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Abstract

Dark septate endophytes (DSE) are root-associated fungi and can form plant-DSE symbioses to enhance the growth and
abiotic stress resistance of plants. Although DSE exist in many non-mycorrhizal plants, the growing effects of DSE on
non-mycorrhizal plants are currently poorly documented. This study investigated how DSE from mycorrhizal plants affect
non-mycorrhizal plant growth especially under drought stress. In this study, the non-mycorrhizal plant Isatis indigotica was
inoculated with DSE isolated from the roots of mycorrhizal plant Glycyrrhiza uralensis that grows in desert and farmland
environments to evaluate plant performance and active ingredient content under different water treatments by measuring
growth parameters and physiological indexes. The results indicated that seven DSE colonized the roots of I. indigotica regard-
less of watering regime. Inoculation with Acrocalymma vagum, Edenia gomezpompae and Darksidea alpha enhanced plant
biomass, root surface area and epigoitrin content, and reduced oxidative damage from drought stress. Under drought stress
condition, DSE inoculation caused remarkable increases in photosynthesis and revealed positive effects on SOD activity
and proline content, which was reliance on fungus species. Correlation analyses indicated that root biomass was negatively
correlated with soil pH and available phosphorus, and net photosynthetic rate was negatively correlated with soil organic
carbon and available phosphorus. Therefore, DSE isolated from mycorrhizal plants could enhance the growth and active
ingredient content of I. indigotica. The link between DSE and non-mycorrhizal plant highlights a potential application for
DSE strains in dryland medicinal plant cultivation.
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1 Introduction

Drought, one of the most frequent and severe abiotic stress
factors, can limit plant growth and productivity by decreas-
ing the water content in plants and greatly reducing soil
nutrient availability (Osakabe et al. 2014; Xue et al. 2019).
The response of plants to drought stress can be either self-
regulated or established by microbial symbiosis (Zuo et al.
2020). Endophytic fungi, as important root microbes, can
form symbiotic relationships with almost every plant in
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natural ecosystems (Nelson et al. 2018), and these relation-
ships are conducive to faster growth and stronger drought
resistance in plants (de Vries et al. 2020). Previous stud-
ies have shown that arbuscular mycorrhizal fungi (AMF)
can enhance host plant productivity and tolerance under
drought stress by transferring soil nutrients to the host plant
and increasing its antioxidant enzyme activity (de Vries
et al. 2020; Griimberg et al. 2014). However, typical non-
mycorrhizal plants (such as Brassicaceae, Cyperaceae, and
Chenopodiaceae) are rarely colonized by AMF because they
lack essential symbiosis genes or because they can establish
only weak AMF symbiosis (Anthony et al. 2020; Delaux
2017; Regvar et al. 2003; Veiga et al. 2013). Even in artifi-
cial culture, arbuscules that enhance nutrient exchange were
rarely found on non-mycorrhizal plants. Hence, exploring
the potential uses of endophytic fungi, including dark sep-
tate endophytes (DSE) that have ecological functions similar
to those of AM fungi, is crucial for enhancing health and
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productivity of non-mycorrhizal plants in arid environments
(Hiruma et al. 2018).

Dark septate endophytes (DSE) are conidial or sterile
ascomycetous fungi that colonize the living root tissues of
healthy plants, and these fungi are characterized by dark
septate hyphae and melanized microsclerotia (Mandyam
and Jumpponen 2005). Microsclerotia are considered to
be vegetative propagules with thick melanized walls which
protect plants during stress until conditions are favorable
for germination (Barrow and Aaltonen 2001). Melanin
produced by DSE during the growth process is believed to
maintain the structural rigidity of cell wall and may improve
the adaptability of DSE to various stressors (Agustinho and
Nosanchuk 2017; Berthelot et al. 2020; Potisek et al. 2021;
Fernandez and Koide 2013; Yuan et al. 2021; Zhan et al.
2011). Related reports have shown that DSE have a positive
impact on host plant function depending on host-symbiont
combinations (Newsham 2011). DSE strains can adjust the
root morphological structure and expand root networks to
improve water absorption in host plants (Hill et al. 2019; He
et al. 2019b). In addition, DSE have been found to have the
ability to enhance plant growth and stress resistance (Li et al.
2019a; Liu and Wei 2019). Hou et al. (2020) found that DSE
can increase the biomass and root vitality of non-hosts and
thereby improve their heavy metal stress resistance. Li et al.
(2018) reported that DSE isolated from desert ecosystems
enhanced drought resistance in non-host plants. However,
the effects of DSE from different habitats on the growth and
drought resistance of non-mycorrhizal plants are unclear.

