cultivated (five strains) UPLC
by explants UHPLC-Q-Orbitrap HRMS
SynCom1 SynCom 2 CK

Family Ophiocordycipitaceae

SM3 Purpureocillium lilacinum

Family Trichocomaceae

SMS5 Aspergillus fumigatus

— SM4 Penicillium janthinellum

SM1 Penicillium javanicum
SM2 Penicillium javanicum

Fig. 1 The experimental process and design of endophytic fungi inoculation treatment. CK is the control group with no fungi. A The experimental
process. Single strain means any one of the five strains of fungus. B Design of endophytic fungi inoculation treatment

comprehensive effects of SynComs on herbal medicine
can achieve the expected stabilizing outcomes under
complex field environments. Therefore, investigating the
effectiveness of SynComs on the yield and active compo-
nents of herbal medicine in field environments is of great
significance for the cultivation and production of medici-
nal plants.

Salvia miltiorrhiza Bunge is one of the most impor-
tant traditional Chinese herbs in China. In addition, S.
miltiorrhiza. is supplied as tea, beverages, soup, and die-
tary supplements. Tanshinones (such as tanshinone IIA
(T-IIA), dihydrotanshinone (DT), and miltrione (MT))
and salvianolic acid (such as rosmarinic acid (RA), sal-
vianolic acid B (SAB), and salvianolic acid A (SAA)) are
specialized and active metabolites in the root and rhi-
zome of S. miltiorrhiza. However, the yield and quality
of S. miltiorrhiza decreased due to years of cultivation [3,

35]. Research has indicated that utilizing a single strain
can enhance the production of tanshinones or salvia-
nolic acids [1, 20, 22]. However, there are limited reports
on the impact of synthetic communities on the levels of
active ingredients in S. miiltiorrhiza. For this study, S.
miltiorrhiza. was selected as the experimental subject.
Initially, we investigated the effects of five endophytic
fungi on the primary metabolism of tissue culture seed-
lings. Five endophytic fungi that did not exhibit signifi-
cant growth-promoting effects were subsequently used
to construct two different synthetic communities (Syn-
Coms). Both greenhouse and field experiments were
conducted to examine the effects of these SynComs on
enzyme activities, biomass, and the content of the main
active components of S. miltiorrhiza. Finally, untargeted
metabolomics was employed to analyze the regulatory
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Fig. 2 Effects of endophytic fungi inoculation on the biomass of S. miltiorrhiza. A The growth of greenhouse seedlings. B AW and UW biomass. *p
value <0.05, **p value <0.01, ***p value < 0.001. AW the fresh weight of the shoot, UW the fresh weight of the root

mechanisms of different SynComs on the yield and qual-
ity of S. miltiorrhiza.

Our study demonstrated that constructing SynComs
with strains that do not significantly promote growth can
substantially enhance plant quality and yield. This sug-
gests that the growth-promoting effect of a strain should
not be the sole criterion in SynCom design. Our find-
ings provide a basis for the expanded application of non-
growth-promoting microorganisms. These SynComs
represent promising resources for advancing microbial
biotechnologies to improve product performance in sus-
tainable agriculture.

Materials and methods

Plant materials

Young leaves of S. miltiorrhiza. were used as explants to
produce in vitro seedlings through callus induction and
subsequent clumped buds. The seedlings were cultured
under controlled conditions with a day temperature of
25 °C, a night temperature of 20 °C, and a light intensity
of 6000 Ix with a 12-h light/dark cycle. To minimize the
influence of soil microorganisms and to facilitate nutri-
ent control, bayite rock from Ximeishan Village, Zhongji-
ang County, Deyang City, Sichuan Province (E: 104.54",
N: 30.94°) was selected as the culture medium. The rock,
with a particle size of 1-5 mm, was sterilized by dry heat

at 180 °C for 4 h and used at a weight of 200 g per culture
flask, supplemented with 50 ml of %4 MS medium.

Fungal materials

The five strains in the experiment were isolated from S.
miltiorrhiza. It has been demonstrated that these strains
are non-lethal to test-tube seedlings and have been iden-
tified as belonging to four distinct species. (Fig. 1).

Experiment 1: greenhouse experiment

The spore suspension with the same concentration
(107 CFU-mL"™%, 5 mL/plant) was administered by the soil
impregnation method, and the inoculation was repeated
three times every 2 days. After inoculating spore suspen-
sion for 7 days, the seedlings roots of S. miltiorrhiza were
collected, the DNA was extracted, and then ITS sequenc-
ing was performed (Tingke, Sichuan), the PCR amplifi-
cation primers were ITS1 and ITS4 universal primers. It
was confirmed that endophytic fungi had been success-
fully colonized (TBtools-Blast Zone, v1.09876).

After 30 days of co-culture, aboveground (AW) and
underground (UW) fresh weights were measured. The
activities of SPS (sucrose phosphate synthase), CAT
(catalase), SS (sucrose synthase)) GOGAT (glutamate
synthase), SOD (superoxide dismutase), GS (glutamine
synthetase), PAL (phenylalanine ammonialyase), NR
(nitrate reductase) and the contents of Ss (soluble sugar),
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St (starch), SP (soluble protein), and MDA (malondialde-
hyde) in leaves were determined. All plant tissue enzyme
activity or content were in accordance with content
determination kit instructions steps (Keming, Suzhou).
One seedling per bottle and ten replicates per treatment

group.

