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Summary

Rhizosphere microbiome adapts their structural com-
positions to water scarcity and have the potential to
mitigate drought stress of plants. To unlock this poten-
tial, it is crucial to understand community responses to
drought in the interplay between soil properties, water
management and exogenous microbes interference.
Inoculation with dark septate endophytes (DSE)
(Acrocalymma vagum, Paraboeremia putaminum) and
Trichoderma viride on Astragalus mongholicus grown
in the non-sterile soil was exposed to drought. Rhizo-
sphere microbiome were assessed by Illumina MiSeq
sequencing of the 16S and ITS2 rRNA genes. Inocula-
tion positively affected plant growth depending on DSE
species and water regime. Ascomycota, Proteobacteria,
Actinobacteria, Chloroflexi and Firmicutes were the
dominant phyla. The effects of dual inoculation on bac-
terial community were greater than those on fungal
community, and combination of P. putaminum and
T. viride exerted a stronger impact on the microbiome
under drought stress. The observed changes in soil
factors caused by inoculation could be explained by
the variations in microbiome composition. Rhizosphere
microbiome mediated by inoculation exhibited distinct
preferences for various growth parameters. These

findings suggest that dual inoculation of DSE and
T. viride enriched beneficial microbiota, altered soil
nutrient status and might contribute to enhance the
cultivation of medicinal plants in dryland agriculture.

Introduction

Drought is a major abiotic stress factor affecting plant
growth and production (Bodner et al., 2015). Plants
respond to such adverse environments both directly and
indirectly, and indirect responses through altered interac-
tions among species have recently received increased
attention (Lata et al., 2018; deVries et al., 2020). Utilizing
beneficial endophytic fungi such as arbuscular mycorrhizal
(AM) fungi, dark septate endophytes (DSE) and
Trichoderma spp. is one of the most promising strategies
for improving plant growth and stress tolerance through
modulating morphogenesis and physiological processes of
their associated plants, thereby enhancing the ability of
plants to cope with environmental stresses (Mona
et al., 2017; He et al., 2019; Xu et al., 2020). Numerous
studies have reported the roles of endophytic fungi in plant
development under both normal conditions as well as in the
presence of various abiotic stresses, such as drought,
salinity and heavy metal exposure (Wani et al., 2015; Li
et al., 2019a; Hou et al., 2020). Thus, the use of beneficial
microbial species with the ability to promote plant growth to
mitigate the adverse effects of drought on plants is an
important component of sustainable agriculture (Lugtenberg
et al., 2016; Ku0zniar et al., 2019).

DSE, a major group of endophytes within plants, are
characterized by melanized septate hyphae and micro-
sclerotia (Jumpponen, 2011). These fungi colonize the epi-
dermis, cortex and even the intercellular space of vascular
tissue of healthy plant roots and are found in the roots of
> 600 different plant species (Kauppinen et al., 2014),
especially plants that grow under extreme conditions, such
as arid habitats (Xie et al., 2017; Knapp et al., 2018).
Related reports have indicated that the interactions
between DSE and host plants range from mutualistic to
parasitic depending on the particular host-symbiont
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combination (Li et al., 2019b). Previous studies have
shown that DSE promote the growth of host plants by pro-
ducing plant hormone substances, providing nutrients and
decomposing complex carbohydrates to provide monosac-
charides for the host plants, with the aim of protecting the
host plant from various stresses (Surono and
Narisawa, 2017; Yakti et al., 2019). Trichoderma spp. col-
onize the roots of many plants as opportunistic, avirulent
plant symbionts and these fungi have been investigated
as biological control agents, biofertilizers and soil amend-
ments for application in agricultural systems
(Velmourougane et al., 2017; Atieno et al., 2020).
Trichoderma spp. enhance plant growth predominantly by
solubilizing soil nutrients (Bayoumi et al., 2019), and
increasing root length and secondary root number, and
upregulating phytohormones such as indoleacetic acid,
cytokinin, gibberellins and zeatin (Contreras-Cornejo
et al., 2009; Jaiswal et al., 2020). Furthermore, the interac-
tion of both groups of microorganisms may be convenient
for both plant physiology and nutrient content. For exam-
ple, Metwally and Al-Amri (2020) found that dual inocula-
tion with AM fungi and Trichoderma viride (TV) could
improve the biochemical parameters and mineral nutrient
of onion plants. Liu et al. (2020) reported that the co-
inoculation with Epulorhiza repens and Umbelopsis nana
increased the total dry weight of Cymbidium hybridum.
Co-inoculation with AM fungi and Trichoderma harzianum
did not result in an additive effect on melon crop growth
and nutritional status, but their combinations could control
Fusarium wilt more effectively than each AM fungi applied
alone (Martínez-Medina et al., 2011). In addition, rhizo-
sphere soil is an intense field of microbial activity and plant
stress responses (Mendes et al., 2013). Rhizosphere-
associated microbes are instrumental in the decomposition
of organic matter and maintenance of nutrients, and have
beneficial effects on the adaptation of host plants to differ-
ent environmental conditions (Bai et al., 2015; Henneron
et al., 2020). Although the direct effects of beneficial micro-
bial inoculants on plant growth and rhizosphere-associated
microbes have been widely reported (Santos et al., 2017;
He et al., 2019), there is limited information available
regarding the contribution of DSE, either alone or in com-
bination with endophytic fungi, on the growth and native
rhizosphere microbial community of medicinal plants under
drought stress (DS).

Astragalus mongholicus Bunge is a widely distributed
herbaceous perennial medicinal plant. The roots of this
plant are important medicinal materials used as a com-
mon clinical tonic in China and other parts of the world
because of their pharmacological effects and biological
functions such as improving immunity, promoting body
metabolism and lowering blood pressure (Qin
et al., 2013). Therefore, considering the concept of

sustainability and the need to enhance the growth status
and drought resistance of medicinal plants, understand-
ing the interaction between plants and beneficial
microbes is crucial to receive benefit from the symbiotic
mechanisms.

