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ABSTRACT

Arbuscular mycorrhizal fungi (AMF) are important members of the plant microbiome and affect the uptake and
transfer of mineral elements by forming a symbiotic relationship with plant roots. Nitrogen (N), as an important min-

eral element, can directly affect plant growth and development at different N levels. It has been confirmed that inoc-
ulation with AMF can improve the efficiency of N utilization by plants. However, there are still fewer reports on the
dynamic relationship between arbuscular mycorrhizal and plant secondary metabolites at different nitrogen levels. In
this experiment, the physiological indexes and genes related to saponin synthesis were determined by applying differ-
ent concentration gradients of nitrogen to the medicinal plant P. polyphylla var. yunnanensis infested by AMF as the
test material. It was found that nitrogen addition increased the biomass, chlorophyll content, and nutrient content of
above- and below-ground plant parts and increased the content of saponin content of P. polyphylla var. yunnanensis to
some extent, but AMF inoculation increased the saponin content of P. polyphylla var. yunnanensis more significantly.
AMF inoculation also promoted the expression of genes related to the saponin synthesis pathway, including 3-hy-
droxy-3-methylglutaryl coenzyme A synthase (HMGS), squalene epoxidase 1 (SE1), and cycloartenol synthase (CAS),
which is in according with the accumulation of saponin in plants. It also may increase the saponin content of AMF
plants by altering the expression of P450s and UGTs related to saponin synthesis.
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1. Introduction

Nitrogen (N) fertilizer application has long been
one of the main tools for agricultural yield improve-
ment . But along with the increased use of nitrogen
levels comes an increasingly high economic and
environmental cost. However, excessive N can cause
dramatic changes in the plant growth environment
and can lead to soil acidification and salinization,
which in turn can lead to significant loss of soil
carbonate ”'. Excessive N application can also re-
duce soil microbial activity, decreasing the bacterial
community composition *) and enhancing the spread
of soil diseases . In recent years, many studies
have shown that soil symbiotic fungi with plants,
especially arbuscular mycorrhizal fungi, play an
important role in helping plants to absorb nitrogen
and phosphorus nutrients °. How to apply nitro-
gen fertilizer to plants more scientifically, rationally
and efficiently can more effectively reduce nitrogen
deposition in natural ecosystems, enhance the syner-
gistic effect of nutrient transport between plants and
microorganisms, and achieve longer-term sustainable
development, are important issues that continue to
be explored.

Arbuscular mycorrhizal fungi (AMF) are widely
symbiotic in terrestrial plants, and when AMF are
symbiotic with plants, AMF can help plants to ab-
sorb more water and mineral elements through my-
celial transport, which can account for the majority
of the total nutrients absorbed by plants 7. As an im-
portant nutrient required for plant growth, the main
N in soil is ammonium nitrogen (NO™) and nitrate
nitrogen (NH*"). Many studies have found that AMF
can take up ammonium and nitrate nitrogen from the
soil, as well as other forms of organic nitrogen. N is
taken up by AMF and enters the AMF mycelium and
is assimilated into arginine (arg), which is transport-
ed through the mycelium to the periplasmic cavity
(PAM), where it is hydrolyzed to form NH*, which
enters the plant cell through the PAM and is then
transported by cellular NH* transporters (AMTs)
transport "), In addition, AMF inoculation can also
promote plant growth and increase the secondary
metabolite content of plants. For example, AMF in-

oculation significantly increased the yield as well as
vitamin content of strawberry at low phosphorus lev-
els '\, The relationship between microorganisms and
secondary metabolites is also complex; for example,
certain microorganisms are capable of producing
some active ingredients themselves, including sec-
ondary metabolites of plants ""*), In medicinal plants,
secondary metabolites mainly help plants to resist
ecological conditions. The common ones are triter-
pene saponins, steroid saponins, alkaloids, phenolics,
etc. AMF plants are able to alter the accumulation
of phenolics in the plant by increasing the uptake of
P ", In response to biotic stresses and to improve
plant adaptations, mycorrhizalization can increase the
content of plant alkaloids such as camptothecin ",
in studies on terpenoids, it was found that mycor-
rhizal symbiosis facilitates the expression of genes
on the terpenoid synthesis pathway in medicinal
plants "*'7. In medicinal plants, AMF enhances the
accumulation of medicinal components in licorice
by inducing the genes SQS1, B-AS, CYP88D6 and
CYP72A154 on the glycyrrhetinic acid and gly-
cyrrhizin synthesis pathways ", Field trials also
demonstrated that AMF inoculation increased ar-
temisinin content in Artemisia annua leaves while
improving the nutritional status of the plant, and that
different AMFs differed significantly in enhancing
artemisinin accumulation "”. Although numerous
studies have shown that AMF can effectively increase
the content of active chemical components in medicinal

[20]

plants ", and regulates the accumulation of secondary

plant metabolites by changing root morphology ",
however, the main studies have usually focused on
the relationship between P and AMF, the effects of
inoculation with mycorrhizal fungi of Artemisia
bushes at different nitrogen levels on plant growth
and secondary metabolites have not been reported.
In addition, there were differences in the effects of
different types of AMF on plants, and the analysis of
the metabolome revealed significant differences in
the effects of different types of AMF on the metabo-
lite accumulation patterns of plants . For example,
Glomus caledonium inoculation increased rosmarin-
ic and caffeic acid production in Ocimum basilicum,
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while F. mosseae only increased caffeic acid produc-
tion ™). In the case of medicinal plants, the promo-
tion effect of AMF symbiosis is also closely related
to the growth environment of the plant, as different
nutrient conditions, light time, harvesting time and
cultivation methods can have significant effects on
AMF-plant symbiosis . Through previous studies
in the laboratory, it was found that among Glomus
moseae, Glomus etunicatum, Glomus eburneum, and
Paraglomus occultum, the symbiosis of P. polyphylla
var. yunnanensis rebus with Glomus eburneum and
Cryptococcus occultum was better, and the symbiot-
ic colonization rate of the remaining two AMF fungi
with P. polyphylla var. yunnanensis rebus was lower.

P. polyphylla var. yunnanensis is a valuable Chi-
nese herb with steroidal saponins as its main active
constituents, which have various effects such as anti-
tumor, hemostatic, antibacterial, and immunomodu-
latory ', Steroidal saponins are synthesized mainly
through the cytoplasmic mevalonate (MVA) pathway
and the plastidic 2-C-methyl-d-erythritol-4-phos-
phate (MEP) pathway for the biosynthesis of sapo-
nin elements, which are then modified by glycosyl-
transferases and P450 to eventually form different

2927 In order to investigate the effect of

saponins
AMF inoculation on the nitrogen uptake and second-
ary metabolism synthesis of the plant, the present
study was conducted to investigate the effects on
the growth physiology and active components of P,
polyphylla var. yunnanensis after symbiosis with dif-
ferent species of AMF under different nitrogen levels

and the molecular mechanism behind it.