Isatis indigotica Fortune (Brassicaceae) is a traditional
medicinal plant which widely distributed in northern and
central China (Zhang et al. 2019; Zhao et al. 2017). Its
dried roots are rich in active ingredients such as epigoitrin
and is used clinically to prevent and treat influenza (Luo
et al. 2019; National Pharmacopoeia Commission 2015).
Although cultivation techniques for medicinal plants have
been developed, the deterioration of cultivation areas caused
by drought poses a great challenge to the growth and sus-
tainable development of medicinal plant cultivation (Wang
et al. 2020a, 2020b). Thus, improving the yield and quality
of medicinal materials under drought conditions has become
an urgent problem to be solved. Han et al. (2021) found that
typical DSE colonisation structures were observed in the
roots of 25 medicinal plants including I. indigotica and G.
uralensis. Zhang et al. (2012) found that inoculation with
DSE increased the total biomass of Lycium barbarum by
39.2%. He et al. (2019b) found that DSE colonization can
increase the glycyrrhizic acid and glycyrrhizin contents of
G. uralensis under drought stress conditions. As DSE could
affect on medicinal plants growth, it is significant to evaluate
the potential application of DSE in medicinal plants.

Studies have shown that DSE can colonize mycorrhizal
and non-mycorrhizal plants and have a positive effect on the
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growth of mycorrhizal plants; however, DSE impact on the
growth of non-mycorrhizal plants, especially those under
drought stress are currently poorly documented (Mandyam
et al. 2013; Cosme et al. 2018). The present study aimed to
explore the effect of DSE on the growth and active ingre-
dient content of non-mycorrhizal plant I. indigotica under
drought stress in order to expand their potential for applica-
tion in the cultivation of medicinal plants experiencing water
deficit conditions. We examined the performance of I. indig-
otica inoculated with DSE under well-watered and drought
stress conditions. Specifically, we answered the following
questions: (1) Do DSE isolated from mycorrhizal plant G.
uralensis roots in arid and farmland habitats colonize the
roots of I. indigotica under well-watered and drought stress
conditions? (2) Do DSE contribute to the growth and active
ingredient contents of /. indigotica under drought stress con-
ditions? If so, (3) how do DSE affect I. indigotica growth
under drought stress conditions?

2 Materials and methods
2.1 Fungal and plant materials

Root samples of G. uralensis were collected in the arid area
of Northwest China and the farmland area of Anguo city,
China in September 2019. Roots were surface-disinfected by
sequential washes in 75% ethanol for 5 min and 10% sodium
hypochlorite for 5 min, after which they were rinsed several
times in sterilized water and then dried on sterile filter paper.
Finally, root segments were placed on potato dextrose agar
(PDA) culture medium with antibiotic supplements (ampi-
cillin and streptomycin sulfate) in Petri dishes (Zuo et al.
2020). The sterilized root samples were cultured in the dark
at 27 °C and were observed daily. Meanwhile, the distilled
water (200 uL) left in the final step were coated on PDA
medium as a contrast. The dark hyphae growing from the cut
ends of root segments were transferred to new PDA plates
and kept in the dark at 27 °C (Li et al. 2018).

Fresh hyphae (approximately 50 mg) were scraped from
each colony, and DNA was extracted by the fungal genomic
DNA extraction kit (Solarbio, China) according to the manu-
facturer’s instructions. The primers ITS4 (5’-TCCTCCGCT
TATTGATATGC-3") and ITS5 (5’-GGAAGTAAAAGTCGT
AACAAGG-3') were used to amplify the internal transcribed
spacer (ITS) region by polymerase chain reaction (PCR).
PCR reaction system (20 uL): 2XEs Taq Master Mix 10 uL
(10 mM Tris-HCI, pH 8.3; 50 mM KCI; 1.5 mM MgCl,;
250 pM each dNTP; 0.05 U Polymerase/pL), each primer
0.5 pL (10 pmol/L), DNA template 3.5 pL (50-100 ng/uL),
ddH,0 5.50 uL. PCR was performed in a Life ECO™ ther-
mocycler (BIOER, China) with the following program: pre-
denaturation at 94 °C for 5 min, followed by 35 cycles of
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denaturation at 94 °C for 1 min, primer annealing at 55 °C
for 1 min, extension at 72 °C for 1 min, and a final exten-
sion at 72 °C for 10 min. The purified PCR products were
sequenced. The sequences were analyzed using BLAST tool
in NCBI with the option “type strain material” to determine
taxonomic identifications. Clustal X (v.1.81) was used to
complete sequence alignment. Finally, MEGA 6.0 was used
for phylogenetic analysis and construction of maximum
likelihood trees (Hou et al. 2020; Xie et al. 2017). DNA
sequences were deposited in GenBank under the accession
numbers MW042345 (AV ), MW042346 (PC), MW042347
(EG), MW042348 (DA), MW042350 (BN), MW042351
(PT) and MWO042354 (AV,). The isolates were preserved at
-80 °C in the culture collection of the Laboratory of Plant
Ecology, Hebei University, China. Meanwhile, all isolates
were cultured on the PDA medium for 2 weeks under dark
conditions at 27 °C for subsequent experiments.

