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Abstract

Quinoa (Chenopodium quinoa Willd) is rich in protein and dietary fiber, both of which are safe and healthy.
In-depth research is being conducted on the nutritional components of quinoa. We explore the effects of phos-
phorus-solubilizing microorganisms on the root and leaf traits, protein content, biomass, and nutritional ele-
ments of quinoa. This study added different phosphorus-solubilizing microbial agents to quinoa grown in saline
alkali soil (blank control, CK group; Kaiduo explosive root (arbuscular mycorrhizal fungi, AMF) was applied
alone, K group; and compound application of Kaiduo explosive root and dephosphorizing bacteria (KJ group),
analyzing their effects on the root and leaf traits, protein content, biomass, and nutritional elements of quinoa.
The results revealed that the combined application of AMF and dephosphorylating bacteria can (a) promote the
root and leaf development of quinoa, (b) increase the fresh weight and dry weight of quinoa, and (c) increase the
protein content and nutrient elements such as iron and potassium in quinoa. The conclusion is that the addition
of dephosphorylating microorganisms can improve the quality of quinoa and popularize the cultivation of quinoa
in coastal wetlands.

Keywords: Arbuscular mycorrhizal fungi; Leaf traits; Nutrient elements; Phosphate-solubilizing bacteria; Quinoa;
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Introduction

Quinoa (Chenopodium quinoa Willd) is an annual her-
baceous dicotyledonous plant of the Amaranthaceae
family, native to the Andean region of South America. It
is highly resistant to environmental stresses and has the
advantage of being tolerant to cold, drought, and salinity
(Huang et al., 2021; Yasui et al., 2016). Quinoa is rich in
protein, dietary fiber, and other nutrients, which makes it

a safe and healthy food (Ray et al., 2023). In recent years,
numerous studies have been done on the nutrient com-
position of quinoa. With the extremely high nutritional
and economic value of quinoa, its cultivation and promo-
tion have become particularly important (Jaiswal et al.,
2022). However, there is an obvious lack of research on
whether phosphate-solubilizing microorganisms have an
effect on root and leaf traits, biomass, protein content,
and nutrients in quinoa seedlings.
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Arbuscular mycorrhizal fungi (AMEF) are inter-root
microorganisms that are widely present in the soil and
can form symbiotic relationships with the root systems
of more than 80% of terrestrial plants on earth, which can
enhance the uptake of nutrients in the soil and improve
the resistance characteristics of plants (Wang et al., 2024;
Lee et al., 2023; Patel et al., 2016). When AMF are sym-
biotic with plant roots, the mycorrhizal fungi are able to
absorb nitrogen and phosphorus in the soil and convert
them into forms that can be directly absorbed and uti-
lized by the plants (Fan et al., 2024). It was found that
AMF enhanced the activities of acid phosphatase, phy-
tase, and alkaline phosphatase in the soil; enhanced the
mineralization of organic phosphorus in the soil; and
lowered the content of organic phosphorus in the soil.
It was found that the AMF could significantly enhance
the root vigor of Dianchonglou (Paris polyphylla var.
yunnanensis) and encourage the root system to take up
more nutrients from the soil such as nitrogen, phos-
phorus, and potassium (Li et al., 2023). It was founded
that AMF could effectively inhibit the transport of Na*
in the stem of sorghum (Sorghum halepense L.) plants
under salt stress, reducing the toxic effect of Na* on the
plant and improving the ability of sorghum to resist salt
stress (Yamato et al., 2008). However, further research is
required to assess the effects of AMF on the root and leaf
traits, biomass, protein content, and nutritional elements
of quinoa.

Phosphate-solubilizing bacteria (PSB) can colonize in the
inter-roots of plants and form symbiotic relationships
with plants, and they play a role in the growth and devel-
opment of plants (Koczorski et al., 2023; Wang et al.,
2023). PSB can efficiently convert insoluble phosphorus
in the soil into phosphorus available in the inter-roots of
plants, so as to increase the uptake of phosphorus in the
plant root system (Tian et al., 2021; Turan et al., 2023;
Ullah et al., 2023). It is inoculated sprouted walnuts
with inter-root PSB and found that the photosynthetic
rate and inter-cellular CO, concentration of walnuts in
the experimental group increased significantly com-
pared with that of the control group, thus verifying the
growth-promoting effect of inter-root PSB on walnuts.
Wang et al. (2022) screened out PSB with very high
phosphorus-solubilizing ability and IAA production,
and inoculated wheat with PSB. The results of the study
showed that the yield of wheat inoculated with PSB was
significantly increased by 14.42%; it also proved that the
active phosphorus fraction of the soil inoculated with

PSB was significantly increased by 122.04% compared
with that of the uninoculated soil; and PSB promoted
the growth and development of wheat and increased the
yield by increasing the active phosphorus ratio and the
content of IAA in the soil (Wang et al., 2022). Quinoa is
an excellent crop that is rich in a variety of nutrients (Le
et al., 2021). Through previous studies, it was found that
there is a lack of research on the effect of dephosphory-
lating bacteria on the growth and development of quinoa;
especially, the effect on quinoa’s root and leaf traits, bio-
mass, protein content, and nutrient elements needs to be
studied in depth.