2. Materials and methods

2.1 Biomaterials and culture

The seedlings were purchased from Yunnan
Baotian Agricultural Technology Co. Ltd, and two-
year-old seedlings were selected as the test material.
The AMF fungi used were purchased from the Ger-
mplasm Repository of Congenital Mycorrhizal Fungi
(BGC), the Institute of Plant Nutrition and Resourc-
es, Beijing Academy of Agricultural and Forestry
Sciences (BAAFS), Beijing, China. The purchased

fungi were Glomus eburneum (Ge) and Paraglomus
occultum (Po). Mycorrhizal substrates containing ap-
proximately 100 spores per 10 g were purchased for
subsequent expansion inoculation. The soil substrates
used in this experiment were humus, loess, and
sand. Humus was purchased from Dounan Flower
and Bird Market in Kunming, Yunnan Province, and
loess was selected from the test site at Yunnan Agri-
cultural University. The three soils were mixed in a
volume ratio of 3:1 (humus: loess) and 2:1 (humus:
sand), then sterilized in an autoclave at 121 °C for 1
h, bagged and sealed, and set aside in a cool place.
The cooled soil was packed into pots of about 1.5 kg
each, with a diameter of 21 cm, bottom diameter of
20 cm and height of 20 cm. 10% sodium hypochlo-
rite was sprayed on the surface for 1 h before use,
and then rinsed with sterile water to dry. Two layers
of 8-needle shade net were covered in the rain-proof
greenhouse, and trays were placed at the bottom of
the planting pots to prevent rapid water loss and to
ensure no cross-contamination between treatments.
Before the test treatment, the P. polyphylla var.
yunnanensis seedlings were transplanted into pots,
2/3 of the substrate soil was poured in first, then the
roots of P. polyphylla var. yunnanensis were put into
the soil, and finally the soil was filled, and 3 or 4 P,
polyphylla var. yunnanensis plants were transplanted
into each pot. The transplanting was completed in
June 2020. Until the second year of seedling emer-
gence regularly watered with sterile water, and to
ensure the rate of shade of the greenhouse, control
of pests and diseases, keep the greenhouse clean and
good air permeability, weed at the right time.

2.2 AMF propagation

AMF was colonized using sandy soil with humus
as substrate. Maize seeds were selected in July 2020
after surface disinfection by 10% sodium hypochlo-
rite spraying for 1 h and rinsing and drying with
sterile water, buried 5 cm below the surface soil, and
2 g of AMF fungicide was evenly applied around
them, 3-4 maize seeds were planted into each pot, a
total of 10 pots were cultivated, 5 pots for each type
of AMF, and Hoagland nutrient solution was applied
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regularly (once every 2 weeks) during the rest of the
time, sterile water was poured to ensure that the soil
moisture content was maintained between 20% and
30% (measured using a moisture meter) in order to
increase the AMF colonization rate.

2.3 AMF inoculation

After 4 months of expansion culture, the above-
ground part of the successfully expanded maize was
cut, and the roots were cut into root segments of
about 1 cm and mixed evenly with the root soil as a
follow-up AMF fungicide. AMF was inoculated at
the rhizomes of P. polyphylla var. yunnanensis, the
soil at the rhizomes of P. polyphylla var. yunnanen-
sis prepared for inoculation was removed, and then
the spare fungicide (about 50 g) weighed in advance
was spread evenly around the rhizomes of P. poly-
phylla var. yunnanensis again, and finally, the soil
was filled, finish the transplanting and inoculation
process. AMF inoculation of P. polyphylla var. yun-
nanensis was completed in March 2021.

2.4 Different nitrogen concentration treat-
ment

The nitrogen test was divided into 3 nitrogen ad-
dition gradients: N1 (application of 1 mM NH,NO, ),
N2 (application of 2.5 mM NH,NO,; ), and N3 (ap-
plication of 5 mM NH,NO; ). Each nitrogen gradient
consisted of three inoculation treatments: no AMF
(AM)), inoculation with Glomus eburneum (Ge), and
inoculation with Paraglomus occultum (Po), for a to-
tal of nine treatments: N1CK; N1Ge; N1Po; N2CK;
N2Ge; N2Po; N3CK; N3Ge; N3Po. Nitrogen was
added every 2 weeks by accurately weighing 16.00 g
into a 1000 mL volumetric flask, using sterilized
pure water to fix the volume to 1000 mL to obtain
16 g/L NH,NO; solution. The NH,NO; solutions of
1 mM/250 mL, 2.5 mM/250 mL and 5 mM/250 mL
were obtained by dividing 5 mL, 12.5 mL and 25 mL
into 250 mL volumetric flasks and adding sterilized
pure water to 250 mL, respectively. After 90 days of
nitrogen addition, the corresponding indexes of P,
polyphylla var. yunnanensis were measured. The ni-

trogen addition was started in June 2021.

2.5 AMF colonization rate

AMEF was determined with reference to the Taipan
Blue staining method, determination by reference to
the method " (1) Fixation: 1 cm root segments (lat-
eral roots) of P. polyphylla var. yunnanensis rebus
were taken and fixed in FAA solution (130 mL for-
maldehyde, 50 mL glacial acetic acid, 2000 mL 5%
ethanol) for 24 h. (2) Transparency: Root segments
were cleaned with distilled water, immersed in 10%
KOH solution, heated in a water bath at 90 °C for
60 min, and heated until the root color was slightly
white and transparent. (3) Acidification: The residual
KOH on the roots was cleaned with distilled water,
immersed in 2% HCL solution, acidified for 10 min,
and then cleaned with distilled water. (4) Staining:
Put the washed root segments into 0.05% Taipan
blue staining solution, heated in a 90 °C water bath
for 30 min, removed and cooled, then put into lactic
acid glycerol solution for decolorization for more
than 60 min. (5) Filming observation: According to
the amount of mycorrhizal structure of each root seg-
ment, the infestation rate was graded by 0%, < 5%, <
10%, < 30%, > 50%, > 70%, > 90%.

2.6 Determination of elemental content

Soil nitrogen: The determination was performed
by the alkaline solution method. Soil phosphorus:
The determination was carried out by atomic absorp-
tion spectrometry using ammonium acetate leaching.
Soil phosphorus: Molybdenum antimony anti-colori-
metric method was used for determination.

Organic matter: The oxidation capacity method
of potassium dichromate was used for the determi-
nation. Plant nitrogen: Measured with reference to
the agricultural industry standard NY/T297-1995 of
the People’s Republic of China. Plant phosphorus:
Measured with reference to NY/T2421-2013, the ag-
ricultural industry standard of the People’s Republic
of China. Plant potassium: Measured with reference
to NY/T2420-2013, the agricultural industry stand-
ard of the People’s Republic of China. Plant organic
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matter: Measured with reference to NY/T1121.6-
2006, the agricultural industry standard of the Peo-
ple’s Republic of China.

2.7 Determination of plant physiological indi-
cators

Determination of chlorophyll content

To determine the photosynthetic pigment content
of P. polyphylla var. yunnanensis plants *”, fresh
plant leaves of uniform length were selected, the
midvein was removed, cut, and weighed to 0.1 g.
The samples were placed in a mortar, and 2-3 mL
of 95% ethanol and a small amount of calcium car-
bonate (CaCO,) was added to make a homogenous
slurry, 95% ethanol was added dropwise until the
tissue turned white, and left to stand; the filter paper
was placed on a funnel, moistened with ethanol, and
filtered into a 25 mL volumetric flask. The filter pa-
per was placed on a funnel, moistened with ethanol,
and filtered into a 25 mL volumetric flask. Rinse the
chlorophyll on the filter paper with 95% ethanol into
a volumetric flask, fix the volume to 25 mL, shake
well, and set aside. The above samples were taken
into the cuvette, and the values of 665 nm, 649 nm
and 470 nm were measured with 95% ethanol rea-
gent as blank.