Mature seeds of I. indigotica were collected from the
Anguo Medicine Planting Site in Hebei Province, China.
Seed surface was sterilized with 75% ethanol for 3 min, then
with 2.5% sodium hypochlorite for 10 min, and then rinsed
with sterile water for three times. The sterilized seeds were
placed on water-agar (10 g/L) medium in Petri dishes for
germination at 27 °C (Hou et al. 2020).

2.2 Plant growth experiment

The experiment was conducted using a completely random
design in an 8 x 2 factorial arrangement. The variables for /.
indigotica cultivation were inoculated with the various DSE
(a non-inoculated control, AV,, PC, EG, DA, BN, PT and
AV,) and the water conditions (well-watered and drought
stress). Each treatment consisted of five replicates, with two
plants in each pot, for a total of 80 experimental pots.

The sterilized seedlings were planted in sterile pots
(diameter 8 cm, height 24 cm; 2 seedlings per pot) contain-
ing 400 g (200 g of soil mixed with 200 g of river sand)
of culture substrate that had been autoclaved at 121 °C for
120 min (He et al. 2020; Hou et al. 2020). The culture sub-
strate contained 21.57 mg/g of organic matter, 130 mg/kg
of ammonium nitrogen, and 7.90 mg/kg of available phos-
phorus. For the DSE-inoculated treatments, fungal discs
(5 mm in diameter, 1 disc per plant) were excised from a
14-day-old PDA culture medium and placed 1 cm below
each plant roots (Li et al. 2019b). The control treatments
were inoculated with discs excised from a 14-day-old PDA
culture medium without fungus. All inoculation processes
were performed on a sterile, ultra-clean workbench. All pots
were placed in a growth chamber with a photoperiod of a
14 h/10 h, temperatures of 27 °C/22 °C (day/night), and an
average air relative humidity of 60%.

One month after sowing, half of the seedlings (in both
the inoculation and control treatments) were maintained
under well-watered conditions (70% field water capacity),
while the other half were under drought stress (35% field
water capacity). The 1. indigotica seedlings were harvested
at 90 days after sowing.

2.3 Plant growth parameters

Before harvesting, the chlorophyll content (Chl) of the
third mature leaf from the top of the plants was measured
using the SPAD-502 Chl meter (Konica Minolta Sensing,
Osaka, Japan). The absorbance of the leaves was measured
at wavelengths of 650 nm and 940 nm. A “SPAD number”
was calculated from these two transmission values. The net
photosynthetic rate (Pn) of the third leaf from the top was
measured by the portable photosynthesis measurement sys-
tem (LI-6400XT, Li-COR, Lincoln, United States). Then,
plant shoots and roots in each pot were harvested separately.
The root system of each plant was gently washed to remove
any adhering sandy soil. The cleaned root samples were
placed in clear plexiglass trays containing deionized water
and scanned with a scanner (EPSON Perfection V800 Photo,
Japan). The total root length, average root diameter, root
surface area, and root volume were measured using the Win-
RHIZO image analysis system (Regent Instruments, Quebec,
QC, Canada).

The root samples were collected after scanning to ana-
lyse DSE colonization, indole-3-acetic acid (IAA) content
and epigoitrin content. The leaves were used to assess plant
physiological parameters, such as superoxide dismutase
(SOD) activity and malondialdehyde (MDA) content. The
remaining roots and shoots were dried at 70 °C for 48 h to
calculate the plant biomass. Soil samples from each replicate
were air-dried (15 °C to 25 °C) and then stored at 4 °C until
the analyses of soil physicochemical properties.

2.4 Determination of proline contents
and antioxidant enzyme activity

The proline content was determined based on the method of
Bates et al. (1973). Fresh leaves (0.5 g) were homogenized
in 3% sulfosalicylic acid solution (5 mL). The homogenate
was heated in a boiling water bath for 10 min, then filtered
with filter paper. The filtrate (2 mL) was reacted with gla-
cial acetic acid (2 mL) and acid-ninhydrin (2 mL) heated
for 30 min at 100 °C. The reaction was terminated in an ice
bath. The reaction mixture was extracted with 4 mL of tolu-
ene and then centrifuged at 3000 r/min for 5 min. Finally, the
absorbance was read at 520 nm using a spectrophotometer.