In a previous study, we investigated the influences of
three DSE (Paraboeremia putaminum (PP), Scytalidium
lignicola and Phoma herbarum) from the roots of
Ophiopogon japonicus and Lonicera japonica on the per-
formance of licorice (Glycyrrhiza uralensis) at different TV
densities under sterilized conditions in a growth chamber.
The combination of DSE and TV enhanced the root mor-
phology and biomass more effectively than either agent
alone (He et al., 2020). In the present study, we hypothe-
size that dual inoculation of DSE, either Acrocalymma
vagum (AV) or PP and TV could either promote plant
growth or change the rhizosphere microbiome of
A. mongholicus, and that dual inoculation might have
more positive effects under DS conditions than under con-
trol conditions. Therefore, we investigated the effects of
dual inoculation under DS conditions on (i) plant height,
leaf number, root surface area and root diameter, (ii) plant
biomass, (iii) Soil physicochemical properties and (iv) soil
microbial composition. Such data would display DSE and
TV could withstand the drought conditions that affected
host growth, and their potential for improving the stress tol-
erance and symbiotic performance of plants during
A. mongholicus cultivation, in drought-affected arid lands.

Results

Plant biomass and growth parameters

After 3 months of growth, all inoculated plants were
green, alive and healthy under different water condi-
tions, and DSE hyphal and microsclerotial structures
were observed in all the tested roots of all inoculated
plants (Fig. S1). Relative to the control plants, inocula-
tion with DSE or TV increased plant biomass regardless
of the water regime (Fig. 1). Under WW conditions, inoc-
ulation with AV increased plant height, while inoculation
with PP decreased plant height; however, under DS
conditions, inoculation with DSE or TV increased plant
height compared with the control treatment (Fig. 1). The
combination of DSE and TV, and DSE, TV and water
had significantly interactive effects on plant biomass,
height and leaf number, while the combination of TV
and water had significantly interactive effects on plant
biomass (Table 1).

DSE or TV inoculation decreased the root surface area
under well-watered (WW) conditions, but increased the
root surface area under DS conditions, compared with the
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control treatment (Fig. 1). Root diameter was increased by
PP inoculation compared with the control treatment under
WW conditions, but under DS conditions, root diameter
was increased by TV inoculation and decreased by PP
inoculation (Fig. 1). The combination of TV and water, and
DSE, TV and water significantly affected the root surface
area, whereas the combination of DSE and water signifi-
cantly affected the root diameter (Table 1).

Soil physicochemical properties

Compared with the control treatment, DSE inoculation
increased soil organic matter under WW conditions,
while PP inoculation decreased soil organic matter
under DS conditions (Fig. 2). DSE inoculation increased

soil available N under WW conditions, but there was no
significant effect of TV inoculation on soil available N
under different water conditions (Fig. 2). Soil available P
was increased by DSE inoculation and decreased by TV
inoculation under WW conditions, but inoculation with
DSE or TV did not have a significant effect on soil avail-
able P under DS conditions (Fig. 2). AV inoculation
increased soil available K under WW conditions, while
PP inoculation decreased available K under DS condi-
tions (Fig. 2). Interaction between DSE and TV was
observed in soil organic matter, available N, P and K,
while the combination of DSE and water significantly
affected soil organic matter and available K, and DSE,
TV and water significantly affected soil available N and
P (Table 1).

Fig. 1. Effects of dark septate endophyte (DSE) and T. viride on the plant biomass and morphological parameters of A. mongholicus seedlings.
CK, non-inoculated plants; PP, plants inoculated with P. putaminum; AV, plants inoculated with A. vagum; TV, plants inoculated with TV;
PP + TV, plants inoculated with P. putaminum and T. viride; AV + TV, plants inoculated with A. vagum and T. viride. WW, well-watered; DS,
drought stress treatment respectively.
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Characterization of Illumina sequencing data

A total of 2,320,031 fungal sequences and 2,007,161
bacterial sequences were obtained. Rarefaction curve
analysis revealed high 16S rRNA gene sequencing depth
and strong potential for observing community diversity in
the Astragalus rhizosphere soil (Fig. S2A, B). Rank abun-
dance curves showed that all treatments had high spe-
cies evenness and homogeneity (Fig. S2C, D). The
sequencing results covered the biological information of
most of the fungi and bacteria in the soil samples.

After filtering 1,221,554 low-quality sequences,
1,426,185 effective fungal and 1,126,498 effective bacterial
sequences were clustered into 651 fungal and 3330 bacte-
rial operational taxonomic units (OTUs) at 97% sequence
similarity. Of 651 fungal OTUs, 187 occurred in all 12 treat-
ments, while 37, 38, 18, 24, 55, 54, 43, 34, 6, 24, 111 and
20 OTUs were found only in the uninoculated condition
(NCK), PP inoculation (NPP), AV inoculation (NAV), TV
inoculation (NTV), TV and PP inoculation (NTVPP), and TV
and AV inoculation (NTVAV) under WW conditions and in

Table 1. Two-way ANOVA of the effect of DSE, T. viride and water condition on plant growth parameters and soil physicochemical parameters of
Astragalus mongholicus

DSE TV Water condition DSE*TV DSE*Water TV*Water DSE*TV*Water

F P F P F P F P F P F P F P

Total biomass (g) 1.96 *** 44.14 *** 92.35 *** 16.42 *** 7.29 * 6.33 * 21.85 **
Plant height (cm) 0.99 NS 1.59 NS 7.44 * 5.28 * 0.71 NS 1.22 NS 6.79 *
Leaf number (No.) 29.84 *** 1.18 NS 6.08 * 13.85 ** 9.88 * 0.27 NS 7.48 *
Root area surface (cm2) 16.05 ** 7.36 * 1.72 NS 2.62 NS 3.03 NS 5.14 * 7.77 *
Root diameter (mm) 6.66 * 9.52 * 14.53 ** 2.87 NS 5.86 * 0.26 NS 1.84 NS
Organic matter (mg g�1) 7.05 * 0.09 NS 0.34 NS 7.02 * 8.32 * 0.72 NS 0.88 NS
Available N (μg g�1) 14.32 ** 1.03 NS 6.85 * 8.77 * 0.03 NS 0.32 NS 8.07 *
Available P (μg g�1) 6.88 * 0.04 NS 1.88 NS 6.21 * 0.61 NS 0.34 NS 11.29 **
Available K (μg g�1) 9.27 * 0.34 NS 13.85 ** 6.83 * 6.24 * 0.29 NS 3.85 NS

Note: * means significant difference, P < 0.05; ** means that the significance level intervenes between P < 0.01. *** means the difference is very
significant, P < 0.001.