Experiment 2: field experiment

Harvesting, plant biomass, and photosynthetic param-
eter confirmed the colonization and transplanted to
Ximeishan Village (E: 104.54°, N: 30.94°). Each treatment
group was treated ten times and harvested 27 weeks later.
The fresh weight of the AW (aboveground), UW (root),
and DW (root dry weight) was determined. Underground
parts were dry-blanching at 105 °C for 30 min, dry at
60 °C to constant weight and measured the dry weight
of the sample (DW), and stored for HPLC analysis. The
Pn (net photosynthetic rate) of fully spread mature leaves
was measured by Li6400 photosynthetic apparatus (Li-
COR, Lincoln, NE, USA) from 10:00 to 12:00 on a sunny
morning in June and November, the location was in the
middle of the leaf and away from the main vein.

Enzyme activities The activities of SS, SPS, SOD, perox-
idase (POD), CAT, PAL, GOGAT, GS, NR, nitrite reduc-
tase (NiR), glucose dehydrogenase (GDH), glutaminase
(GLS), and the contents of Ss, St, S, MDA, and proline
(PRO) in leaves were determined in June, July, August,
September, and November. All plant tissue enzyme activ-
ity or content was in accordance with content determina-
tion kit instructions steps (Keming, Suzhou).

Bioactive compounds The active component contents
of dry root were determined by UPLC (due to the lim-
ited sample size, metabolites were measured only for field
experiment and not for greenhouse experiment), includ-
ing CA (caffeic acid), RA, PCA (protocatechuic aldehyde),
MT, CT (cryptotanshinone), DT, DSS (danshensu), SAA,
T-1 (tanshinone I), T- IIB (tanshinone IIB), SAB, T-IIA.
The standards for SAB, CA, CT, DSS, DT, MT, PCA, RA,
SAA, T- I, T- IIB and T- IIA were purchased from the
Chengdu Alfa Biotechnology Co.,Ltd (Chengdu, China).
The standards and samples were prepared according to
the guidelines outlined in the Chinese Pharmacopoeia
(Pharmacopoeia Committee of P. R. China, 2015). UPLC
analysis was conducted using a Thermo Scientific " Ulti-
Mate™ 3000 system (Thermo Fisher Scientific, USA). The
mobile phase consisted of 0.02% aqueous phosphoric
acid (solvent A) and acetonitrile (solvent B), following
this gradient program: 0-2 min, 5%-10% B; 2—6.5 min,
10%-22% B; 6.5—10 min, 22%-28% B; 10-12 min, 28% B;
12—-14 min, 28%-65% B; 14—19 min, 65% B; 19-21 min,
65%-98% B; 21—-25 min, 98% B. The flow rate was 0.4 mL/
min, detection wavelength was 280 nm, and sample injec-
tion volume was 1 pL.
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Un-targeted metabolomics Weighed 0.5 g samples
from each group containing 10 mL of solution to iden-
tify differential metabolites (DAMs) between the blank
and treatment groups. All samples underwent analysis
using UHPLC-Q-Orbitrap HRMS (Thermo Fisher Sci-
entific, USA). Subsequent to UHPLC-Q-Orbitrap HRMS
detection, relative substance contents were determined.
Spectra of secondary fragments were matched against
the mzCloud network database and the local traditional
Chinese medicine ingredient database OTCML for com-
pound identification. Associations were identified using
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. Data processing and statistical analysis were
conducted using MetaboAnalyst. OPLS-DA was per-
formed in MetaboAnalyst. DAMs were selected based on
a p value<0.05 among metabolites with a VIP (variable
importance in projection) > 1.

The co-occurrence network analysis To evaluate the
interactions between metabolites and fungi of S. miltior-
rhiza., network construction was performed after Spear-
man correlation analysis of fungal OTUs and DAMs.
Spearman correlation coefficients r>0.8 (positive corre-
lation) and r < —0.8 (negative correlation) (p value <0.001)
were considered for significant correlations. All relevant
OTUs and differentiated metabolites were visualized in a
network, where the correlations were set as edges, OTUs
and metabolites were set as nodes. The degree of a node
is denoted by its size. Calculated the Spearman’s corre-
lations with R package “corrplot” and visualized with
Gephi (v 0.9.2) (Bastian et al., 2009).

Statistical analysis

All results are presented as the mean of three repli-
cates + SE (standard error). Duncan’s test and ANOVA
(analysis of variance) were used to compare statistical dif-
ferences between treatment groups. All calculations were
done in GraphPad prism 9.0.