SOD activity was measured by the photochemical
reduction method (Elavarthi and Martin 2010). Fresh
leaves (0.5 g) were homogenized in 5 mL of 50 mM
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potassium phosphate buffer (pH 7.8) containing chilled
0.2 mM EDTA and 2% (w/v) polyvinylpyrrolidone and
placed in an ice bath. The homogenate was centrifuged
at 15000 rpm for 30 min to collect the supernatant for
enzyme assays. One unit of SOD activity is defined as the
amount of enzyme causing a 50% inhibition in the pho-
tochemical reduction of nitroblue tetrazolium at a wave-
length of 560 nm, determined using the spectrophotometer
(752 N model, Shanghai INESA Instrument Analytical
Instruments Co., Ltd., China).

The MDA content was measured by the thiobarbitu-
ric acid (TBA) method (Peever and Higgins 1989). Fresh
leaves (0.5 g) were homogenized in 5 mL of 10% trichlo-
roacetic acid and centrifuged at 12000xg for 10 min. Then
the supernatant (2 mL) was added to 0.5% TBA (2 mL).
The mixture was heated in a boiling water bath for 15 min
and then rapidly cooled. After centrifugation at 12000xg
for 10 min, the absorbance was determined at wavelengths
of 450, 532 and 600 nm using the spectrometer. The MDA
content was calculated following the formula:

C(umol/L) = 6.45(0Ds;3, — ODyy) — 0.56 ODy5,

2.5 Determination of indole-3-acetic acid content
and active ingredients in roots

Fresh roots (100 mg) were homogenized in 1 mL of
0.01 mol/L precooled phosphate buffer solution (pH=7.2).
The homogenate was centrifuged at 3000xg for 20 min at
4 °C to collect the supernatant that was used to determine
the TAA content with an IAA ELISA kit (Mlbio, Shanghai,
China). The absorbance was measured using the Epoch 2
microplate reader (BioTek, Winooski, USA) at 450 nm.

The epigoitrin content was determined by high-perfor-
mance liquid chromatography (HPLC) (National Pharma-
copoeia Commission 2015). The dried root samples were
ground into powder and passed through a 40-mesh sieve.
A 1 g sample was decocted in 50 mL of boiling water for
2 h and filtered through a 0.45 pm filter. The 10 pL aliquot
of the filtrate was subjected to separation by HPLC using
a reversed-phase C;g4 symmetry column (4.6 mm X 250
mm, pore size 5 um; Waters Corp., Milford, MA, USA).
The mobile phase was prepared from a 0.02% aqueous phos-
phoric acid water solution (phase A) and methanol (phase
B). Isocratic elution was performed with 70% A-30% B. The
flow rate was 1.0 mL/min. The analysis time was 20 min.
The eluted compounds were detected spectrophotometrically
at 245 nm using a 2998 PDA photodiode array detector. The
epigoitrin was purchased from the China National Institutes
for Food and Drug Control.
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2.6 DSE root colonization

To assess whether the roots of 1. indigotica were colonized
by DSE, the method described by Phillips and Hayman
(1970) was used to observe the fungal structures in the
roots. Fresh root segments (0.5 cm) were cleared in 10%
(w/v) potassium hydroxide (100 °C, 1 h) and then stained
in 0.5% (w/v) acid fuchsin (90 °C, 20 min). Fifty root seg-
ments in each sample were randomly selected and then
observed by microscopy at 20X and 40X magnification.

2.7 Soil physicochemical properties

Soil organic carbon (SOC) was estimated by the combus-
tion method (Heiri et al. 2001). Soil pH was measured
with pH 3000 meter (STEP Systems Gmbh, Germany).
Soil ammonium nitrogen (SAN) was measured by the
Smartchem 200 (Alliance, France) analyser (Xie et al.
2017). Soil available phosphorus (SAP) was determined by
sodium bicarbonate extraction—molybdenum blue method
(Olsen et al. 1954).

2.8 Statistical analysis

Two-way variance analysis (ANOVA) was performed to
examine the effects of DSE inoculation, water conditions,
and their interactions on the plant growth parameters,
photosynthetic parameters, antioxidant parameters, and
epigoitrin and soil nutrient contents. Tukey’s and T tests
were used to compare the mean values (P < 0.05). SPSS
21.0 software was used for the above analyses. Redun-
dancy analysis (RDA) was utilized to examine the correla-
tion between physicochemical parameters and the growth
parameters of 1. indigotica using CANOCO 4.5.