Fig. 2. Effects of dark septate endophyte (DSE) and T. viride on rhizosphere soil physicochemical properties of A. mongholicus seedlings. CK,
non-inoculated plants; PP, plants inoculated with P. putaminum; AV, indicate plants inoculated with A. vagum; TV, plants inoculated with
T. viride; PP + TV, plants inoculated with P. putaminum and T. viride; AV + TV, plants inoculated with A. vagum and T. viride; WW, well-watered;
DS, drought stress treatment respectively.
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the DCK, DPP, DAV, DTV, DTVPP and DTVAV samples
under DS conditions respectively (Fig. 3A). A total of 1818
bacterial OTUs were detected in all treatments, while
104, 104, 178, 100, 145, 104, 82, 64, 146, 92, 292 and
101 bacterial OTUs existed only in NCK, NPP, NAV, NTV,
NTVPP, NTVAV, DCK, DPP, DAV, DTV, DTVPP and
DTVAV samples respectively (Fig. 3B).

Microbial community composition

A total of 651 fungal OTUs were found in the Astragalus
rhizosphere and were classified as Ascomycota,
Basidiomycota, Chytridiomycota, Zygomycota and certain
unknown fungi. Ascomycota, Zygomycota and certain
unknown fungi were identified in all treatments. Ascomycota
was the dominant fungal phylum, with a relative abundance
range of 92.7–99.3% across the various treatments (Fig. 4A).
A total of 3330 bacterial OTUs were detected, and the domi-
nant bacterial phyla were Actinobacteria, Chloroflexi,
Firmicutes andProteobacteria and the relative abundance of
these phyla varied among treatments (Fig. 4B). Furthermore,
the variation in fungal and bacterial community composition

at the genus level under different inoculation treatments were
significant (Fig. S3).

Principal co-ordinates analysis ordination revealed that
bacterial community composition significantly differed
between the WW and DS conditions, while fungal com-
munity composition was not significantly affected by DS
(Fig. S4A, B). Different inoculations have similar effects
on the distribution of fungal and bacterial communities.
The distribution of fungal and bacterial communities fol-
lowing inoculation with PP or the combination of PP and
TV was similar to that without inoculation, and the distri-
bution of fungal and bacterial communities following AV
inoculation or the combination of AV and TV inoculation
was similar to that with TV only inoculation (Fig. S4C, D).

Microbial diversity and richness

Compared with the control treatments, under DS condi-
tions, the Shannon and Chao 1 indices of soil fungi were
higher in the presence of combined PP and TV inocula-
tion compared with uninoculated treatments, while AV or
TV inoculation alone decreased Shannon index of soil

Fig. 3. Venn diagram showing differences in composition of fungal (A) and bacterial (B) OTUs inoculated with DSE and T. viride under well-
watered and drought stress respectively. Each part in the Venn diagram represents one (group) treatment, and the number of circles and circles
overlapped represents the number of OTUs shared between the samples (group), while the number without overlapped represents the number of
OTUs unique to the samples (group). DCK, non-inoculation under drought stress; NCK, non-inoculation under well-watered condition; DTV, inoc-
ulation with T. viride under drought stress; NTV, inoculation with T. viride under well-watered condition; DPP, inoculation with P. putaminum
under drought stress; NPP, inoculation with P. putaminum under well-watered condition; DAV, inoculation with A. vagum under drought stress;
NAV, inoculation with A. vagum under well-watered condition; DTVPP, inoculation with T. viride and P. putaminum under drought stress; NTVPP,
inoculation with T. viride and P. putaminum under well-watered condition. DTVAV, inoculation with T. viride and A. vagum under drought stress;
NTVAV, inoculation with T. viride and A. vagum under well-watered condition.
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fungi, and AV inoculation or the combination of AV and
TV decreased Chao1 index of soil fungi. Under WW con-
ditions, except for the inoculation of AV, the Shannon
and Chao1 indices were no significantly than the uni-
noculated treatment (Fig. 5A, C).

DSE inoculation significantly affected the diversity
and richness of soil bacteria compared with the control
treatment regardless of water regime. Under WW condi-
tions, DSE and the combination of PP and TV
increased the Shannon index of soil bacteria, while
inoculation with TV reduced the value of this index.
Under DS conditions, the combination of PP and TV
inoculation increased the Shannon index, while

inoculation with TV decreased the value of this parame-
ter, compared with the control treatment. Under WW
conditions, AV inoculation alone and the combination of
PP and TV inoculation increased the Chao1 index,
while there was no significant difference between the
other treatments. Under DS conditions, PP inoculation
decreased the Chao1 index, while AV inoculation alone
or the combination of PP and TV increased the Chao1
index of soil bacteria, compared with the control treat-
ment (Fig. 5B, D).

Linear discriminant analysis (LDA) showed that the inocula-
tion effect for soil fungal communities was explained by
61 indicator species of fungi, and Stachybotrys, unclassified

Fig. 4. Relative abundance of fungi (A) and bacteria (B) at the phyla level in A. mongholicus rhizosphere. DCK, non-inoculation under drought
stress; NCK, non-inoculation under well-watered condition; DTV, inoculation with T. viride under drought stress; NTV, inoculation with T. viride
under well-watered condition; DPP, inoculation with P. putaminum under drought stress; NPP, inoculation with P. putaminum under well-watered
condition; DAV, inoculation with A. vagum under drought stress; NAV, inoculation with A. vagum under well-watered condition; DTVPP, inocula-
tion with T. viride and P. putaminum under drought stress; NTVPP, inoculation with T. viride and P. putaminum under well-watered condition.
DTVAV, inoculation with T. viride and A. vagum under drought stress; NTVAV, inoculation with T. viride and A. vagum under well-watered
condition.
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Ascomycota, unclassified Chaetomiaceae, Trichoderma,
Chaetomium and Sporoboiomyces had the highest degree
of enrichment inCK, PP, AV, TV, PP+TVandAV+TV treat-
ments respectively (Fig. S5A). Moreover, there were 73 indi-
cator bacterial taxa enriched across the various treatments,
and Actinobacteria, Lysinibacillus, Propionibacteriales,
Paenibacillaceae,Micrococcaceae andChloroflexia had the
highest degree of enrichment in CK, PP, AV, TV, PP + TV
andAV+TV treatments respectively (Fig. S5B).