Results

Experiment 1: greenhouse experiment

Effects of endophytic fungi inoculation on the biomass of S.
miltiorrhiza

Co-cultured with different strains or SynComs in culture
flasks for 30 days, the growth and biomass changes of
greenhouse seedlings after harvesting are shown in Fig. 2.
As a whole, the seedling growth of S. miltiorrhiza was in
good condition (Fig. 2A). Compared with the CK, SM5
significantly reduced the aboveground part of S. miltio-
rrhiza biomass, SM4 significantly decreased the under-
ground part biomass, and other strains had no significant
impact on biomass. SynCom 1 significantly increased the
aboveground and underground biomass of S. miltiorrhiza
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Fig. 3 Effect of endophytic fungi inoculation on enzyme activity of S. miltiorrhiza. CAT catalase (umol-min~"+g~"-FW), SOD superoxide dismutase
(U-g~"-h-FW), MDA malondialdehyde (umol-g~"-FW), GOGAT glutamate synthase (U-g~'-FW), GS glutamine synthetase (umol-min~"-g~1-FW),

NR nitrate reductase (umol-h~"-g™"-FW), SS sucrose synthase (umol-min~"+g~"sFW), SPS sucrose phosphate synthase (umol-min~'-g™"-FW), St
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value <0.01, ***p value < 0.001
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seedlings by 22% and 56%, respectively. SynCom 2 sig-
nificantly reduced the aboveground and underground
biomass by about 17% and 27%, respectively (Fig. 2B),
indicating that SynCom 1 promoted the growth of S.
miltiorrhiza, while SynCom 2 inhibited the growth.

Effect of endophytic fungi inoculation on enzyme activity
of S. miltiorrhiza
To clarify the effects of strains and SynComs on carbon
and nitrogen metabolism and resistance of S. miltior-
rhiza, we determined the activity of related key enzymes
and the content of products. Among single strains, SM2
and SM4 significantly promoted most of the enzymes,
among which SM2 had the most significant promotion
effect on the activities of GOGAT and GS, and SM4 had
the most significant impact on NR and PAL activities.
SynCom 1 significantly increased the activity of critical
enzymes or the products related to carbon and nitrogen
metabolism, among which the activity of SPS was about
4.0 times that of CK, and the accumulation of starch (St)
was about 2.2 times that of CK. Interestingly, SynCom 2
had more pronounced effects on resistant enzymes and
osmotic substances, where SOD activity increased by
about 15% and SP accumulation increased by about 54%
(Fig. 3). In conclusion, SynCom 1 may enhance biomass
accumulation by promoting the carbon and nitrogen
metabolism of S. miltiorrhiza seedlings under green-
house conditions, while SynCom 2 may cause more
severe stress to S. miltiorrhiza seedlings, thus enabling
the plant to increase the activity of defensive enzymes to
resist stress.

Experiment 2: field experiment

Effects of SynComs inoculation on the biomass of S.
miltiorrhiza

The two SynComs were inoculated and transplanted to
Zhongjiang for 27 weeks. After harvesting, the growth
and yield changes of the field seedlings are shown in
Fig. 4. Compared to the CK, the growth differences under
the SynComs treatments were more pronounced, and the
underground part was larger under SynCom 1 treatment
(Fig. 4B). The results of the field experiment and green-
house experiment were consistent, SynCom 1 signifi-
cantly increased the UW and DW of S. miltiorrhiza by
about 25% and 33%, respectively, SynCom 2 significantly
reduced seedling AW, UW, and DW of S. miltiorrhiza
by 30%, 32%, and 22%, respectively (Fig. 4C). The results
showed that SynCom 1 had favorable stability and could
promote the growth of S. miltiorrhiza in field planting.

Effects of SynComs on photosynthesis and enzyme activities
of S. miltiorrhiza.

Compared with June, Pn in November all decreased
(Fig. 5A). Similar to the greenhouse experiment, SynCom
1 significantly promoted the related indexes of carbon
and nitrogen metabolism; in addition, SynCom 1 antago-
nistic index showed better positive effect than SynCom
2 in field cultivation (Fig. 5B). PAL is a crucial enzyme
in the salvianolic acid secondary metabolic pathway,
SynCom 2 has the highest PAL enzyme activity for five
consecutive months (Fig. 5m), suggesting that SynCom
2 may promote the synthesis of salvianolic acid. These
results suggest that similar to the results of greenhouse
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experiments, increasing photosynthetic rate and foster-
ing nitrogen and carbon metabolism are also the mech-
anisms of SynCom 1 promoting the development of S.
miltiorrhiza in the field.

Effect of SynComs on active components of S. miltiorrhiza
The iconic components for evaluating the quality of S.
miltiorrhiza are mainly salvianolic acid and tanshinone;
thus, enhancing the accumulation of these two main
components has become one of the goals of S. miltior-
rhiza breeding.

SAB content was the highest, PCA content was the low-
est, and SynCom generally increased the content of active
ingredients in S. miltiorrhiza. Except DT, SynCom 1 had
significant effects on the other 11 active ingredients, in

which the contents of PCA, CA, SAA, SAB, and RA were
significantly reduced, and the contents of CT, T-IIA,
T-I, MT and T-IIB were about 1.5, 1.3, 1.6, 1.4, and 1.3
times of those in the CK, respectively. Except for DSS,
SynCom 2 had significant effects on the other 11 active
ingredients. Only PCA and CA contents ere remarkable
reduced, and the content of other components was nota-
bly increased, the content of SAA and SAB was about 2.7
and 1.9 times that of CK, respectively. DT, CT, T-1, T-IIA,
MT, and T-IIB contents were 1.3, 1.6, 1.9, 1.6, 1.5, and
1.6 times those in CK, respectively (Fig. 6). In general,
the endophytic fungi SynComs exerts a stronger promo-
tional effect on the synthesis and accumulation of tan-
shinones than phenolic acids, with SynCom2 being the
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dominant community in enhancing the content of active
components.