3 Results
3.1 Identification of endophytic fungi

Based on morphology (Supplementary Fig. S1) and the
comparison of fungal sequences in GenBank database and
molecular phylogeny analysis (Supplementary Fig. S2),
six DSE isolated from arid region were identified as
Acrocalymma vagum (AV ), Paraphoma chlamydocopiosa
(PC), Edenia gomezpomplae (EG), Darksidea alpha
(DA), Brunneochlamydosporium nepalense (BN),
Preussia terricola (PT). Meanwhile, one DSE isolated
from farmland region were identified as Acrocalymma
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vagum (AV,). Thereinto, Acrochaetium vagum (AV,, AV,)
is a common species isolated from arid and farmland
areas.

3.2 Plant biomass production

After harvesting, DSE hyphae and microsclerotia were
observed microscopically in all the tested root samples of
I indigotica plants under all treatments (Supplementary
Fig. S3). The root biomass, shoot biomass, total biomass
and root-shoot ratio of I. indigotica were significantly
affected by DSE inoculation, water conditions, and their
interaction (Table 1). The root biomass and root shoot
ratio under drought condition were significantly higher
than those under well-watered conditions (Fig. la, c).
Under well-watered conditions, inoculation with AV, DA,
PT and AV, enhanced the root biomass, shoot biomass,
total biomass and root-shoot ratio; inoculation with EG
promoted the shoot biomass and total biomass compared
with those of the control plants (Fig. 1, Supplementary
Fig. S4a). Under drought stress, inoculation with all
DSE strains except BN resulted in an increase in the
root biomass, shoot biomass and total biomass, whereas
inoculation with AV, PC, DA, PT and AV, increased
root-shoot ratio compared with those of the control plants
(Fig. 1, Supplementary Fig. S4a).

3.3 Photosynthetic parameters in leaves

DSE inoculation, water conditions and the interaction
between DSE inoculation and water conditions had

significant effects on SPAD and Pn values (Table 1). The
SPAD value is greater under drought stress than under well-
watered conditions. The Pn of control plants was lower
under drought stress than under well-watered condition,
while the Pn of plants inoculated with AV, EG, BN and
AV, was higher than that under well-watered condition
(Fig. 2). Under well-watered conditions, inoculation with
AV, PC, EG, DA, PT and AV, increased the SPAD value,
whereas inoculation with PC, DA, PT and AV, increased
the Pn value compared with those of the control plants
(Fig. 2). Under drought stress, inoculation with DSE expect
EG and BN had significant increases in SPAD values, and
inoculation with all the tested DSE caused significant
increases in Pn compared with those of the control plants
(Fig. 2).

3.4 Root morphological traits

The interaction between DSE inoculation and water
conditions were significant for the root length, root
diameter, root surface area and root volume of I.
indigotica (Table 1). Except for AV,, the root length
is greater under drought treatment than under well-
watered treatment. Root diameter of plants inoculated
with AV, EG and AV, under drought treatment was
increased compared with that of the plants inoculated
with well-watered conditions. Except for DA and AV,,
the root surface area is larger under drought treatment
than under well-watered treatment (Fig. 3). Under
well-watered conditions, inoculation with DA and AV,
promoted the root length, surface area and volume

Table 1 Two-way analysis DSE Water DSE?x?Water

of variance for the effects of

DSE inoculation and water F P F P F P

conditions on the growth and

physio]()gica] parameters of Root biomass 65.971 <0.001 475.927 <0.001 32.287 <0.001

Isatis indigotica Shoot biomass 357.289 <0.001 953.590 <0.001 96.751 <0.001
Total biomass 401.517 <0.001 435.569 <0.001 110.116 <0.001
Root-shoot radio 40.372 <0.001 634.639 <0.001 24.501 <0.001
SPAD value 25.956 <0.001 1614.305 <0.001 13.111 <0.001
Pn 101.320 <0.001 4.709 0.038 76.017 <0.001
Root length 37.982 <0.001 152.593 <0.001 17.624 <0.001
Root diameter 5.261 <0.001 1.645 0.209 2.950 0.017
Root surface area 45.765 <0.001 161.856 <0.001 30.193 <0.001
Root volume 17.119 <0.001 43.334 <0.001 13.391 <0.001
SOD 89.550 <0.001 197.604 <0.001 68.057 <0.001
MDA 1.174 0.345 74.052 <0.001 2.366 0.046
Proline 50.631 <0.001 3657.198 <0.001 81.419 <0.001
1AA 2.223 0.058 9.877 0.004 4.823 0.001
Epigoitrin 330.437 <0.001 80.293 <0.001 340.004 <0.001