Calculation formula:

Ca=13.95 A665 — 6.88 A649
Cb =24.96 A649 — 7.32 A665
Cx = (1000 A470 — 2.05 Ca — 114.8 Cb)/245

Content (mg/g) = [C(mg/L) x total extract (25 mL)]/
[weight of leaf sample (0.1 g) x 1000]

2.8 Determination of Abscisic Acid (ABA),
3-Indoleacetic acid (IAA) and Proline (Pro) in
plants

Determination of ABA and 1414

Both ABA and [AA were determined using en-
zyme-linked immunoassay kits, and ABA was de-
termined using plant ABA enzyme-linked immuno-
sorbent assay kits . Extraction of primary enzyme
solution: Cut the leaf tissue into the grinding bowl,

then liquid nitrogen grinding into powder, 1 g of
plant tissue plus 9 mL of homogenate (PBS), 4000-
5000 rpm/min centrifugation for 15 minutes to take
the supernatant. Dilution of standards: The kit pro-
vides one original multiple standard, which can be
diluted in small test tubes according to the following
chart: No. 5 standard: 150 pL of original multiple
standard added to 150 pL standard dilution; No. 4
standard: 150 pL of No. 5 standard added to 150 puL
standard dilution; No. 3 standard: 150 puL of No. 4
standard added to 150 pL standard dilution; No. 2
standard: 150 pL of No. 4 standard added to 150 puL
standard dilution; No. 3 standard: 150 uL of No. 4
standard added to 150 pL standard dilution. Dilution;
No. 2 standard: 150 pL of No. 3 standard added to
150 pL standard dilution; No. 1 standard 150 pL
of No. 2 standard added to 150 pL standard dilu-
tion, the concentrations are 48 pmol/L, 24 pmol/L,
12 pmol/L, 6 pmol/L, 3 pmol/L. Adding samples:
Set up blank wells respectively (blank control). The
wells were set up as blank control wells (no sample
and enzyme reagent were added to the wells, the rest
of the steps were the same), standard wells and wells
for the samples to be tested. Add 50 pL of standard
to the enzyme plate, 40 pL of sample dilution to the
sample wells, and then 10 puL of sample to be test-
ed (the final dilution of the sample is 5 times). Add
the sample to the bottom of the well of the enzyme
plate without touching the wall of the well as much
as possible, and gently shake and mix. Warming:
Seal the plate with sealing film and incubate at 37 °C
for 30 minutes. Configurate liquid: 30-fold washing
solution diluted 30-fold with distilled water backup
washing: Uncover closure plate membrane, discard
liquid, dry by swing, add full washing solution to
each well, rest for 30 seconds, repeat 5 times, dry
by pat. Add enzyme: Add hrP-conjugate reagent
50 uL to each well, except the blank well. Incuba-
tion: Operation with 3. Washing: Operation with 5.
Color-developing: Add color developing agent A50
pL and color-developing agent B50 uL to each well,
mix gently, and avoid light developing for 10 min-
utes at 37 °C. Termination: Add 50 pL termination
solution to each well to terminate the reaction (at this
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time, the blue color turns to yellow). Determination:
Set the blank hole to zero, and measure the absorb-
ance (OD value) of each hole in sequence at 450 nm
wavelength. The determination should be carried out
within 15 minutes after adding termination solution.
Proline determination

Proline was extracted and determined by referring
to the method of Bates et al. "', The proline content
in P. polyphylla var. yunnanensis was determined
by using UV spectrophotometer. About 0.5 g of P,
polyphylla var. yunnanensis leaves were weighed
and added to 4.5 mL of homogenization medium,
and mechanical homogenization was carried out
in an ice-water bath, followed by centrifugation at
3500 rpm for 10 min, and the supernatant was taken
afterwards. The absorbance was measured in a 1-cm
cuvette at 520 nm by adding corresponding reagents
in a boiling water bath for 30 min according to the
proline test kit.

2.9 Determination of saponin content

The content of steroidal saponins in the rhi-
zomes of P. polyphylla var. yunnanensis seedlings
was determined by high performance liquid chro-
matography (HPLC) on an Agilent 4.6 x 250 mm
column with the following chromatographic con-
ditions: mobile phase acetonitrile (A): water (B)
(gradient elution, 0—40 min (A:B = 30:70—60:40),
40—41 min (A:B = 60:40—80:20), 41—44 min
(A:B = 80:20—80:20). The rhizomes were col-
lected from the treated rhizomes, washed, dried to
constant weight at 45 °C, and crushed. The sample
was weighed precisely according to the method of
Chinese Pharmacopoeia and placed in a 50 mL vol-
umetric flask with 0.5 g of crushed sample (passed
through No. 3 sieve, 50 mesh), added methanol to
20 mL, weighed at this point, soaked for 30 min, ex-
tracted by ultrasonication for 30 min, cooled at room
temperature, then methanol was used to make up the
lost weight, shaken well, and the extract was filtered
through a 0.45 um microporous membrane. The
extract was filtered through a 0.45 um microporous
membrane. 700 uL. was taken into a brown injection
bottle and injected into the machine.

2.10 Determination of genes and transcrip-
tome

Seven genes related to the steroidal saponin syn-
thesis pathway of P. polyphylla var. yunnanensis
were selected for fluorescent quantitative PCR analy-
sis based on previous experiments. The seven related
genes were: 3-hydroxy-3-methylglutaryl coenzyme
A synthase (HMGS), vanilloid diphosphate synthase
(GPPS), farnesyl pyrophosphate synthase (FPPS),
squalene synthase (SS), squalene cyclooxygenase
1 (SE1), cycloazidyl synthase (CAS), and squalene
cyclooxygenase 2 (SE2). The transcriptome assays
were performed on selected rhizome fractions of P,
polyphylla var. yunnanensis and sent to Shanghai
Meiji Biological Company for determination. The
transcripts were assembled de novo using Trinity
software with default parameters. The overlapping
groups were assembled into unigenes based on
paired-end information and subsequently annotated
against the National Center for Biotechnology In-
formation (NCBI) database using the BLAST pro-
gram, and homology searches were performed using
BLAST against the following protein databases:
NCBI non-redundant (nr), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and GO (Gene Ontol-
ogy) ™. The best comparison results were selected
for single gene annotation. Sequences of unigenes
belonging to cytochrome P450 and UDP-glycos-
yltransferase (UGT) were identified from the tran-
scriptome, and unigenes > 1000 bp in length were
screened for phylogenetic analysis. Phylogenetic tree
mapping was performed using MEGA7, and some of
the UGT and P450 from other plants were selected,
and then some of the unigenes sequences of UGT
and P450 whose functions had been identified and
those of UGT and P450 screened from the transcrip-
tome of P. polyphylla var. yunnanensis were selected
for phylogenetic analysis.

2.11 Data analysis

The obtained experimental data were statistically
analyzed by Excel 2013 software; SPSS 20.0 (SPSS,
Chicago, USA) analysis software was used for statis-
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tical analysis, and one-way ANOVA (one-way anal-
ysis of variance) was used for the analysis of signif-
icance of differences; comparison of means between
treatments was performed using Duncan’s multiple
comparison method for analysis of significance of
differences; and Prism software and Origin2019b
software were used for graphing.

3. Results

3.1 AMF colonization rate

Under different N conditions, the roots of P. poly-
phylla var. yunnanensis inoculated with AMF treatment
were all infiltrated by mycelium, and all with mycelium
or spore structures, while the treatments without inoc-
ulation had no mycorrhizal structures (Figure 1). As
seen in the colonization rate, the colonization rate of Ge
decreased significantly under the highest concentration
of N treatment, but the difference was not significant at
low and medium concentrations, while the colonization

rate of Po remained consistent with the N concentration
gradient (Figure 2) (p > 0.01).

Figure 1. Mycorrhizal structure of the root system of Pp.

Note:

A: Mycorrhizal structure of mycorrhizal infestation by Ge under N3 treatment,
B: Mycorrhizal structure of mycorrhizal infestation by Po under N1 treatment,
C: Mycorrhizal structure of mycorrhizal infestation by Ge under N2 treatment,
D: Mycorrhizal structure of mycorrhizal infestation by Ge under N1 treatment,
E: Non-mycorrhizal structure of mycorrhizal infestation under N1 treatment,

F: Non-mycorrhizal structure of mycorrhizal infestation under N2 treatment.