The correlations between metabolites and SynComs

To illustrate the relationship of biomass, active compo-
nents, and metabolism indexes, the correlation analy-
sis among all indexes of S. miltiorrhiza in the field was
carried out, and it was found that the enzymes related to
carbon and nitrogen metabolism with the accumulation
of biomass and yield of S. miltiorrhiza show positive rela-
tionship significantly, and significantly negative correla-
tion with the production of secondary metabolites. The
content of secondary metabolites was mainly negatively
correlated with stress-resistant enzymes such as SOD,
and positively correlated with nitrogen metabolism and
PAL enzyme activity (Fig. 7-A).

To analyze the differences of metabolites and path-
ways in S. miltiorrhiza which inoculated SynComs or
not, LC-MS/MS was used to conduct non-targeted
metabolomic analysis of the chemical components of
SynCom 1, SynCom 2, and CK. VIP in OPLS-DA was
used to find the differential metabolites of biological

significance (VIP >1). The significance of differences
between SynComs and CK (p<0.05) was screened
with T test. A total of 68 metabolic pathways were
annotated by KEGG pathway enrichment analysis,
of which 13 were significantly enriched (p<0.05).
The number of pathways annotated by SynCom 1,
SynCom 2, CK were 8, 11, 8, respectively. There are
five extremely significant pathways, among which
the most significantly enriched pathways of SynCom
1 and SynCom 2 are alanine, aspartic acid, and glu-
tamate, while the most significantly enriched path-
way of CK is butyrate (Fig. 7B). The differences in
metabolites (DAMs) between SynCom 1 VS CK, Syn-
Com 2 VS CK, and SynCom 1 VS SynCom 2 are 176,
182, 189, which indicated that the metabolic profiles
between SynComs and CK were significantly different
(Fig. 7C).

To further explore the interaction between Syn-
Coms and annotated DAMs, network analysis was
performed using fungal OTUs based on positive and
negative Spearman’s correlations (Fig. 8). SynCom 1
comprised 48 nodes and 132 edges showing signifi-
cant (p value<0.001) and strong correlations (r>0.8
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or r<-0.8), while SynCom 2 included 75 nodes and
203 edges. In SynCom 1, SM2 and SM4 emerged as
key nodes closely connected with other DAMs. The
presence of SM3 enhanced the connectivity of SM1,
SM4, and SM5 in the network. Furthermore, we ana-
lyzed DAMs that strongly interact with SynComs,
annotating a total of 57 pathways in KEGG. SynCom
1 unique metabolic pathways were predominantly
associated with plant growth (map00020, map01200,
map00720, map01070), whereas SynCom 2 was pri-
marily annotated to pathways related to plant second-
ary metabolism (map00770, map00240, map00290,
map00905).

In addition, compared to CK, treatment with Syn-
Coms altered the primary and secondary metabolic
activities of S. miltiorrhiza. SynCom 1 primarily
enhanced carbon and nitrogen metabolism, as well as
photosynthesis in S. miltiorrhiza, thereby promoting
plant growth. In contrast, SynCom 2 predominantly
influenced the phenylpropanoid and tanshinone met-
abolic pathways, resulting in increased levels of the
major active components (Fig. 9).

Discussion

Assessing crop yield and quality in the field is cru-
cial for evaluating the efficacy of SynComs [37].
Many previous studies have limited their experiments
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to laboratory or pot/glasshouse trials, overlooking
uncontrollable factors arising from natural conditions.
This limitation hinders the practical application of
SynComs in field settings [6]. None of the five endo-
phytic fungi used in this study individually exhibited
significant effects on plant biomass under controlled
conditions. However, two synthetic communities
(SynComs) demonstrated notable impacts on bio-
mass. To validate the efficacy of our designed Syn-
Coms in field crop production, we conducted field
experiments. The results consistently demonstrated
the stability of SynCom function, with SynCom 1 and
SynCom 2 significantly enhancing the yield and qual-
ity of S. miltiorrhiza, respectively. These findings
underscore the potential of the SynComs employed in
this study as effective strategies for promoting growth
and enhancing quality. Furthermore, the distinct func-
tional differences observed between single bacteria
and SynComs suggest that the mechanisms of action
of non-growth-promoting microorganisms differ from
those of individual bacteria, indicating it is not a sim-
ple functional superposition. This highlights that the
strain promotion effect on plant growth is not the sole

selection criterion in the assembly of SynComs. [12,
13].

Un-targeted metabolic verified that SynCom 1 and Syn-
Com 2 focused on primary and secondary metabolism,
respectively, to regulate the yield and quality of S. milti-
orrhiza. A great quantity of studies have confirmed that
the intensity of photosynthesis and carbon and nitrogen
metabolism is the key to plant biomass accumulation [14,
16, 30]. In the field experiment, the nutrient competition
between plant and microbial community was intensified.
Under SynCom 1 treatment, the content of metabolites
related to TCA cycle increased and carbon metabo-
lism was enhanced, indicating that SynCom 1 enhanced
energy accumulation by promoting the TCA cycle so
as to promote plant biomass to compete with fungi for
resources [5]. Nitrogen has a significant impact on plant
photosynthesis and the distribution of carbon-assimi-
lating substances in herbal medicine [19, 21]. Correla-
tion analysis results showed that the activity of nitrogen
metabolizing enzymes was positively correlated with
net photosynthetic rate (Fig. 7A), that is, the higher the
enzyme activity, the stronger the net photosynthetic rate,
which is more conducive to the growth and development
of S. miltiorrhiza. Un-targeted metabolomics showed
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that SynCom 1 significantly increased the conversion of
ammonium nitrogen into plants (Fig. 9). Therefore, Syn-
Com 1 enhanced photosynthetic characteristics by pro-
moting nitrogen utilization, which was beneficial to the
growth of S. miltiorrhiza [29, 31].