Correlation analyses

The Mantel test revealed significant relationships between
DSE, TV, watering regime, total biomass, plant height, leaf
number, root surface area, root diameter, soil organic mat-
ter, soil available N, soil available P, soil available K, soil
fungi and soil bacteria (Table 2). The relative effects of cul-
tivation age, soil type and soil properties on rhizospheric
fungi and bacteria were quantitatively determined by using
correlation coefficient (r value) and SEM (χ2 = 192.741,
df = 24, P = 0.001, GFI = 0.869, AIC = 181.072 and
RMSEA= 0.445). DSE positively affected soil organic mat-
ter, available N, available P, fungal abundance, total bio-
mass, leaf number and root surface area. TV positively

affected total biomass, root surface area and root diameter,
whereas negatively affected soil bacterial abundance.
Water conditions positively affected bacterial abundance,
soil available N, total biomass, leaf number, plant height
and root diameter and negatively affected soil available
K. Soil organic matter positively affected root surface area
and root diameter. Soil available N positively affected bac-
terial abundance and total biomass, while soil available P
negatively affected bacterial abundance. Soil available K
positively or negatively affected root diameter or root sur-
face area respectively. Fungal abundance positively
affected root surface area, while bacterial abundance posi-
tively or negatively affected leaf number or total biomass
and plant height respectively (Fig. 6).

Discussion

Effects of DSE and TV on the growth of Astragalus
plants

As important root endophytes, DSEare reported to have neg-
ative, neutral or positive ecological roles in plant growth
(He et al., 2019; Li et al., 2019a). These organisms also
increase plant resistance to a wide range of environmental

Fig. 5. Diversity and richness index of A. mongholicus rhizosphere soil fungi and bacteria.
A. Shannon index of soil fungi.
B. Shannon index of soil bacteria.
C. Chao index of soil fungi.
D. Chao index of soil bacteria.
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stressors (Zhang et al., 2017; Jin et al., 2018). In the present
study, plants inoculated with AV and PP exhibited higher bio-
mass and leaf number than the control plants, indicating posi-
tive effects of these organisms on the plant growth and
formed a strain-dependent symbiosis with Astragalus plants.
For example, compared with AV inoculation PP inoculation
had a greater impact on biomass under well-watered (WW),
while there was no significant difference between AV and PP
on biomass under DS. Furthermore, the average root diame-
ter of PP-inoculated Astragalus plants decreased compared
with the root diameter of the control plants under DS. Roots
with small diameters have been reported to exhibit faster
growth and allocation of more nutrients, which is beneficial
for plants under drought conditions (Comas et al., 2013). TV
inoculation in the present study increased plant biomass,
height, leaf number, root surface area and root diameter
under DS. Similarly, Guler et al. (2016) found that
T. atroviride ID20G increased fresh and dry weight of maize
roots and helped plants invert the adverse effects of
DS. Estévez-Gefriaud et al. (2020) reported that
T. asperellum strain T34 improved the dry weight of maize
plants, regardless of water regime and improved leaf relative
water content, water use efficiency and photosystem II (PSII)
maximum efficiency and photosynthesis under drought. TV
inoculation in combination with water stress alleviated the
effects of drought and these results were compatible with
Khoshmanzar et al. (2020) dissecting this notion in wheat
plants.

There is limited information regarding the interactions of
DSE and TV on host plants, especially when water avail-
ability is considered. Our previous study demonstrated that
DSE associated with TV augmented plant biomass and
height, shoot branching and root surface area
(He et al., 2020). In the present study, DSE � TV signifi-
cantly affected plant biomass, height and leaf number and
DSE � TV � watering regime significantly affected these
three parameters and root surface area. Similarly, Parkash
et al. (2011) and Commatteo et al. (2019) revealed that
Dendrocalamus strictus plants and tomato plants bio-
inoculated with a consortium of AM fungi and TV showed
enhancement in growth parameters. Kushwaha et al. (2019)
also found that co-inoculation of fungal endophytes and TV
increased overall plant biomass and yield of Withania som-
nifera. The results of the present study revealed the syner-
gistic and beneficial activity of DSE associated with TV in
Astragalus growth.

Relationship between soil microbe and Astragalus plant
growth mediated by dual inoculation

It was previously not known whether dual inoculation-
mediated changes in rhizosphere microbial communities
would augment the growth and DS tolerance of Astraga-
lus plants. The present study suggested that rhizosphereT
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microbes associated with Astragalus were influenced by
dual inoculation. For instance, soil fungi such as
Stachybotrys, unclassified Ascomycota, unclassified
Chaetomiaceae, Trichoderma and Chaetomium had the
highest degree of enrichment in the rhizosphere of
Astragalus plants exposed to different inocula under dif-
ferent water conditions. Certain Ascomycota, including
DSE, form mycorrhizae in plant roots and enhance plant
nutrient uptake and growth (Surono and Narisawa, 2018).
The genus Stachybotrys is a marked producer of
cellulose-degrading enzymes (Fernandes et al., 2021).
Trichoderma is an effective biofertilizer, soil amendment
and biocontrol agent (Herrera-Parra et al., 2017; Saxena
et al., 2020). Chaetomium is a genus of the family
‘Chaetomiaceae’, and application of spores and metha-
nol extracts of C. globosum, C. lucknowense and

C. cupreum to pomelo seedlings inoculated with Phyto-
phthora nicotianae reduced the extent of root rot and
increased plant weight (Hung et al., 2015). Moreover, soil
bacteria such as Actinobacteria, Lysinibacillus,
Propionibacteriales, Paenibacillaceae, Micrococcaceae
and Chloroflexia had the highest degree of enrichment in
the rhizosphere of Astragalus plants treated with different
inocula under different water conditions. Khan et al. (2019)
reported that Actinobacteria was highly abundant in
medicinal plant rhizosphere microbiomes in arid soil, and
Actinobacteria can increase the amount of phosphate
available to plants through P solubilization or mineraliza-
tion (Soumare et al., 2021). Members of the genus
Lysinibacillus enhanced the growth and yield of rice
(Oryza sativa) under greenhouse conditions (Dhondge
et al., 2021). Sun et al. (2020) reported that