3.2 Agronomic traits of P polyphylla var. yunnanensis

After 90 days of nitrogen treatment, the agronomic

trait indexes of P. polyphylla var. yunnanensis were
measured. The differences in leaf length and leaf width
of plants under most treatments were not significant,
with leaf length under the N1Ge treatment being higher
than the other treatments, while leaf length under N3Po
was lower. Plant height under the N1 treatment without
AMF inoculation showed lower values, while plant
height under the other treatments did not differ signif-
icantly, and plant stem and root weights also showed
this trend (Table 1).
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Figure 2. Root colonization rate of Pp. under different nitrogen
treatments (p > 0.01).

3.3 Chlorophyll content

By applying different nitrogen to P. polyphyl-
la var. yunnanensis, it was found that inoculation
with Ge favored the accumulation of chlorophyll a,
b, and carotenoids at low nitrogen concentrations,
while inoculation with Po increased chlorophyll in
the plants less than Ge (Figure 3). In the medium N
treatment, both AMFs significantly increased chlo-
rophyll a, b and carotenoid contents of the plants
(Figures 3-6). In the high N treatment, inoculation
with Po reduced the chlorophyll a and carotenoid
content of the plants, with no significant difference
for chlorophyll b, whereas inoculation with Ge
reduced only the carotenoid content, but the total
chlorophyll content was the same as in plants with-
out AMF (Figure 3D).
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Table 1. Effects of different nitrogen treatments on the morphological indexes of P. polyphylla var. Yunnanensis.

Treatment | Leaf length (cm) ti:g width fcl:::;t height Stem weight (g) Root weight (g) Root length (cm)
NICK 5275+0.57AB |3.16+0.30ns | 14.65+0.88B 1.0796 + 0.05B 0.96205 +0.16B 9.53+1.42ns
NI1Ge 5.545 + 0.64A 3.1+0.33 ns 15.66 £ 1.26A |1.1162 + 0.04AB 1.1329 £0.17A 10.055+0.83 ns
NI1Po 547+0.55AB |3.085+0.26ns |16.215+0.67A |1.1499 + 0.05A 1.06785+ 0.18AB | 9.175+1.47 ns
N2CK 538+047AB |3.045+0.27ns |16.03+1.15A |1.11125+0.08AB |1.03375+£0.17AB |9.66 + 1.72 ns
N2Ge 5.475+0.61AB |3.005+0.30ns | 16.315+ 1.08A |1.1467 +0.07A 1.0854 + 0.12A 10.01 £1.79 ns
N2Po 5.535+0.46A 3.005+0.32ns | 16.205+ 0.82A |1.12865+0.06AB | 1.10405 +0.21A 9.43+1.79 ns
N3CK 5.535+0.46A 3.035+0.33ns | 16.05+0.74A |1.1392 +0.06AB 1.058 £ 0.18AB 9.775+1.76 ns
N3Ge 5415+ 0.53AB |3.17+033ns |1593+0.90A |1.1293 +0.08AB 1.02415+0.11AB | 9.64 £ 1.78 ns
N3Po 5.12+0.71B 296+0.33ns |15.81+0.95A |1.11885+0.08AB |1.07005+0.16AB |10.1 £ 1.67ns

The data in the table are the mean + standard error (n = 3). Different lowercase letters after the data in the same column indicate significant differences in the level of

variation under different treatments (p < 0.01).
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3.4 The contents of ABA, IAA and Pro in P,
polyphylla var. yunnanensis

In this experiment, the IAA content of the roots
of P. polyphylla var. yunnanensis showed an in-
creasing trend with the increase of N concentration
(Figure 4). In both low and medium N treatments,
both AMFs increased the IAA content of plant roots
up to 36.82 ng/g in N2Ge treatment, while in high N
concentration, the IAA content of N3Ge was 37.39
ng/g, which was significantly higher than that of
N3CK and N3Po. The accumulation trends of pro-
line content and IAA content of P. polyphylla var.
yunnanensis graveolens in different N treatments
were similar (Figure 5B), with low and medium N
levels, both AMF increased the Pro content of plants,
but under high N treatment, the Pro content of
N3CK and N3Po was significantly higher than that
of N3Ge, and the highest Pro content was 20.87 ng/g
and 21.5433 ng/g for N3CK and N3Po, respectively
and relative to the difference between high and me-
dium N, the AMF on plant IAA and Pro The effect of
AMF on plant IAA and Pro varied most significantly
from low N to medium N. In contrast, the trend of
ABA accumulation in P. polyphylla var. yunnanen-

sis was opposite to that of IAA and Pro. Under low
and medium N treatments, AMF plants reduced the
ABA content of P. polyphylla var. yunnanensis roots
(Figure S5A), and the lowest ABA content of 29.54
ng/g was found in N3Ge under high N treatment,
which was significantly lower than that of N3CK and
N3Po.

3.5 Elemental content of the plant and soil

By applying different concentrations of nitrogen,
it was found that the quick-acting N content of the
soil showed a significant increase, showing a similar
trend to the nitrogen gradient (Table 2). And under
the N3 treatment, the concentration of fast-acting
N was found to be higher in the AMF-inoculated
soil than in the non-AMF-inoculated soil, but the
increase was less than that of the different N treat-
ments. The results of effective phosphorus showed
that AMF inoculation promoted the accumulation of
effective phosphorus in the soil under low N concen-
tration. And the content of fast-acting potassium in
the soil was also higher than that in the soil before
nitrogen application, but the difference was not sig-
nificant between different N treatments.
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Figure 4. Effect of different nitrogen treatments on the IAA of P. polyphylla var. yunnanensis.
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Figure 5. Effect of different nitrogen treatments on ABA and Pro of P. polyphylla var. yunnanensis.

Note: A: ABA, B: Pro.

Table 2. Effect of different nitrogen treatments on soil NPK content.

Treatment Organic matter Effective phosphorus Fast-acting potassium | Quick-acting nitrogen
g/kg mg/kg mg/kg mg/kg
NO(before applying N) |535.26 + 60.92 ns 67.25+1.34B 551.19 £ 34.35C 252.26 + 4.89E
NICK 549.13 £27.62 ns 66.62 + 1.64B 630.89 + 12.38A 298.69 +3.87D
N1Ge 544.46 + 15.11 ns 71.51+ 1.12A 632.81 + 14.38A 296.82 +2.91D
NI1Po 533.09 +11.52 ns 72.79 £ 3.15A 613.47 + 11.74AB 300.50 + 3.14D
N2CK 566.09 +9.38 ns 66.14 = 1.38B 581.71 + 15.97BC 359.93 +£4.07C
N2Ge 541.25+11.56 ns 64.97+1.07B 602.25 + 14.71AB 354.11 £6.54C
N2Po 555.80 +7.99 ns 64.85+2.11B 611.98 + 13.50AB 359.70 £ 5.45C
N3CK 545.93 £2.56 ns 65.89 +1.07B 600.63 + 19.34AB 41473 £ 1.57B
N3Ge 547.17 +12.82 ns 66.69 +0.73B 606.03 + 11.69AB 426.51 +£3.24A
N3Po 566.36 + 6.82 ns 65.10 = 0.64B 594.14 + 5.21AB 427.01 £2.31A
N F=0.322574 F =30.244988** F =3.709461* F=169.771011%**
AMF F=2.675380 F=2.950613ns F=0.991322ns F=10.166143 ns
N*AMF F=1.192012 F =4.982080** F=0.753217 ns F=1.177272 ns

The data in the table are the mean + standard error (n = 3). Different lowercase letters after the data in the same column indicate significant differences in the level of

variation under different treatments (p < 0.01).
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CNPK measurements on the above-ground parts of
nitrogen-treated P. polyphylla var. yunnanensis revealed
that the C content of plants inoculated with AMF was
significantly increased under low N treatment (Table
3), and the C% of N1Ge and N2Po increased by 3%
and 2%, respectively, compared to N1CK, while this
trend was reflected in the P, K, and N contents, with
the greatest increase being in the P content under low
N conditions. Under medium N treatment, both AMFs
increased the C content of the plants, but the difference
in P content was not significant and the increase in their
K and N content was found only in plants inoculated
with Ge. Po inoculation had no significant effect on the
NPK content of the above-ground parts of the plants
under medium N concentration. The C, N, P and K
contents of the plants inoculated with AMF did not im-
prove under high N treatment, and especially the C, K
and N contents of N3Po showed a decreasing trend. the
highest C, K and N contents were found in the N3CK
treatment, while the highest P contents were found in
the N1Ge-treated plants.