PAL is a crucial enzyme in the synthesis pathway of
salvianolic acid. Glucose, the degradation product of
sucrose, can produce phenylalanine and tyrosine through
the pathway of shikimate. Tyrosine and phenylalanine
synthesize the precursor substance RA of salvianolic acid
B through tyrosine derivative branch and phenylpropa-
noid branch [25, 26]. This study confirmed that salvia-
nolic acids were significantly positively correlated with
PAL activity, soluble sugar, and starch content (Fig. 7A).
SynCom 2 increased the contents of tyrosine and phe-
nylalanine (Fig. 8), indicating that the accumulation of
carbohydrates promoted the synthesis of phenylalanine
and tyrosine, thereby promoting the synthesis of salvia-
nolic acids. Drawing from these findings, it is concluded
that the significant increase in substrate content corre-
lated with the accumulation of metabolites which might
account for the SynCom 2 that heightened the yield of
active ingredient in S. miltiorrhiza.

In a shared habitat, microorganisms engage in competi-
tion for space and nutrient resources through nutritional
and antagonistic interactions. Interspecific competition
serves as a crucial selection process that significantly
influences the functioning of microbial communities [2,
32, 33]. The five strains selected for this study belonged
to two families, with the four strains comprising SynCom
1 originating from the same family (Fig. 1). Under green-
house conditions, SynCom 1 significantly increased bio-
mass, suggesting a relationship attributable to the genetic
proximity among its constituent four strains. This sup-
ports the hypothesis that closely related species share
common secreted substances rather than competing for
nutrients [23]. Compared to SynCom 1, the differential
strain SM3 in SynCom 2 originated from a different fam-
ily. Our results demonstrated that inoculation with Syn-
Com 2 increased the production of osmotic substances
and antioxidant enzymatic activity (Fig. 3), suggesting
that S. miltiorrhiza was subjected to greater stress. This
phenomenon could be attributed to intensified inter-
specific competition among the five strains compris-
ing SynCom from various families [8, 24]. According to
the network analysis, the presence of SM3 promotes the
interaction between strains and metabolites, suggest-
ing that the addition of distant species can change the
interaction pattern among closely related species. These
results suggest that the genetic relationships among
strains can be considered as one of the considerations for
development of synthetic communities.
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Conclusion

In summary, our findings suggest that the promotion
of plant growth by strains is not the sole criterion for
designing SynComs. Even SynComs composed of fungi
that do not significantly enhance growth can poten-
tially stimulate the development of medicinal plants.
SynCom 1 enhanced carbon-nitrogen metabolism
processes to increase yield, while SynCom 2 enriched
substrate contents in salvianolic acid and tanshinone
synthesis pathways to improve quality. This study is val-
uable for further exploring the application potential of
microorganisms with less obvious functions. Further-
more, these SynComs exhibit latent capacities for sus-
tainable application in field cultivation.

Acknowledgements

This study was funded by the National Natural Science Foundation of China
(81973416). Special thanks to Tonghua Liu for his valuable contributions to the
field of drawing.

Author contributions

Z-YY conceptualized and designed the experiment, and received financial
support. H-MJ and Y-RW are responsible for preparing the initial draft of the
manuscript. C-WZ and HW have revised the manuscript. All authors con-
ducted experiments. All authors have contributed to the article and approved
the submitted version.

Availability of data and materials
No datasets were generated or analyzed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Author details

'School of Pharmacy, Chengdu University of Traditional Chinese Medicine,
Chengdu, China. 2Key Laboratory of Standardization of Chinese Herbal
Medicines of Ministry of Education / Breeding Base of State Key Laboratory

of Scientific Research and Exploitation, Chengdu University of Traditional
Chinese Medicine, Chengdu, China. *College of Medical Technology, Chengdu
University of Traditional Chinese Medicine, Chengdu, China. *Luoyang County
Maternal and Child Health Hospital, Luoyang, China.

Received: 4 June 2024 Accepted: 13 August 2024
Published online: 23 August 2024

References

1. AiM,Han F,Yang X, Chu H, Luo C, Tan S, Lv S, Qin M, Xie G. Endophytic
Penicillium oxalicum CX-1 prevented Phytophthora cactorum blight on
Salvia miltiorrhiza and promoted plant growth. J Appl Microbiol. 2023.
https://doi.org/10.1093/jambio/Ixad010.

2. Albright MBN, Louca S, Winkler DE, Feeser KL, Haig S-J, Whiteson KL,
Emerson JB, Dunbar J. Solutions in microbiome engineering: prioritizing
barriers to organism establishment. ISME J. 2022;16:331-8. https://doi.
0rg/10.1038/541396-021-01088-5.