Fig. 6. The causal relationships among DSE species, T. viride, water condition, plant growth parameter (total biomass, plant height, leaf number,
root surface area, root diameter), soil parameter (organic matter, available N, available P, available K), soil fungi and bacteria based on structural
equation model (SEM). The final model fitted the data well:maximum likelihood, χ2 = 192.741, df = 24, P = 0.001, goodness-of-fit index = 0.869,
Akaike information criteria = 181.072 and root mean square error of approximation = 0.445. Solid lines and dashed lines indicate significant and
non-significant pathways respectively. The width of the solid lines indicates the strength of the causal effect, and the numbers near the arrows
indicate the standardized path coefficients (*P < 0.05, **P < 0.01 and ***P < 0.001). The numbers in the upper-right corner of the box indicate the
R2 values and represent the proportion of variance explained for each variable. TV, T. viride; SOC, soil organic carbon; SAN, soil available N;
SAP, soil available P; SAK, soil available K; TB, total biomass; PH, plant height; RSA, root surface area; RD, root diameter.
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Propionibacteriales have drought, salt tolerance, alkali
resistance and stress resistance, in addition to strong
degradation capabilities (Ivanova et al., 2016), while
Paenibacillaceae are plant growth promoter and biocon-
trol agents (Delgado-Ramírez et al., 2021). Cui et al.
(2018) found that Micrococcaceae had strong effects on
microbial N metabolism, and a member of the family
Micrococcaceae isolated from halophytic rangeland
plants could improve wheat productivity, especially the
attributes related to seed and forage quality, under salin-
ity stress conditions (Hajiabadi et al., 2021). Chloroflexia,
which has been investigated in association with a variety
of crop species, is considered to play a positive role in
crop growth (Visioli et al., 2018; Wei and Yu, 2018). In
addition, the microbes colonizing the Astragalus rhizo-
sphere exhibited distinct preferences for various growth
parameters (Fig. S6), and the SEM analysis further dem-
onstrated that soil fungi positively affected root surface
area, while soil bacteria positively affected leaf number,
and negatively affected plant height and biomass. Plants
can recruit target microbial communities through signal-
ling molecules, and then use the immune system to pro-
vide specific nutrients and habitat types to exert selective
pressure, thereby enriching beneficial microbial commu-
nities (Foster et al., 2017; Martin et al., 2017; Cordovez
et al., 2019). Thus, the enrichment of beneficial microbial
communities is essential for the survival and develop-
ment of plants, allowing them to thrive in diverse environ-
ments (Gagnon et al., 2020; Mengistu, 2020).

Effects of DSE and TV on soil nutrients and microbes of
Astragalus plants

DSE increased organic matter, available N and available
P in the soil and AV inoculation increased soil available K
under WW conditions, while inoculation with PP
decreased organic matter and available K in the soil
under DS. Furthermore, DSE � TV significantly affected
soil organic matter, available N, P and K contents and
DSE � TV � watering regime significantly affected soil
available N and P content. This was congruent with
observations for W. somnifera after co-inoculation with
TV and native endophytic fungi (Kushwaha et al., 2019).
Two possible reasons can explain the interactions of
DSE and TV on soil nutrient properties. First, dual inocu-
lation of DSE and TV could improve the root system and
N and P absorption by plants, which consequently led to
the depletion of these common nutrients in the soil
(Halifu et al., 2019; Li et al., 2019a). Second, DSE and
TV could act as decomposers, converting soil organic
nutrients into available forms to promote the growth and
tolerance of plants to stressful conditions (Schmoll, 2018;
He et al., 2019; Alothman et al., 2020). Endophytic fungi
increase the interactions between plants and soil and

expand the amount of available N and P because they
secrete several enzymes required for the mineralization
of organic N and insoluble P in the soil into available
forms. Thus, endophytic fungi provide a link between
plant and soil environments that promotes the growth
and tolerance of plants (Berthelot et al., 2016;
Saravanakumar et al., 2016; Guo et al., 2020).

In addition, the plant rhizosphere contains a complex
community of microorganisms, including bacteria, archaea
and fungi. These microorganisms affect plant survival,
growth and adaptability (Xiong et al., 2021). In the present
study, the relative abundance of microbes colonizing the
rhizosphere of Astragalus differed among treatments, and
Ascomycota, Proteobacteria, Actinobacteria, Chloroflexi
and Firmicutes were the dominant phyla across the vari-
ous treatments. The predominance of Ascomycota in arid
and semi-arid regions was previously reported (Porras-
Alfaro et al., 2011). Latif et al. (2020) found that Prote-
obacteria, Actinobacteria, Acidobacteria, Bacteroidetes,
Firmicutes, Chloroflexi and Gemmatimonadetes were the
predominant bacterial phyla in the rhizosphere of Triticum
aestivum, and Barraza et al. (2020) reported that the bac-
terial community structure of common bean roots was
mainly composed of Actinobacteria, Proteobacteria, Bac-
teroidetes, Acidobacteria and Firmicutes. The major rhizo-
sphere microbes may vary widely among plant species,
but Actinobacteria and Proteobacteria might be the most
common bacterial phyla in plant rhizospheres.