Measurements of C, N, P, and K in the nitro-
gen-treated subterranean parts of P. polyphylla var.
yunnanensis revealed that both AMFs increased the
C, N, P, and K contents of the subterranean parts of
P. polyphylla var. yunnanensis in the low-nitrogen
treatment (Table 4). In the medium nitrogen treat-

ment, inoculation with Ge still ensured an increase
in C, N, P, and K of the plants, but Po symbiosis
with the plants only increased the C and N content of
the plants. Under the high N treatment, the C and N
contents of N3CK, N3Ge and N3Po were not signif-
icantly different, while the P contents of N3Ge and
N3Po were significantly lower than those of N3CK,
and those of N3Po were higher than those of N3CK
and N3Ge. In the underground part of the assay, the
P contents of AMF plants were all higher than those
of other treatments at N1 concentration, while N1Po
had the highest K content and N1Ge as well as N2Po
had the highest N content.

3.6 Saponin content of P. polyphylla var. yun-
nanensis

In this experiment, the content of saponins I, II, VI,
VII, D, and H was examined in P. polyphylla var. yun-
nanensis after 90 d of treatment with different concen-
trations of nitrogen. And saponin VI was not detected
in any of the treatments. In the detection of saponin I
(Figure 6A), the highest saponin I content was found
in N1Ge and N1Po, which reached 0.18% and 0.167%,
respectively, while the saponin I content of N1CK was
only 0.047%. In the medium nitrogen treatment, Po sig-
nificantly increased the saponin I content of the plants,

Table 3. Effects of different nitrogen treatments on the NPK content of above-ground parts of P. polyphylla var. yunnanensis.

Stem

Treatment C% P% K% N%

NICK 32.35+0.49E 0.0653 £ 0.00054C 4.1036 + 0.18029E 0.9547 £ 0.01341E
N1Ge 35.23+0.63BC 0.0790 + 0.00152A 5.3951 +0.0934C 1.1274 + 0.00976C
NI1Po 3420+ 0.61CD 0.0716 +0.00384B 5.0317 +£0.13248CD 1.1099 + 0.00878C
N2CK 33.03 + 0.80DE 0.0721 +0.00295B 4.0904 + 0.09526E 1.0755 £ 0.00891D
N2Ge 36.39 + 0.50AB 0.0678 +0.00366BC 4.8664 £0.24111D 1.1158 £0.01523C
N2Po 36.40 + 0.67AB 0.0680 + 0.00158BC 4.1506 = 0.21127E 1.0680 +0.01003D
N3CK 37.36 £ 0.37A 0.0668 +0.00071BC 6.8121 £0.21127A 1.2251 +0.01077A
N3Ge 36.22 +0.47AB 0.0682 +0.0019BC 5.9878 +0.26285B 1.2056 + 0.02079AB
N3Po 34.14 £ 0.16CD 0.0689 £+ 0.00079BC 4.2568 = 0.09027E 1.1902 = 0.01283B
N F=23.928812%** F =7.348639** F =128.242518** F=73.197138**
AMF F=19.056139** F =2.989605ns F =67.923281** F=9.360673 **
N*AMF F =27.547554** F =5.783699** F =89.785862 ** F =12.432372 **

The data in the table are the mean + standard error (n = 3). Different lowercase letters after the data in the same column indicate significant differences in the level of

variation under different treatments (p < 0.01).
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but Ge decreased the saponin I content, while the plants
not inoculated with AMF were significantly higher than
the low nitrogen treatment. Under high N treatment, the
saponin I content of plants not inoculated with AMF
was significantly higher than that of medium N treat-
ment, but no saponin I was detected in N3Ge, while the
content of N3Po was not significantly different from
that of N3CK. The results of saponin II assay showed
that AMF significantly increased the accumulation
of saponin Il in P. polyphylla var. yunnanensis under
low N treatment (Figure 6B), and in the medium N
treatment, the saponin II content of N2CK was signifi-
cantly higher than that of N1CK, but still significantly
lower than that of N2Ge and N2Po, where N2Ge had
the highest content of 0.713%, which was significant-
ly higher than that of N2Po. In the high N treatment,
the saponin II content of N3CK was also higher than
N2CK, but not significantly different from N3Po. The
lowest saponin II content of 0.481% was detected in
N3Ge at high N concentration, which was significantly
lower than the other treatments of N3. Only four groups
of treatments in this experiment detected saponin D
content (Figure 6D), which were N2CK > N3Po >
N1Po > NI1CK in descending order, 0.0641%, 0.0411%,
0.0172% and 0.0110%, respectively. The saponin H
content of P. polyphylla var. yunnanensis without AMF
inoculation increased with increasing N (Figure 6E),
and under low N treatment, Ge and Po significantly

increased the accumulation of saponin H. In the me-
dium N treatment, the accumulation of saponin H was
in the order of N2Ge > N2Po > N2CK with 0.13%,
0.08% and 0.04%, respectively, with significant dif-
ferences among the three, and under high N treatment,
N3CK and N3Po showed no significant difference in
saponin H content, while no saponin H was detected
in N3Ge under high N treatment. The content of non-
AMF P. polyphylla var. yunnanensis saponin VII was
significantly lower under the low N treatment than
the medium and high N treatments (Figure 6E), Ge
increased the saponin VII content of P. polyphylla var.
yunnanensis under all three N treatments, especially
under the medium N concentration, where saponin VII
reached 0.433%, Po was able to increase the saponin
VII content under the medium and low N treatments,
but was not significantly different from non-AMF inoc-
ulated plants under the high N treatment. Overall, in the
low and medium nitrogen treatments, inoculation with
AMF helped to increase the total saponin content of P
polyphylla var. yunnanensis, and Ge was significantly
more helpful than Po for total saponin accumulation,
while when P. polyphylla var. yunnanensis was under
high nitrogen treatment (Figure 6F), Po did not signif-
icantly improve the accumulation of total saponin in P,
polyphylla var. yunnanensis, and the symbiosis of Ge
with P. polyphylla var. yunnanensis reduced the total
saponin content of the plants instead.

Table 4. Effects of different nitrogen treatments on the NPK content of the underground fraction of P. polyphylla var. yunnanensis.