Pn: net photosynthetic rate; SOD: superoxide dismutase; MDA: malondialdehyde; IAA: indole-3-acetic
acid. Bold entries indicate a significant difference at P< 0.05.
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Fig. 1 The effects of DSE
inoculation and water condi-
tions on the root biomass (a),
total biomass (b), and root-
shoot radio(c) of I. indigotica.
The error bars represent the
standard error of the mean.
Different letters above the error
bars indicate a significant differ-
ence at P<0.05 by Tukey’s test.
* means a significant difference
between WW and DS. *P<0.05,
*#P<(.01 and ***P<0.001.
WW, well-watered conditions;
DS, drought stress conditions.
C indicates non-inoculated
control. AV, PC, EG, DA, BN,
PT, AV, indicate plants inocu-
lated with Acrocalymma vagum,
Paraphoma chlamydocopiosa,
Edenia gomezpompae, Dark-
sidea alpha, Brunneochlamydo-
sporium nepalense, Preussia
terricola, Acrochaetium vagum
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Fig.2 The effects of DSE inoculation and water conditions on the
SPAD values (a) and net photosynthetic rate (b) of I indigotica. The
error bars represent the standard error of the mean. Different letters
above the error bars indicate a significant difference at P<0.05 by
Tukey’s test. * means a significant difference between WW and DS.
*P<0.05, **P<0.01 and ***P<0.001. WW, well-watered conditions;
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C AV, PC EG DA BN PT AV,

C AV, PC EG DA BN PT AV,

DS, drought stress conditions. C indicates non-inoculated control.
AV, PC, EG, DA, BN, PT, AV, indicate plants inoculated with Acro-
calymma vagum, Paraphoma chlamydocopiosa, Edenia gomezpom-
pae, Darksidea alpha, Brunneochlamydosporium nepalense, Preussia

terricola, Acrochaetium vagum
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Fig.3 The effects of DSE inoculation and water conditions on the
root length (a), root diameter(b) and root surface area(c) of I. indigot-
ica. The error bars represent the standard error of the mean. Different
letters above the error bars indicate a significant difference at P<0.05
by Tukey’s test. * means a significant difference between WW and
DS. #P<0.05, **P<0.01 and ***P<0.001. WW, well-watered condi-

(Fig. 3a, c, Supplementary Fig. S4b). PT inoculation
induced increases in root length and surface area (Fig. 3a,
¢). Inoculation with EG only led to greater root length
compared with those of the control plants (Fig. 3a).
Under drought stress, inoculation with AV, EG and AV,
resulted in higher root length than those observed in the
control plants (Fig. 3a). Inoculation with AV, EG, DA
and AV, promoted the root surface area (Fig. 3c).

3.5 Antioxidant enzyme activities in leaves

DSE inoculation, water conditions and their interaction
had significant effects on SOD activity in I. indigotica
(Table 1). Under drought stress, inoculation with AV, PC
and BN increased SOD activity, whereas inoculation with

C AV, PC EG DA BN PT Av,

tions; DS, drought stress conditions. C indicates non-inoculated con-
trol. AV, PC, EG, DA, BN, PT, AV, indicate plants inoculated with
Acrocalymma vagum, Paraphoma chlamydocopiosa, Edenia gomez-
pompae, Darksidea alpha, Brunneochlamydosporium nepalense,
Preussia terricola, Acrochaetium vagum

all DSE except BN decreased MDA content compared to
that in the control plants (Fig. 4a, b).

3.6 Osmotic substances in leaves

DSE inoculation, water conditions and the interaction
between DSE inoculation and water conditions
significantly affected the proline content of I. indigotica
(Table 1). And the proline content was increased under
drought stress compared with that of plants under
well-watered conditions (Fig. 4c). Under well-watered
conditions, inoculation with AV,, EG, BN and AV,
increased the proline content compared with that in the
control plants (Fig. 4c). Under drought stress, PC, EG,
DA, PT and AV, inoculation increased the proline content
compared to those in the control plants (Fig. 4c).
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3.7 IAA and active ingredient contents in the roots

The interactions between DSE inoculation and water con-
ditions were significant for the IAA and epigoitrin con-
tents in the roots of I. indigotica (Table 1). The epigoitrin
content of control plants under drought stress was lower
than that in the well-watered treatment, but the epigoi-
trin content of plants inoculated with PC, DA and BN
in drought treatment was increased compared with that
of plants under well-watered conditions (Fig. 4d). Under
well-watered conditions, inoculation with AV, PC, BN
and AV, increased the epigoitrin content compared with
that in the control (Fig. 4d). Under drought stress, inocu-
lation with PT increased the IAA content in the plants,
and inoculation with all DSE resulted in higher epigoitrin
content than that in control plants (Supplementary Fig.
S4b, Fig. 4d). The epigoitrin content with AV, inocula-
tion was significantly lower than that with AV, inocula-
tion (Fig. 4d).
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3.8 Soil physicochemical properties and correlation
analyses

The interaction between DSE inoculation and water condi-
tions had significant effects on soil pH and SOC, SAN, and
SAP contents (Table S1). The pH value is greater under well-
watered treatment than under drought treatment, indicating
that drought decreased the soil pH. Under drought stress,
inoculation with AV, EG, DA, BN, PT and AV, decreased
the SOC content (Fig. S5b). Inoculation with AV, PC, DA
and BN resulted in an increase in the SAN content (Fig. S5¢).
Inoculation with all tested DSE except AV, resulted in a lower
SAP content than that observed in the control soil (Fig. S5d).