3. Attaran Dowom S, Abrishamchi P, Radjabian T, Salami SA. Enhanced
phenolic acids production in regenerated shoot cultures of Salvia virgata
Jacq. after elicitation with Ag+ ions, methyl jasmonate and yeast extract.
Ind Crops Prod. 2017;103:81-8. https://doi.org/10.1016/j.indcrop.2017.03.
043.


https://doi.org/10.1093/jambio/lxad010
https://doi.org/10.1038/s41396-021-01088-5
https://doi.org/10.1038/s41396-021-01088-5
https://doi.org/10.1016/j.indcrop.2017.03.043
https://doi.org/10.1016/j.indcrop.2017.03.043

Jia et al. Chem. Biol. Technol. Agric. (2024) 11:120

20.

21.

22.

Bai B, Liu W, Qiu X, Zhang J, Zhang J, Bai Y. The root microbiome: com-
munity assembly and its contributions to plant fitness. J Integr Plant Biol.
2022;64:230-43. https://doi.org/10.1111/jipb.13226.

Braun H-P. The oxidative phosphorylation system of the mitochondria

in plants. Mitochondrion. 2020;53:66-75. https://doi.org/10.1016/j.mito.
2020.04.007.

Chen T, Nomura K, Wang X, Sohrabi R, Xu J, Yao L, Paasch BC, Ma L, Kremer
J,Cheng Y, Zhang L, Wang N, Wang E, Xin X-F, He SY. A plant genetic net-
work for preventing dysbiosis in the phyllosphere. Nature. 2020;580:653—
7. https://doi.org/10.1038/s41586-020-2185-0.

Christian N, Herre EA, Clay K. Foliar endophytic fungi alter patterns of
nitrogen uptake and distribution in Theobroma cacao. New Phytol.
2019;222:1573-83. https://doi.org/10.1111/nph.15693.

Crits-Christoph A, Diamond S, Butterfield CN, Thomas BC, Banfield

JF. Novel soil bacteria possess diverse genes for secondary metabo-

lite biosynthesis. Nature. 2018;558:440-4. https://doi.org/10.1038/
s41586-018-0207-y.

Gonzélez-Teuber M, Urzla A, Plaza P, Bascunan-Godoy L. Effects of root
endophytic fungi on response of Chenopodium quinoa to drought stress.
Plant Ecol. 2018;219:231-40. https://doi.org/10.1007/s11258-017-0791-1.
Gupta S, Schillaci M, Walker R, Smith PMC, Watt M, Roessner U. Alleviation
of salinity stress in plants by endophytic plant-fungal symbiosis: current
knowledge, perspectives and future directions. Plant Soil. 2021;461:219-
44, https://doi.org/10.1007/511104-020-04618-w.

. Hao X, Wang X, Chen C, Liu R, Yin Y, Yao J, Xiao Z, Liu X, Shen X, Liu X.

Synthetic bacterial communities reshape microbial communities and
enhance nutrient supply in desertified land of Northwest China. Appl Soil
Ecol. 2023;189: 104972. https://doi.org/10.1016/j.aps0il.2023.104972.
Karkaria BD, Fedorec AJH, Barnes CP. Automated design of synthetic
microbial communities. Nat Commun. 2021;12:672. https://doi.org/10.
1038/541467-020-20756-2.

Kaur S, Egidi E, Qiu Z, Macdonald CA, Verma JP, Trivedi P Wang J, Liu H,
Singh BK. Synthetic community improves crop performance and alters
rhizosphere microbial communities. J Sustain Agric Environ. 2022;1:118-
31. https://doi.org/10.1002/5ae2.12017.

Li S, Tian Y, Wu K, Ye Y, Yu J, Zhang J, Liu Q Hu M, Li H, Tong Y, Harberd NP,
Fu X. Modulating plant growth—metabolism coordination for sustain-
able agriculture. Nature. 2018;560:595-600. https://doi.org/10.1038/
541586-018-0415-5.

Li Z,WangY, Xu M, Liu H, Li L, Xu D. Molecular mechanism overview

of metabolite biosynthesis in medicinal plants. Plant Physiol Biochem.
2023;204: 108125. https://doi.org/10.1016/j.plaphy.2023.108125.

Liang Y, Wang J, Zeng F, Wang Q, Zhu L, Li H, Guo N, Chen H. Photorespi-
ration regulates carbon-nitrogen metabolism by magnesium chelatase
d subunit in rice. J Agric Food Chem. 2021;69:112-25. https://doi.org/10.
1021/acs.jafc.0c05809.

LiuJ,Yang J, Zhang S, Gao J, Li X, Zhou J, Hu L, Huang L. Metabolome
and transcriptome analyses identify the underground rhizome growth
through the regulation of rhizome apices in Panax ginseng. Ind Crops
Prod. 2023;206: 117635. https://doi.org/10.1016/j.indcrop.2023.117635.
Liu J-Q, Chen S-M, Zhang C-M, Xu M-J, Xing K, Li C-G, Li K, Zhang Y-Q, Qin
S. Abundant and diverse endophytic bacteria associated with medicinal
plant Arctium lappa L. and their potential for host plant growth promot-
ing. Antonie Van Leeuwenhoek. 2022;115:1405-20. https://doi.org/10.
1007/510482-022-01785-x.