Roots

Treatment C% P% K% N%

NICK 30.9716 + 0.14946D 0.0632 +0.00095D 3.7397 +£0.09179D 1.0071 + 0.03796E
N1Ge 38.3554 £ 0.56021 A 0.0795 + 0.00168A 4.0259 £ 0.05849B 1.5314 £ 0.02330A
NI1Po 36.6945 £ 0.33912B 0.0787 + 0.00206A 4.1838 £0.02211A 1.4936 + 0.01543AB
N2CK 33.11927 £ 0.53777C 0.0688 + 0.00077C 3.7828 + 0.06047CD 1.3230 + 0.02394D
N2Ge 38.2088 £ 0.74297A 0.0747 +0.00101B 4.0909 + 0.02555AB 1.4962 + 0.00959AB
N2Po 37.7540 + 0.81660AB 0.0708 +0.00117C 3.6792 +0.03545D 1.5508 + 0.03056A
N3CK 37.3892 £ 0.45074AB 0.0685 +0.00112C 3.8742 +£0.03398C 1.4205 +0.01857C
N3Ge 37.3140 £ 0.67672AB 0.0643 +0.00095D 3.8813 £ 0.06786C 1.4636 +0.02790BC
N3Po 37.6074 £ 0.35413AB 0.0644 + 0.00054D 4.0177 £0.03687B 1.4576 +£0.01555BC
N F = 14.664061** F=68.609142** F=12.645827** F=3.511144 ns
AMF F = 67.804434*%* F =27.104054** F=35.510770** F =26.893784 **
N*AMF F=19.015849** F =39.669369** F =44.406771%* F=7.810122%

The data in the table are the mean + standard error (n = 3). Different lowercase letters after the data in the same column indicate significant differences in the level of

variation under different treatments (p < 0.01).
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3.7 Saponin synthesis-related genes

Real-time fluorescence quantification of internal
reference genes (B-actin) and target genes (HMGS,
GPPS, FPPS, SS, SE1, CAS, SE2) was performed
for the relevant genes on the steroid saponin syn-
thesis pathway. The expression results were calcu-
lated and the specific results are shown in Figure 7.
In this experiment, AMF increased the expression
of HMGS in plants at low N concentration, but its
expression was lower than that of N3CK plants at
high N concentration, and in plants not inoculated
with AMF, the elevated N content promoted the
expression of HMGS. The expression of SE1 was
significantly higher in AMF plants than in non-AM
plants at low N concentration, but lower than in non-
AM plants at medium N concentration, and at high
N concentration, an increase in SE1 was observed
only under Po treatment. AMF also increased the
expression of CAS in the plants at low and medium
N concentrations, but this trend did not differ signifi-
cantly, and CAS expression was higher in the Po and
CK treatments than in the Ge treatment at high N.
There was no significant difference in SE2 expres-
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Note: A: HMGS, B: SE1, C: CAS, D: FPP, E: SE2, F: SS, G: GGPS.
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sion among treatments at low and medium nitrogen
concentrations, but SE2 expression was higher in
each treatment at medium nitrogen concentration
than at low nitrogen concentration, while high ni-
trogen decreased SE2 expression. An increase in SS
expression was observed only in AM plants at low
N concentration and decreased with increasing N.
The treatments with higher GGPS expression were
N1Ge, N2CK and N2Po, while the differences be-
tween the other treatments were not significant.

3.8 Transcriptome analysis

The transcriptome analysis of P. polyphylla var.
yunnanensis with different nitrogen treatments re-
vealed that the Q30 (%) of each treatment was more
than 80%, and no significant deviation was found in
the base content distribution. 242520 unigene were
obtained by the assembly, of which 46.28% were
annotated. Through the functional query analysis of
the transcriptome of P. polyphylla var. yunnanensis
between different nitrogen treatments, it was found
from GO annotation that among the biological pro-
cess categories, the unigenes annotated by metabolic
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Figure 7. Effect of different nitrogen treatments on saponins of P. polyphylla var. yunnanensis.
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processes were second only to cellular processes and
higher than bioregulation, among the cellular compo-
nent categories, the cellular and organelle parts were
annotated with the most unigenes, and among the
molecular function categories, they were mainly fo-
cused on catalytic and binding functions (Figure 8).
The metabolic pathways were found to be the most
enriched in unigenes by KEGG analysis, with the
most being the metabolism of carbohydrates (5509
unigenes), while the secondary metabolite pathways
were enriched with 1484 unigenes (Figure 9). The
identification of P450 and UGT-related genes was
performed by KEGG, GO and NR annotation, and
30 P450 and 297 UGT genes were identified. Cds
greater than 1000 bp were screened for subsequent
analysis, and 16 eligible P450 unigenes and 75 UGT
unigenes were obtained.

Phylogenetic trees were constructed by com-
paring P450s genes with genes from Arabidopsis
thaliana (L.) Heynh., Panax ginseng C. A. Meyer,
Lycopersicon esculentum Miller and Isatis tincto-
ria Linnaeus using ML method, where DN14416
c0_g2, DN29717 c0_gl and DN820 c0 gl were
mainly concentrated in Ath CYP86 clade (Ath
CYP94D2), while DN7630 c0 gl was close to
Ath CYP72 clade, DN66132 c0 gl was close to
PpCYP90G4 (Figure 10A), and nine unigenes were
enriched in Ath CYP51G clade, namely DN342541
cO g1, DN32483 c0 _gl, DN473834 c0 gl,
DN47915 c0_gl, DN36083 c0_gl, DN317186_
cl gl, DN119469 c1 gl, DN119469 cl1 g3, and
DN484778 c0 gl (Figure 10A).

A phylogenetic tree was constructed by construct-
ing a phylogenetic tree of UGTs genes and selected
some genes known to be related to steroid, flavonoid
and triterpenoid synthesis and UGTs of Arabidopsis
thaliana (L.) Heynh. Some of the genes were clus-
tered around the triterpene synthesis-related genes

15

(OAGT, UGT73), and seven unigenes tended to
be enriched with the Ath UGT73 family and ster-
oid synthesis-related UGTs (Figure 10B), namely
DN58096 c1 g3, DN43198 ¢l gl, DN452515 c0
gl, DN428098 c0 gl, DN217552 c0_gl, DN7369
c0 g3, and DN49172 cl gl.

CYP450 proteins are the largest family of plant
proteins that catalyze most of the oxidative processes
in plant secondary metabolism. Glycosyltransferases
(UGTs) are another large multigene family in plants.
Usually, glycosylation is the final step in the biosyn-
thesis of secondary metabolites, and glycoconjuga-
tion enhances stability and water solubility. Eleven
P450s and seven UGTs were analyzed by construct-
ing a phylogeny, which was clustered. Under low
nitrogen conditions, Ge increased the expression of
plants DN32483, DN66132 and DN473834, while Po
increased the expression of DN119469, DN484778,
DN7630 and DN436083, and under medium nitro-
gen conditions, non-AM plants showed an increase
in DN7630 but a decrease in DN484778 expression,
while Po increased the expression of DN111387 and
DN287723, and Ge did not increase the expression
of P450 under medium nitrogen conditions. Under
high nitrogen conditions, non-AM plants increased
the expression of genes DN47915, DN119469, and
DN342541, while Ge significantly decreased the
expression of DN7630 and Po increased the expres-
sion of DN317186 (Figure 11A). Analysis of UGTs
revealed that the screened UGTs were down-reg-
ulated in two AM plants under high nitrogen con-
ditions, while three UGTs, DN217552, DN49172,
and DN58096, were up-regulated in non-AM plants.
NI1CK increased the expression of DN43198 and
N1Po increased the expression of DN7369 and
DN42515 under low nitrogen conditions. Under me-
dium nitrogen conditions, only N2Ge up-regulated
DN428098 (Figure 11B).
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Figure 11. Clustering of transcriptome gene expression profiles under different nitrogen treatments of P. polyphylla var. yunnanensis.

Note: A: Clustering of UGT gene expression profiles, B: Clustering of P450 gene expression profiles.