Biotic and abiotic stressors alter rhizosphere microbe
community structures and may augment or diminish cer-
tain microbial populations (Santoyo et al., 2017; Achouak
et al., 2019). In the present study, water stress had a
more significant impact on the distribution of bacterial
communities than on fungal communities. This might be
explained by the formation of stable symbiotic relation-
ships between some soil fungi and host plants (Bouasria
et al., 2012; He et al., 2021). Here, the number of repre-
sentative fungi and bacteria between different inoculation
treatments was significantly different. Among them, the
number of fungi and new OTUs in Astragalus rhizo-
sphere soil under most of the treatments was lower under
DS than under normal water conditions, but the opposite
result was observed for combined inoculation with PP
and TV. This phenomenon was not evident when PP or
TV were inoculated separately, which indicated that dual
inoculation with PP and TV had a favourable synergistic
effect on microbial community composition in Astragalus
rhizosphere soils (Ważny et al., 2018; He et al., 2020).
Moreover, the microbes colonizing the Astragalus rhizo-
sphere exhibited distinct preferences for various soil fac-
tors (Fig. S7). These findings were consistent with those
previously reported that microbial inoculation broadly
influences plant rhizosphere microbial communities by
altering soil chemical properties and indirectly affecting
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host plant growth (Raklami et al., 2019; Ullah
et al., 2019).

Conclusions and outlook

This study explored the associations between
A. mongholicus roots and DSE derived from the roots
and rhizosphere soil of licorice grown on farmlands of
northern China. Two DSE species were effective colo-
nizers of A. mongholicus roots. Dual inoculation with
DSE and TV had a positive effect on the growth of
A. mongholicus depending on the DSE species and
water regime. In addition, dual inoculation and water
regime also markedly affected the composition and diver-
sity of the rhizosphere microbial communities, and such
impact was greater on the bacterial community than on
the fungal community. Moreover, under drought stress,
combined inoculation of A. mongholicus with PP and TV
exerted a stronger impact on the rhizosphere microbiome
compared with combined inoculation with AV and
TV. The soil factor changes caused by dual inoculation
and water regime partially account for the observed varia-
tions in the rhizosphere microbiome. Furthermore, the rhi-
zosphere microbes mediated by dual inoculation
exhibited distinct preferences for various growth parame-
ters. In this manner, dual inoculation promoted plant
growth and drought tolerance, thereby facilitating survival
of A. mongholicus under DS. The findings from this study
may help develop efficient and eco-friendly biofertilizers
for the cultivation of medicinal plants, selecting symbiotic
fungal consortia for the biofertilizers based on the soil
characteristics and microbial community that such plants
harbour in dryland agriculture.

Experimental procedures

Biological materials and growth substrates

Two DSE fungi (AV and P. putaminum) and TV isolated
from the roots and rhizosphere soil of licorice
(G. uralensis), which grows naturally in arid farmland of
North China, were used in this study. These fungal spe-
cies were identified based on morphological characters
and internal transcribed spacer (ITS) phylogeny, and
were deposited in the culture collection of the Laboratory
of Endangered Species Breeding Engineering, Institute
of Medicinal Plant Development, Chinese Academy of
Medical Sciences and Peking Union Medical College,
Beijing, China (He et al., 2019). ITS sequences for the
fungi are available in the GenBank database under
accession numbers MK392024 (AV), MK601233
(P. putaminum) and MK396066 (TV). Five millilitres of
sterile water was placed in a Petri dish containing mature
TV and the suspension (spore concentration

1 � 107 CFU ml�1) was thoroughly mixed and transferred
to a sterile conical flask on an ultraclean workbench (Al-
Hazmi and TariqJaveed, 2016). The TV spore inoculum
density was measured using a haemocytometre. This TV
spore concentration was used in the subsequent inocula-
tion experiments. Seeds of A. mongholicus were
acquired from the China National Traditional Chinese
Medicine Corporation of Beijing.

The growth medium was a 1:2 (w/w) mixture of sand
(< 2 mm) and soil collected from the farmland of North
China where A. mongholicus plants were naturally
planted. The growth medium had an organic matter con-
tent of 21.57 mg g�1, available nitrogen of 85.19 μg g�1

and available phosphorus of 7.90 μg g�1.

Inoculation assay

The inoculation experiment was conducted using a
completely randomized factorial design (3 DSE
inoculations � 2 TV inoculations � 2 water conditions)
with five replicates. The three DSE inoculations were AV,
P. putaminum (PP) and an uninoculated control (CK).
The two TV inoculations were TV and an uninoculated
control (sterilized TV spore fluid; CK). The two water con-
ditions were well-watered (WW, 70% field water capacity)
and drought stress (DS, 30% field water capacity). There
were two plants per pot/replicate, thus totalling
60 experimental pots.

Astragalus seeds were surface sterilized with 70% eth-
anol for 3 min and then treated with 2.5% sodium hypo-
chlorite for 10 min, while providing agitation. The
sterilized seeds were gently washed with sterile water
several times, and aseptically planted onto water agar
(10 g L�1) medium in Petri dishes for germination at
27�C. Following pre-germination, the seedlings were
transplanted to sterile plastic pots (13 cm
diameter � 12 cm height, two seedlings per pot) con-
taining 800 g non-sterile growth medium. DSE inocula
were prepared by aseptically growing DSE isolates in
Petri dishes with potato dextrose agar (PDA) culture
medium. For DSE inoculation, two 5-mm plugs excised
from the edge of an actively growing colony on culture
medium were inoculated at a 1 cm range close to the
roots of Astragalus seedlings. Specifically, each experi-
mental pot was first filled with 600 g soil, on which the
two 5-mm DSE plugs were placed, followed by 200 g soil.
After two weeks, the seedlings were irrigated with 30 ml
of TV spore fluid; the control seedlings were irrigated with
30 ml of sterilized TV spore fluid. All inoculation proce-
dures were conducted on an ultraclean workbench, and
all experimental pots were kept in a growth chamber in a
14 h/10 h light/dark photoperiod, at 27�C/22�C
(day/night), and 60% mean relative humidity. Seedling
growth occurred for 3 months.
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One month later, half of the seedlings (both control and
inoculation treatments) were subjected to WW and DS
treatment. Soil moisture was determined with a soil
humidity recorder (L99-TWS-2, China). Water loss was
supplemented daily with sterile distilled water to maintain
the desired field capacity by regular weighing.

Plant growth parameters

Before harvesting, plant heights and leaf numbers of
each replicate with two plants in each pot were mea-
sured. Shoots and roots from each pot were separately
harvested, and roots were gently washed with tap water
to remove sand. Individual root sections were allowed to
float in water at a depth of approximately 1 cm in a
lexiglass tray and were scanned using a desktop scanner
(EPSON Perfection V800 Photo, Japan). The surface
area and average diameter of the roots were determined
using the WinRHIZO image analysis system (Chen
et al., 2012). Root and shoot biomass were determined
by oven drying at 70�C for 48 h. The root and shoot bio-
mass and root growth index were conducted as the sum
of the two plants per pot.