Liu M, Wu X, Li C, Li M, Xiong T, Tang Y. Dry matter and nitrogen accumu-
lation, partitioning, and translocation in synthetic-derived wheat cultivars
under nitrogen deficiency at the post-jointing stage. Field Crops Res.
2020;248: 107720. https://doi.org/10.1016/j.fcr.2020.107720.

Lu WL, Xie XG, Ai HW, Wu HF, Dai YY, Wang LN, Rahman K, Su J, Sun K,
HanT. Crosstalk between H,0, and Ca?*signaling is involved in root
endophyte-enhanced tanshinone biosynthesis of Salvia miltiorrhiza.
Microbiol Res. 2024;285: 127740. https://doi.org/10.1016/j.micres.2024.
12774022.

Luo X, Keenan TF, Chen JM, Croft H, Colin Prentice I, Smith NG, Walker
AP, Wang H, Wang R, Xu C, Zhang Y. Global variation in the fraction of
leaf nitrogen allocated to photosynthesis. Nat Commun. 2021;12:4866.
https://doi.org/10.1038/541467-021-25163-9.

Lv X, Zhang W, Chu S, Zhang H,Wu Y, Zhu Y, Yang D, Zhu Y, Mans DRA,
Chen H, Liang Z. Endophytic fungus Penicillium steckii DF33 pro-
moted tanshinones biosynthesis in Salvia miltiorrhiza by regulating the

Page 14 of 14

expression of CYP450 genes. Gene. 2024;899: 148094. https://doi.org/10.
1016/j.gene.2023.148094.

23. Maan H, Itkin M, Malitsky S, Friedman J, Kolodkin-Gal I. Resolving the
conflict between antibiotic production and rapid growth by recognition
of peptidoglycan of susceptible competitors. Nat Commun. 2022;13:431.
https://doi.org/10.1038/s41467-021-27904-2.

24. Park CH, Kim YS, Li X, Kim HH, Arasu MV, Al-Dhabi NA, Lee SY, Park SU.
Influence of different carbohydrates on flavonoid accumulation in hairy
root cultures of Scutellaria baicalensis. Nat Prod Commun. 2016;11:799—
802. https://doi.org/10.1177/1934578X1601100625.

25. Petersen M. Cytochrome P450-dependent hydroxylation in the
biosynthesis of rosmarinic acid in Coleus. Int J Plant Biochem Mol Biol.
1997;45:1165-72. https://doi.org/10.1016/50031-9422(97)00135-0.

26. Petersen M, Abdullah Y, Benner J, Eberle D, Gehlen K, Hicherig S, Janiak
V, Kim KH, Sander M, Weitzel C, Wolters S. Evolution of rosmarinic acid
biosynthesis. Evol Metab Divers. 2009;70:1663-79. https://doi.org/10.
1016/j.phytochem.2009.05.010.

27. Poppeliers SW, Sanchez-Gil JJ, de Jonge R. Microbes to support plant
health: understanding bioinoculant success in complex conditions. Curr
Opin Microbiol. 2023;73: 102286. https://doi.org/10.1016/j.mib.2023.
102286.

28. Schmitz L, Yan Z, Schneijderberg M, de Roij M, Pijnenburg R, Zheng Q,
Franken C, Dechesne A, Trindade LM, van Velzen R, Bisseling T, Geurts
R, Cheng X. Synthetic bacterial community derived from a desert
rhizosphere confers salt stress resilience to tomato in the presence of
a soil microbiome. ISME J. 2022;16:1907-20. https://doi.org/10.1038/
$41396-022-01238-3.

29. Sekhar KM, Kota VR, Reddy TP, Rao KV, Reddy AR. Amelioration of plant
responses to drought under elevated CO, by rejuvenating photosyn-
thesis and nitrogen use efficiency: implications for future climate-
resilient crops. Photosynth Res. 2021;150:21-40. https://doi.org/10.1007/
s11120-020-00772-5.

30. Song C, Saloner A, Fait A, Bernstein N. Nitrogen deficiency stimulates
cannabinoid biosynthesis in medical cannabis plants by inducing a
metabolic shift towards production of low-N metabolites. Ind Crops Prod.
2023;202: 116969. https://doi.org/10.1016/j.indcrop.2023.116969.

31. SongJ,WangY,PanY, Pang J, Zhang X, Fan J, Zhang Y. The influence of
nitrogen availability on anatomical and physiological responses of Popu-
lus alba x P. glandulosa to drought stress. BMC Plant Biol. 2019;19:63.
https://doi.org/10.1186/512870-019-1667-4.

32. SongY, LiZ LiuJ, ZouY, Lv C, Chen F. Evaluating the impacts of azoto-
bacter chroococcum inoculation on soil stability and plant property of
maize crop. J Soil Sci Plant Nutr. 2021;21:824-31. https://doi.org/10.1007/
$42729-020-00404-w.

33. Swain A, Fussell L, Fagan WF. Higher-order effects, continuous species
interactions, and trait evolution shape microbial spatial dynamics. Proc
Natl Acad Sci. 2022;119: €2020956119. https://doi.org/10.1073/pnas.
2020956119.