4. Discussion

4.1 High nitrogen reduces the colonization
rate of AMF

The symbiosis between terrestrial plants and AMF
is common, and the two achieve mutual benefits by
exchanging nutrients, and usually, plants prefer to
form this symbiosis in an adverse environment. In ni-
trogen experiments, it was found that Ge and Po had
very different symbiotic strategies, and with increas-
ing N concentration, Ge showed a decreasing trend
in colonization rate at high N concentration, while
Po showed an increasing trend in colonization rate.
Nitrogen nutrients are the second only to phosphorus

331 and

nutrients as a determinant of AMF symbiosis
many studies have shown that too much N may lead
to a decrease in AMF symbiosis rate 34 which is due
to the fact that plants in high. This is consistent with
Ge’s strategy in this experiment, while the increase
in Po colonization rate indicates that plants are more
inclined to symbiosis with P. polyphylla var. yunnan-
ensis regardless of whether they are under environ-
mental stresses such as drought or nutrient-rich envi-
ronments, and some studies have shown that tomato
plants are more inclined to symbiosis with AMF in

331 which is consistent

high nutrient environments
with Po’s symbiosis strategy is consistent. AMFs

of different populations may be able to adjust their

18

symbiotic strategies with plants through their own
unique growth and developmental patterns to obtain
more suitable survival conditions.

4.2 AMF promotes the growth of plants

Most studies have demonstrated that by help-
ing plants to obtain more nutrients AMF can help
plants to increase their biomass and promote plant
growth and development “°. In the present, AMF
increased plant root weight, stem weight, and plant
height, but had less effect on the increase in root
length, perhaps because plants prioritize nutrient
supply to aboveground parts after inoculation with
AMEF, which was found to increase plant biomass in

37 which is similar to the results of

a previous study
the present experiment. In addition, AMF increased
the accumulation of IAA in plants, especially under
medium to high N treatment, the IAA content of AM
plants was significantly higher than that of non-AM
plants, indicating that AMF may help more in plant
growth under N sufficiency conditions, which is con-
trary to the trend of AMF colonization rate, which
may be due to the fact that the optimal strategy of
plant-AMF symbiosis does not follow the range
of symbiosis, but the efficiency of symbiosis "*.
With the increase of nitrogen concentration, the ABA
content of P. polyphylla var. yunnanensis repens

decreased significantly, and the hormone ABA has
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a significant effect on AMF infestation ®”, which
may be one of the reasons for the decrease of AMF
colonization rate. Usually, when plants are subject-
ed to drought or salt stress, the ABA content in the
plant will be significantly increased and ABA, as a
signaling molecule, can regulate the stomatal con-
ductance of the plant to cope with the water changes
occurring in the plant, and the inoculation of AMF
led to a significant decrease in the ABA content in
P. polyphylla var. yunnanensis, which can indicate
that AMF prevents the change of osmotic pressure
brought about by the increase of soil species N con-
tent by changing the ABA content in the plant. It can
be suggested that AMF can prevent water imbalance
in plants by changing the ABA content in plants in
response to the increase of soil N content. The study
showed that the relationship between Pro and AMF
is diverse, and in this experiment, the Pro content of
plants inoculated with AMF showed an increasing
trend with the increase of N concentration, and Pro
is an important indicator of osmotic stress in plants,
which can help plants regulate osmotic balance. The
change of Pro content can be regarded as a protec-
tive measure taken by plants to regulate the osmotic
balance. The increase of Pro content by AMF was
mainly concentrated in plants treated with medium
N concentration, while there was no significant dif-
ference in the change of Pro content by AMF under
high N treatment, which proved that inoculation of
AMF can help plants change the metabolic changes
in their bodies and cope with different natural envi-
ronments.

The determination of soil physicochemical prop-
erties showed that the application of N did increase
the content of fast-acting N in the soil. In the detec-
tion of NPKC in plants, it was found that compared
to non-AM plants, the C and N contents of the root
parts of AMF plants were significantly increased,
especially at N2 concentrations where their enhance-
ment was most obvious, which is also consistent
with the trend of its colonization rate, and with the
increase of soil N concentration, the uptake of nutri-
ents by P. polyphylla var. yunnanensis was also sig-
nificantly increased, but the change of its content by
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AMF was relatively small. AMF can help plants to
absorb various N elements as well as nutrients “**'",
AMF has also been shown to increase the expression
of plant phosphate transporter proteins and nitro-
gen transporter proteins in previous mycorrhizal
experiments and this result is consistent with the
present experiment “>*! but when N application
was increased, the improvement of plant nutrients
by AMF was significantly reduced, and in the N3
treatment, the C, P, and N contents of non-AM plants
were higher than those of AM plants, indicating
that excessive nutrient addition reduces the help of
AMF to plants. In addition, the trend of AMF inoc-
ulation on the nutrient accumulation in the above-
and below-ground parts of the plants differed. In the
above-ground part of the P. polyphylla var. yunnan-
ensis assay, it was found that the treatments with
the highest plant nutrient contents were basically in
N3, while in the below-ground part of the assay, the
highest C contents were N1Ge and N2Ge, the high-
est P contents were N1Ge and N1Po, the highest K
content was N1Po, and the highest N content was
It can be seen that although N application increased
the overall nutrient content of the above-ground part
of the plant, for the below-ground part, AMF plants
were still more dominant than non-AM plants, and
the plant roots are the main nutrient uptake site of
the plant “” and can influence the nutrient transport
and transfer in the plant, and at the same N concen-
tration, the nutrient content of the below-ground part
of AM plants was significantly higher than that of
non-AM plants, while at the same N concentration,
the nutrient content of the below-ground part of AM
plants was significantly higher than that of non-AM
plants, while the above-ground part was not signifi-
cantly different from that of non-AM plants, indicat-
ing that AM plants have higher nutrient uptake than
non-AM plants and their nutrient regulation is more
flexible among different tissues.

4.3 AMF promotes the accumulation of sapo-
nins

AMF symbiosis with plants can promote the
growth and development of plants, while the addi-
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tion of N-substance is also the main way to increase
the yield of crops. Usually, the most important in-
dicator of a crop is its yield, but the most important
substance of a medicinal plant is its medicinal com-
ponent. Studies have shown that AMF is effective in
increasing the accumulation of secondary metabo-

lites in plants **!