DSE root colonization

Fresh roots were washed with tap water and cut into seg-
ments of 0.5 cm length. These root segments were sur-
face sterilized by dipping in 70% ethanol for 5 min,
followed by 5% sodium hypochlorite for 5 min, and were
then washed in sterile distilled water. A total of 30 ran-
domly selected 0.5 cm-long root segments in each sam-
ple were placed on slides and the DSE colonization
status was observed under a biomicroscope (Phillips and
Hayman, 1970).

Soil physicochemical properties

Rhizosphere soil samples from each replicate were pas-
sed through 2 mm sieves and divided into two subsam-
ples: one subsample was dried at room temperature for
soil physicochemical analyses, while the other subsample
was frozen at �80�C for microbial community composition
analysis. A 0.2 g dried soil sample was digested in a
10 ml of mixture of perchloric acid (12.7 mol L�1), sulfuric
acid (18 mol L�1) and water in the ratio of 10:1:2 using the
Mars 6 microwave reaction system (CEM Corporation,
Matthews, NC, USA) until a clear liquid was obtained. Soil
organic matter, available nitrogen (N), available phospho-
rus (P) and available potassium (K) contents were quanti-
fied via oxidization with dichromate in the presence of
sulfuric acid (Rowell, 1994), and by using the alkaline
hydrolysis diffusion, chlorostannous-reduced

molybdophosphoric blue method (Olsen et al., 1954), and
flame photometer (Jackson, 1973) method.

Composition of soil microbial community

Total genomic DNA from 0.25 g soil samples was
extracted with a Powersoil® DNA Extraction kit (Mo Bio,
Carlsbad, CA, USA). DNA quality was tested by 0.1%
(w/v) agarose gel electrophoresis and DNA purity and
concentration were measured with a NanoDropTM 1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Two pairs of universal primers, 338F (50-
ACTCCTACGGGAGCAGCAG-30) and 806R (50-GGAC
TACHGGGTWTCTAAT-30) (Xu et al., 2016), and ITS1F
50-CTTGGTCATTTAGGAAGTAA-30) and ITS2R (50-
GCTGCGTTCTTCATCATG ATGC-30) (Adams et al.,
2013), were used to characterize the microbial communi-
ties by targeting the bacterial 16S rRNA genes v3–v4
and the fungal ITS1 and regions respectively. PCRs were
conducted in triplicate in a 20 μl of reaction system con-
taining 4 μl of 5 � FastPfu Buffer (for 16S v3–v4) or 2 μl
of 10 � Buffer (for ITS), 2 μl of dNTPs, 0.8 μl of forward
and reverse primers, 0.4 μl of FastPfu polymerase (for
16S v3–v4) or 0.2 μl of rTaq polymerase (for ITS), 0.2 μl
of bovine serum albumin (BSA) and 10 ng template DNA.
The PCR program comprised an initial denaturation at
95�C for 3 min, 28 cycles of denaturation at 95�C for
30 s, annealing at 55�C for 30 s, and elongation at 72�C
for 45 s, followed by a final extension at 72�C for 10 min.
PCR products were detected by gel electrophoresis (2%,
w/v, agarose), purified with an AxyPrep™ DNA Gel
Extraction kit (Axygen BioSciences Inc., Union City, CA,
USA), and quantified in a QuantiFluor™ dsDNA system
fitted with a QuantiFluor™-ST fluorometer and a PCR
tube adapter (Promega Corporation, Madison, WI, USA).
Samples were sequenced using the paired-end option
(2 � 300 bp) of an Illumina MiSeq PE 300 platform
(Illumina, San Diego, CA, USA) at the Environmental
Genome Platform of Meiji Biomedical Technology
Co. Ltd. (Shanghai, China).

Raw fastq files were demultiplexed, quality filtered and
merged by Trimmomatic and fast length adjustment of
short reads (FLASH; Johns Hopkins University, Baltimore,
MD, USA) (Magoč and Salzberg, 2011). Sequences that
were < 50 bp long and had an average quality score < 20
or ambiguous bases were removed. The filtered high-
quality sequences were merged according to the overlap
sequences between read pairs. Sequences with mis-
matches along the primer region were removed before the
downward process. Non-chimeric sequences were der-
eplicated and singletons were discarded. The filtered non-
chimeric sequences were clustered into operational taxo-
nomic units (OTUs) at 97% sequence level based on the
UPARSE pipeline using USEARCH v. 8.0. The RDP
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Bayesian classifier algorithm was used to classify repre-
sentative OTU sequences via the fungal (ITS) UNITE
database v. 18.11.2018 and the Silva (SSU123) 16S
rRNA gene reference database at a confidence threshold
of 0.7. The RDP then collated the functional gene data-
base from GenBank (Release 7.3; http://fungene.cme.
msu.edu/) and obtained species annotation data. To elimi-
nate potential bias caused by divergent sequence depth
across samples, all samples were subsampled to the mini-
mum sequencing depth. The dilution curve, Venn map
and community composition analysis were conducted in R
software package (R Core Team, Vienna, Austria; version
3.4.0) based on the OTU count and associated taxonomy
tables. The alpha-diversity index was calculated in mothur
(v. 1.30.2). Other statistical analyses were performed in
SPSS v. 22.0 (IBM Corp., Armonk, NY, USA) and the
remaining graphs were strainted with Origin v. 9.0
(OriginLab, Northampton, MA, USA) (Chen and
Boutros, 2011).

Abundance and diversity analyses

To characterize microbial diversity, Shannon and Chao1
indices were calculated based on the OTU data. The
Chao1 index reflects community abundance while the
Shannon index indicates community diversity (Maughan
et al., 2012). Rank abundance and rarefaction curves
strainted in QIIME estimate species evenness and evalu-
ate species richness and sequence depth respectively
(Chen et al., 2016). Fungal or bacterial OTU richness
was defined as the number of fungal or bacterial OTUs
per sample. The relative abundance of a specific fungal
or bacterial OTU and class was defined as the ratio of
corresponding sequences and class to the total reads per
sample. Each representative OTU sequence in this study
was used for taxonomic identification at the phylum,
class, order, family and genus levels.