34, Wang W, Xu J, Fang H, Li Z, Li M. Advances and challenges in medicinal
plant breeding. Plant Sci. 2020;298: 110573. https://doi.org/10.1016/j.
plantsci.2020.110573.

35. XuW, Jin X,Yang M, Xue S, Luo L, Cao X, Zhang C, Qiao S, Zhang C, Li J,
Wu J, Linglong LV, Zhao F,Wang N, Tan S, Lyu-Bu AGA, Wang C, Wang X.
Primary and secondary metabolites produced in Salvia miltiorrhiza hairy
roots by an endophytic fungal elicitor from Mucor fragilis. Plant Physiol
Biochem. 2021;160:404-12. https://doi.org/10.1016/j.plaphy.2021.01.023.

36. Zheng H, Fu X, Shao J, Tang Y, Yu M, Li L, Huang L, Tang K. Transcriptional
regulatory network of high-value active ingredients in medicinal plants.
Trends Plant Sci. 2023;28:429-46. https://doi.org/10.1016/j.tplants.2022.
12.007.

37. Zhou Z-Y, Liu X, Cui J-L, Wang J-H, Wang M-L, Zhang G. Endophytic fungi
and their bioactive secondary metabolites in medicinal leguminosae
plants: nearly untapped medical resources. FEMS Microbiol Lett. 2022.
https://doi.org/10.1093/femsle/fnac052.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1111/jipb.13226
https://doi.org/10.1016/j.mito.2020.04.007
https://doi.org/10.1016/j.mito.2020.04.007
https://doi.org/10.1038/s41586-020-2185-0
https://doi.org/10.1111/nph.15693
https://doi.org/10.1038/s41586-018-0207-y
https://doi.org/10.1038/s41586-018-0207-y
https://doi.org/10.1007/s11258-017-0791-1
https://doi.org/10.1007/s11104-020-04618-w
https://doi.org/10.1016/j.apsoil.2023.104972
https://doi.org/10.1038/s41467-020-20756-2
https://doi.org/10.1038/s41467-020-20756-2
https://doi.org/10.1002/sae2.12017
https://doi.org/10.1038/s41586-018-0415-5
https://doi.org/10.1038/s41586-018-0415-5
https://doi.org/10.1016/j.plaphy.2023.108125
https://doi.org/10.1021/acs.jafc.0c05809
https://doi.org/10.1021/acs.jafc.0c05809
https://doi.org/10.1016/j.indcrop.2023.117635
https://doi.org/10.1007/s10482-022-01785-x
https://doi.org/10.1007/s10482-022-01785-x
https://doi.org/10.1016/j.fcr.2020.107720
https://doi.org/10.1016/j.micres.2024.12774022
https://doi.org/10.1016/j.micres.2024.12774022
https://doi.org/10.1038/s41467-021-25163-9
https://doi.org/10.1016/j.gene.2023.148094
https://doi.org/10.1016/j.gene.2023.148094
https://doi.org/10.1038/s41467-021-27904-2
https://doi.org/10.1177/1934578X1601100625
https://doi.org/10.1016/S0031-9422(97)00135-0
https://doi.org/10.1016/j.phytochem.2009.05.010
https://doi.org/10.1016/j.phytochem.2009.05.010
https://doi.org/10.1016/j.mib.2023.102286
https://doi.org/10.1016/j.mib.2023.102286
https://doi.org/10.1038/s41396-022-01238-3
https://doi.org/10.1038/s41396-022-01238-3
https://doi.org/10.1007/s11120-020-00772-5
https://doi.org/10.1007/s11120-020-00772-5
https://doi.org/10.1016/j.indcrop.2023.116969
https://doi.org/10.1186/s12870-019-1667-4
https://doi.org/10.1007/s42729-020-00404-w
https://doi.org/10.1007/s42729-020-00404-w
https://doi.org/10.1073/pnas.2020956119
https://doi.org/10.1073/pnas.2020956119
https://doi.org/10.1016/j.plantsci.2020.110573
https://doi.org/10.1016/j.plantsci.2020.110573
https://doi.org/10.1016/j.plaphy.2021.01.023
https://doi.org/10.1016/j.tplants.2022.12.007
https://doi.org/10.1016/j.tplants.2022.12.007
https://doi.org/10.1093/femsle/fnac052

	Metabolomic approach reveals the mechanism of synthetic communities to promote high quality and high yield of medicinal plants—danshen (Salvia miltiorrhiza Bge.)
	Abstract 
	Background 
	Results 
	Conclusion 

	Highlights 
	Introduction
	Materials and methods
	Plant materials
	Fungal materials
	Experiment 1: greenhouse experiment
	Experiment 2: field experiment
	Statistical analysis

	Results
	Experiment 1: greenhouse experiment
	Effects of endophytic fungi inoculation on the biomass of S. miltiorrhiza
	Effect of endophytic fungi inoculation on enzyme activity of S. miltiorrhiza

	Experiment 2: field experiment
	Effects of SynComs inoculation on the biomass of S. miltiorrhiza
	Effects of SynComs on photosynthesis and enzyme activities of S. miltiorrhiza.
	Effect of SynComs on active components of S. miltiorrhiza
	The correlations between metabolites and SynComs


	Discussion
	Conclusion
	Acknowledgements
	References