The RDA explained 99.1% of the variation in plant
growth indicators. Axis 1 of the RDA explained 90.5%
of the variation, whereas axis 2 further explained 8.6%
of the variation. The pH value was negatively correlated
with root biomass, proline and MDA content. The SOC
content was negatively correlated with Pn. The SAP
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Fig.5 Redundancy analysis (RDA) of the growth indicators of I.
indigotica and the explanatory variables when inoculated with seven
DSE species. SOC=soil organic carbon; SAN=soil available nitro-
gen; SAP=soil available phosphorus; RB=root biomass; RD=root
diameter; TAA=indole-3-acetic acid; SOD=superoxide dismutase;
MDA=malondialdehyde; Pn=net photosynthetic rate

content was negatively correlated with root biomass and
Pn (Fig. 5).

4 Discussion

This study reported the effects of DSE isolated from myc-
orrhizal plants on the growth of the non-mycorrhizal plant
L. indigotica under drought stress for the first time. Typical
DSE hyphae and microsclerotia were observed in the roots
of all the inoculated plants, which indicated that these DSE
are effective colonizers of the roots of I. indigotica regard-
less of the water conditions. Existing studies have obtained
variable results regarding the effect of DSE inoculation
on plant growth under drought stress (Santos et al. 2017,
Zhang et al. 2017). Here, the responses of 1. indigotica to
DSE inoculation ranged from negative to positive. Specifi-
cally, inoculation with AV, EG, DA, PT and AV, had posi-
tive effects on the root biomass, shoot biomass and total
biomass under both water conditions. This implies that the
response of non-mycorrhizal plants to DSE colonization is
dependent on the identity of the DSE strain. In addition, 1.
indigotica inoculated with AV, from a desert site achieved
greater total biomass than that inoculated with AV, from a
farmland site under drought stress. The reason for this phe-
nomenon may be that surviving in a desert site increases
DSE drought tolerance. These results further clarify that
the species and source of DSE may affect their interactions
with non-mycorrhizal plants (Li et al. 2019b).

The root system is the primary organ that senses varia-
tions in soil moisture (Verma et al. 2019). Previous research
has shown that DSE can regulate plant root structure and

improve plant fitness to drought stress (Han et al. 2020; Li
et al. 2018; Li et al. 2019b; Liu and Wei 2019). Meanwhile,
AV, EG, DA and AV, inoculation also increased the root
surface area under drought stress. Deep, massive root sys-
tems can be used to absorb water and nutrients, which ulti-
mately influences plant growth (Alvarez-Flores et al. 2014;
Hund et al. 2008). Therefore, the changes in root morphol-
ogy and structure induced by DSE may benefit plant drought
adaptation (Awad et al. 2018; Gonzalez-Teuber et al. 2017).
Existing studies suggested that endophytic fungi can produce
phytohormones to benefit the host plant in combatting the
adverse effects of abiotic stresses (Qiang et al. 2019). TAA
is a major endogenous auxin in plants that is essential for
root growth and development (Xu et al. 2018). Several DSE
species were found to produce IAA and to thereby promote
plant growth and stress tolerance (Priyadharsini and Muthu-
kumar 2017; Qiang et al. 2019). Our results showed that
DSE can participate in the adaptation of the non-mycorrhizal
plant 1. indigotica to drought by regulating its IAA metabo-
lism (Han et al. 2020; Wu et al. 2020).

Previous research has found that drought stress directly
affects the photosynthesis process by damaging the
photosynthetic organs of plants, hindering chlorophyll
synthesis, and ultimately reducing the Pn (Pinheiro and
Chaves 2011; Xia et al. 2018). Inoculation with these DSE
increased the SPAD values and Pn under drought stress. He
et al. (2019b) found that the DSE inoculation enhanced the
chlorophyll content of G. uralensis under drought stress
compared with that of control plants. Our results support the
conclusion that DSE inoculation can improve photosynthesis
in non-mycorrhizal plants and further confirmed the role of
DSE in improving photosynthesis in plants (Ahmadvand and
Hajinia 2018; Hosseini et al. 2017). In this study, inoculation
with all the tested DSE promoted the epigoitrin content of
L indigotica. These findings are similar to those of previous
studies showing that inoculation with DSE promoted plant
active ingredient content (He et al. 2019a; He et al. 2019b;
Zhu et al. 2015; Zubek et al. 2012). Consequently, DSE
can act as promoters to influence the growth and medicinal
quality of non-mycorrhizal medicinal plants, especially
those in drought ecosystems (He et al. 2019a; He et al.
2019b).