and also in increasing the synthesis
of terpenoids in plants . In this experiment, the
content of P. polyphylla var. yunnanensis 1 appeared
significantly elevated after inoculation with AMF,
with N1Ge and N1Po being the treatments with the
greatest elevation, while in the N2 and N3 treat-
ments, Ge inoculation instead reduced the content
of P. polyphylla var. yunnanensis 1, with a trend in
the opposite direction to the trend of N vegetation
concentration, while Po, although it also showed a
reduction, still had a higher saponin I content than
non-AM plants. In saponin II, Ge and Po increased
the content of saponin II under N1 and N2, but Ge
decreased the content of saponin II under N3 treat-
ment. The content of saponin D was detected only in
NI1CK, N1Po, N2CK and N3Po, with lower levels
under N1 treatment and relatively higher levels under
N2 and N3. The increase in N content also increased
the content of saponin H, and Ge and Po increased
it the most, but there was no difference in the effect
of the two AMFs on saponin content at high N con-
centrations, a trend similar to that of P. polyphylla
var. yunnanensis saponin VII changes were similar.
From this experiment, it is clear that the symbiosis
of P. polyphylla var. yunnanensis with AMF at low
N concentration can promote the accumulation of its
saponin content, mainly in saponin I, II, VII and H.
It shows that the promotion of secondary metabolite
accumulation by AMF is selective . Under low and
medium nitrogen conditions, plants relied more on
the AMF pathway for nutrient uptake, and through
increased nutrient accumulation, the content of pre-
cursors for saponin synthesis was increased, thus
improving the synthesis of total saponins. With the
increase of N concentration, AM P. polyphylla var.
yunnanensis saponin also possessed higher saponin
content at medium N concentration, but when the
soil N concentration increased to high N, the advan-
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tage brought by AMF inoculation was not significant
and even decreased, and the accumulation trend of
saponin in P. polyphylla var. yunnanensis saponin
was not uniform for both AMFs when they were in
high N soil. It can be shown that AMF under low and
medium nitrogen on P. polyphylla var. yunnanensis
saponin content accumulation helps more, in the ni-
trogen test, the nutrient content of the underground
part of AM P. polyphylla var. yunnanensis is signif-
icantly higher than non-AM plants, and the highest
content of the same in low and medium nitrogen
concentration treatment, this trend is similar to the
saponin accumulation trend of P. polyphylla var. yun-
nanensis saponin, which may be due to AMF can not
only help the plant to absorb more mineral nutrients
but also help plants to better regulate nutrient trans-
fer transport and in this way increased the synthesis
of saponins in P. polyphylla var. yunnanensis, which
is similar to some studies “”. At high N concentra-
tions, the root nutrient and saponin contents of the
plants were much less enhanced than those of non-
AM plants at low N concentrations, although they
were higher than those of AM plants. For medicinal
plants, their yield is far more important than their bi-
omass increase, and further experiments are needed
to determine which N content is more appropriate
for AM P. polyphylla var. yunnanensis to accumulate
saponin components in symbiosis between AMF and
P polyphylla var. yunnanensis. In the present study,
we also found that saponin VI was not detected in
both AMF plants and under all three nitrogen level
treatments, suggesting that AMF is specific for the
alteration of secondary metabolites, which may be
related to AMF itself. During plant growth, plants
preferentially increase their biomass **.In contrast,
secondary metabolites are usually not directly in-
volved in plant growth and development and only
help plants to improve ecological adaptations, which
may be one of the reasons why sustained increases
in N do not always improve saponins. AMF alters
the nutrient balance in plants by increasing nutrient
uptake capacity, and AM plants have higher C:N
compared to non-AMF plants, which allows more
nutrients to be used for the synthesis of secondary
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metabolites ',

4.4 AMF promotes the expression of genes re-
lated to saponin synthesis

Studies have shown that overexpression of key
genes on the steroid saponin synthesis pathway,
HMGS, GGPS, FPPS, SS, CAS and SE2, promotes
the accumulation of bioactive components and im-
proves saponins in host plants ", and in this experi-
ment, it can be found that AMF increased the expres-
sion of HMGS, a key enzyme on the steroid saponin
synthesis pathway, in the plants at low and medium
N concentrations, indicating that AMF plants pro-
moted the synthesis of saponin in the heavy floor by
absorbing more nutrient elements, but its expression
was lower than that of CK plants at high N concen-
trations, which may be related to the decrease in
AM colonization rate, and although the expression
of HMGS also appeared elevated at this N concen-
tration, its increase was less than that of AM plants,
which is also consistent with the trend of saponin ac-
cumulation in the plants in the experiment. Secondly,
AMF also increased the expression of SE1 and CAS
under low nitrogen concentration, indicating that
AMF played a role in promoting saponin synthesis to
some extent. To some extent, AMF is able to achieve
changes in plant saponin content by regulating rele-
vant genes on the steroid saponin synthesis pathway:.
In non-AMF plants, increased nitrogen concentration
also promoted the expression of HMGS, CAS, and
FPP. HMGS acts as the main rate-limiting enzyme
gene and the resulting cascade reaction is able to in-
crease the saponin content of the plant *”),

4.5 Transcriptome analysis

Transcriptome sequencing is a cost-effective
method that is currently used extensively to uncover
genomic information from different non-model me-
dicinal plants that do not have a reference genome .
In this study, we used different nitrogen and AMF
treatments of P. polyphylla var. yunnanensis and then
analyzed its transcriptome data to uncover the P450

and UGT genes involved in the P. polyphylla var.
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yunnanensis saponin biosynthesis pathway. Steroid
saponins are mainly synthesized from cholesterol via
oxidation at the C-16, C-22 and C-26 positions By
where P450 enzymes play an important role in the
catalysis of these transformations. CYP90G4 and
CYP51G have been shown to aid in the synthesis
of steroid saponins in Dendrobium plants “>*! and
DN66132 c0 gl is close to PpCYP90G4 and has
nine unigenes enriched in the Ath CYP51G fami-
ly, suggesting their possible involvement in steroid
saponin synthesis. In addition to P450s, UGTs are
also involved in the final modification of saponins,
where the glycosylation of C-26 is catalyzed by
UGTs, and it was shown that genes in the UGT73
family are able to glycosylate the C-26 position of
saponin elements “%. Tt suggests that seven unigenes
concentrated in the UGT73 family may play a cat-
alytic role in the glycosylation of P. polyphylla var.
yunnanensis saponin. Cluster analysis showed that
both Ge and Po promoted the expression of differ-
ent P450s and UGTs in low and medium nitrogen
treatments, whereas, in non-AM plants, significant
up-regulation of P450s and UGTs was found only in
N3 treatment, a pattern also similar to that of sapo-
nin accumulation. Both AMFs had no up-regulation
on plant P450s and UGTs at high N concentrations,
which may also be one of the reasons for the low
total saponins in AM plants in high N treatments.
HMGS, CAS, and FPP increased their expression
with nitrogen addition, while the expression of SE1,
SE2, and SS showed down-regulation under high ni-
trogen treatment, but in non-AM plants, the saponin
content reached its maximum under high nitrogen
treatment, indicating that oxidative glycosylation
by the upstream rate-limiting gene HMGS and the
downstream P450 and UGT are key factors in sapo-
nin synthesis pathway, and the up-regulation of P450
and UGT could offset the negative effects of the
decreased expression of SE1, SE2, and SS to some
extent. In addition, the P450 gene 43198 appeared
to be down-regulated in AM plants under high ni-
trogen treatment (Figure 11B), which may be one
of the reasons for the decrease in saponin content,
and the synthesis of steroidal saponins generally oc-
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curs through the MVA pathway during plant growth

metabolism ¥

, in turn, free sterols are also a major
component in controlling cell membrane fluidity
and permeability **'. In high nitrogen environments,
plants do not need to rely too much on AMF for nu-
trient uptake, which may lead to the need for more
sterol substances for membrane permeability regula-
tion in response to excessive nitrogen in the environ-
ment, and the precursor substances for steroid sapo-
nin synthesis are then decreased, which may also be

one of the reasons for the down-regulation of P450.

5. Conclusions

In order to investigate the effect of AMF on
saponin synthesis of P. polyphylla var. yunnanensis
under nitrogen addition, this experiment used P.
polyphylla var. yunnanensis as the study materi-
al and initially investigated the effect of AMF on
saponin synthesis of P. polyphylla var. yunnanensis
under nitrogen addition by measuring the growth,
chlorophyll, hormones, nutrients, saponin content
and gene expression on the saponin synthesis path-
way of P. polyphylla var. yunnanensis. Nitrogen
addition was able to increase the saponin content
of P. polyphylla var. yunnanensis to some extent,
but AMF plants increased the saponin content of P.
polyphylla var. yunnanensis more significantly, and
inoculation with AMF also promoted the expression
of genes related to the saponin synthesis pathway,
HMGS, SE1 and CAS. Thus, the accumulation of
saponin in the plants was increased. And probably
by altering the expression of saponin synthesis-re-
lated P450 and UGT, thus increasing the saponin
content of AMF plants.
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