Statistical analysis

For statistical analysis of plant growth and rhizosphere soil
parameters, nonparametric tests were performed because
data were not normally distributed as determined by
Shapiro–Wilk test. All boxplots display individual data
points, median values, interquartile range and minimum
and maximum values. Two-way analysis of variance
(ANOVA) was used to disclose the effects of DSE, TV,
water regime and their interactions on fungal and bacterial
OTU diversity. Data shown in the figures are means of ≥ 3
replicates. Variations among treatment means were com-
pared using Tukey’s honestly significant difference (HSD)
tests at P < 0.05. Non-metric multidimensional scaling
(NMDS) was used to visualize compositional dissimilarities
in the rhizosphere fungal and bacterial communities. The

metaMDS command in the vegan package v. 2.4-1 was
used (Oksanen et al., 2016). To evaluate the interactions
of DSE and TV on the rhizosphere fungal and bacterial
communities, permutational multivariate analysis of vari-
ance (PerMANOVA) was performed using the adonis com-
mand in the vegan package with 999 permutations
(Oksanen et al., 2016). Microbe preference analysis with
growth parameters such as plant biomass, height, leaf
number, root surface area and root diameter or edaphic
factors such as water condition, soil organic matter,
available N, available P and available K was performed
according to Huang et al. (2018) and Yao et al. (2019).
Mantel tests and the structural equation model (SEM)
were used to assess the effects of DSE species, TV,
water regime, and soil parameters on the growth and rhi-
zosphere microbe using R-3.2.2 packages ecodist
(Goslee and Urban, 2007) and AMOS 21.0 (maximum
likelihood). SPSS 21.0, Canoco 4.5, RStudio package
vegan (Borcard et al., 2011), and Kaleida Graph 4.5 were
used for statistical analyses and plotting of graphs.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. Colonization of dark septate endophyte (DSE)
strains in the roots of A. mongholicus plant after 3 months of
inoculation. (A, C) Indicate roots inoculated with A. vagum.
(B, D) Indicate roots inoculated with P. putaminum. Arrows
indicate: Hy = DSE hyphae, Mi = DSE microsclerotia.
Figure S2. Rarefaction curves for the fungal (A) and bacte-
rial (B) and ranking by the abundance of the fungal (C) and
bacterial (D) operational taxonomic units (OTUs) in A.
mongholicus rhizosphere. DCK, non-inoculation under
drought stress; NCK, non-inoculation under well-watered
condition; DTV, inoculation with T. viride under drought
stress; NTV, inoculation with T. viride under well-watered
condition; DPP, inoculation with P. putaminum under
drought stress; NPP, inoculation with P. putaminum under
well-watered condition; DAV, inoculation with A. vagum
under drought stress; NAV, inoculation with A. vagum under
well-watered condition; DTVPP, inoculation with T. viride
and P. putaminum under drought stress; NTVPP, inoculation
with T. viride and P. putaminum under well-watered condi-
tion; DTVAV, inoculation with T. viride and A. vagum under
drought stress; NTVAV, inoculation with T. viride and
A. vagum under well-watered condition.
Figure S3. Relative abundance of fungi (A) and bacteria
(B) at the genus level in A. mongholicus rhizosphere. DCK,
non-inoculation under drought stress; NCK, non-inoculation
under well-watered condition; DTV, inoculation with T. viride
under drought stress; NTV, inoculation with T. viride under
well-watered condition; DPP, inoculation with P. putaminum

under drought stress; NPP, inoculation with P. putaminum
under well-watered condition; DAV, inoculation with
A. vagum under drought stress; NAV, inoculation with
A. vagum under well-watered condition; DTVPP, inoculation
with T. viride and P. putaminum under drought stress;
NTVPP, inoculation with T. viride and P. putaminum under
well-watered condition. DTVAV, inoculation with T. viride
and A. vagum under drought stress; NTVAV, inoculation with
T. viride and A. vagum under well-watered condition.
Figure S4. Principal co-ordinates analysis (PCoA) ordination
of the community composition of fungi and bacteria in A.
mongholicus rhizosphere under different water regimes. A,
fungal community under well-watered and drought stress
condition; B, bacterial community under well-watered and
drought stress condition; C, fungi community under inocula-
tion and non-inoculation treatments; D, bacterial community
under inoculation and non-inoculation treatments. CK, non-
inoculation; TV, inoculation with T. viride; PP, inoculation
with P. putaminum; AV, inoculation with A. vagum; TVPP,
inoculation with T. viride and P. putaminum; TVAV, inocula-
tion with T. viride and A. vagum.
Figure S5. Indicator fungi (A) and bacteria (B) with LDA
scores of 2 or greater in A. mongholicus rhizosphere soil.
LDA Effect Size (LEfSe) algorithm was used on OTUs level
to determine taxa that differentially represented between dif-
ferent treatments. CK indicates non-inoculated plants. PP,
indicate plants inoculated with P. putaminum. AV, indicate
plants inoculated with A.vagum. TV, indicate plants inocu-
lated with T. viride. PP+TV, indicate plants inoculated with
P. putaminum and T. viride. AV+TV, indicate plants inocu-
lated with A.vagum and T. viride.
Figure S6. Preferences observed in plant growth parameter-
soil microbes associations under different water condition.
(A) Preferences observed in plant growth parameter-fungi
under well-watered conditions. (B) Preferences observed in
plant growth parameter-fungi under drought stress.
(C) Preferences observed in plant growth parameter-bacteria
under well-watered conditions. (D) Preferences observed in
plant growth parameter-bacteria under drought stress.
Figure S7. Preferences observed in edaphic factor-soil
microbes associations under different water condition.
(A) Preferences observed in edaphic factor-fungi under well-
watered conditions. (B) Preferences observed in edaphic
factor-fungi under drought stress. (C) Preferences observed
in edaphic factor-bacteria under well-watered conditions.
(D) Preferences observed in edaphic factor-bacteria under
drought stress.
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