Proline is a stress-related amino acid that functions as
an osmoregulator and a reactive oxygen species (ROS)
scavenger; higher levels of proline accumulate in plants
in response to drought stress (Hayat et al. 2012; Pal et al.
2018). Here, inoculation with PC, EG, DA, PT and AV,
increased the proline content of I. indigotica compared
to that of control plants, suggesting that the inoculated
plants had a higher osmotic adjustment capacity under
drought stress. Valli and Muthukumar (2018) found that
DSE inoculation could enhance proline accumulation
in tomato shoots under water-limited conditions. These
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results indicate that DSE inoculation can regulate proline
accumulation to facilitate osmotic regulation, leading to
enhanced tolerance to dehydration under water deficits
(Hosseini et al. 2017; Zang et al. 2015). MDA is gener-
ally considered to be the product of cell membrane lipid
peroxidation (Liu et al. 2017), and inoculation with all
DSE in this study except BN decreased the MDA content
under drought stress. This result indicates that DSE inocu-
lation provides 1. indigotica with a mechanism for avoid-
ing oxidative damage under drought conditions (Huang
et al. 2017). SOD serves as an effective ROS scavenger to
avoid the oxidative damage caused by drought stress (Wu
et al. 2006), and inoculation with AV, and PC enhanced
the SOD activity of I. indigotica in this study. This result
indicates that in the DSE-I. indigotica association, SOD
might play an active role in the detoxification of ROS
stress (Baltruschat et al. 2008).

Related studies have shown that plant symbiotic fungi usu-
ally play a vital role in the exchange of nutrients between plants
and soil and can change the physical and chemical properties of
soils (Zuo et al. 2020). In this study, soil pH under well-watered
treatment is higher than that drought treatment, whereases pH
was negatively correlated with root biomass, proline content
and MDA content. These results indicated that drought-induced
changes included pH decrease (Palomo et al. 2013) and MDA
content increase. Meanwhile, DSE inoculation increased pro-
line content to reduce oxidative damage and increased root
biomass to promote plant growth (Hosseini et al. 2017; Li
et al. 2019b; Qiang et al. 2019). The SAN content of control
treatment was higher under well-watered treatment than under
drought treatment, while the SAN content after inoculation with
AV, PC and DA was lower under well-watered treatment than
under drought treatment. Meanwhile, inoculation with AV, PC
and DA increased the SAN content under drought stress, indi-
cating that DSE could convert soil organic nitrogen into ammo-
nia nitrogen, making nitrogen more freely available to roots
(Hill et al. 2019; Upson et al. 2009; Vergara et al. 2017). The
main explanation for these results may be that DSE produce
a series of enzymes to mineralize soil organic nutrients into
effective forms to increase the size of the plant-available nutri-
ent pool and promote plant growth (He et al. 2019a; Surono
2017). The SOC content was negatively correlated with Pn. The
SAP content was negatively correlated with root biomass and
Pn. These results suggest that DSE inoculation increased Pn
and root biomass, thus enlarged the contact area between plant
roots and soil, allowing the plants to absorb more nutrients and
leading to soil nutrient depletion (Chiu and Paszkowski 2019;
Priyadharsini and Muthukumar 2017; Surono 2017). Therefore,
DSE can contribute to I. indigotica growth under drought stress
conditions by enhancing plant photosynthesis, upregulating
antioxidant systems or stimulating the accumulation of osmotic
substances, and altering soil physicochemical properties.
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5 Conclusions

In this study, we found that seven DSE isolated from the myc-
orrhizal plant G. uralensis could effectively colonize the roots
of the non-mycorrhizal plant I. indigotica and that the seven
DSE displayed considerable functional differences in plant
growth. The responses of plants to DSE ranged from negative
to beneficial depending on the fungal species and the water
conditions. Interestingly, under drought stress, the beneficial
effects of the A. vagum strain isolated from a desert ecosystem
were better than those of the A. vagum strain isolated from a
farmland ecosystem. Our results supplement previous find-
ings that endophytes can enhance drought resistance of plants
and emphasize the importance of using DSE in medicinal
plant cultivation under drought stress. As I. indigotica plays
an important role in the cultivation of medicinal plants, the
DSE-I indigotica association should be further field-tested
to determine its ability to suppress drought stress in dryland
agriculture.
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