In order to investigate whether dephosphorylating micro-
organisms can promote the growth and development of
quinoa in saline—alkaline soils, the main objectives of the
present work were to explore the effects of dephosphor-
ylating microorganisms on the growth of quinoa seed-
lings by setting up conditions for the addition of different
microbial agents, so as to provide new research ideas and
directions for the promotion and cultivation of quinoa in
coastal wetlands.

Materials and Methods
Materials

Soil for testing was taken from the coastal wetland of the
Yellow River Delta (37°38’'N, 118°54'E). The basic soil
properties are shown in Table 1; 9 pots: 16 cm (upper
diameter) x 9 cm (lower diameter) x 16 cm (height); nine
markers; PSB (PSBDY]JP Pseudomonas; patent name: a
strain of broadly adapted pH salt-tolerant PSB and its
application; patent no.: ZL 2021 1 1415216.0; patent fil-
ing date: 2021/11/25; patentee: Ludong University Yantai,
Shandong Province); Kaiduo explosive root microbial
agent (Produced by Yantai Gutri Bio-technology Co,;
Main technical indexes: effective number of live bacteria
> 1 billion/g, mycorrhizal fungi > 200 million/g, humic
acid of mineral origin > 80%, small-molecule organic car-
bon = 60%, B, Zn, Fe > 0.1%); 270 seeds of quinoa (From
Shandong Sericulture Research Institute).

Experimental design

Ratio of Kaiduo explosive root microbial agent: dissolve
0.5 g Kaiduo explosive root in 100 mL distilled water.

Table 1. Basic properties of saline soils in coastal wetlands of the Yellow River delta.
Indicators Nitrogen content Phosphorus content Carbon content EC pH Salinity
Quantity contained 100 mgeKg™ 5230 mgKg™ 2600 mgeKg™ 2.150 mS/cm 7.453 1700 mgeKg™
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Set up three treatment groups: CK group—blank control
group with 75 mL distilled water; K group—with a sepa-
rate application of 50 mL Kaiduo explosive root micro-
bial agent and 25 mL distilled water; KJ group—this
composite application group consisted of 50 mL Kaiduo
explosive root microbial agent and 25 mL phosphate sol-
ubilizing bacterial agent (10%). Each treatment consisted
of three independent replications, for a total of nine pots.

Add an equal volume of saline—alkali soil (approximately
3/4 of the pot volume) to each pot, and apply Kaiduo
explosive root microbial agent and phosphate-solubiliz-
ing bacterial agent to the soil according to the treatment
groups. Select quinoa seeds (Qingli No. 2, 1000-seed
weight: 3.78 g) of uniform size and full grains; soak the
seeds for 1 h and then sow them. Evenly sow 30 quinoa
seeds in each pot and then cover the soil with 1 cm of
soil, room temperature should be approximately 25°C,
humidity should be 80%. After sowing, water every 2 days
to ensure 60% of the water holding capacity (WHC) in
the field. Every week, apply Kaiduo explosive root micro-
bial agent and phosphorus-solubilizing bacterial agent
to the soil according to the treatment groups. Regular
application of microbial agents during the growth period
of quinoa can effectively promote the growth of quinoa.
When the quinoa seedlings grow to four leaves and one
center, the seedlings are fixed. When thinning, 20 evenly
growing plants are kept in each pot. Measure data after
130 days of planting.

Indicator measurement

Root trait detection

Take one plant from each pot. When sampling, remove
the root system and soil from the pot. Slowly and care-
fully shake off the soil from the root system to ensure the
integrity of the root system structure, and clean the root
system with flowing water. Use a root scanner (Microtek
Scan Wizard EZ; Microtek International Inc., Taiwan) to
scan the roots of quinoa seedlings cultured in soil for 130
days, save the data in an Excel spreadsheet, and save the
scanned images.

Leaf trait detection

Take one plant from each pot, randomly select five leaves,
separate them from the stem of the plant, and ensure the
integrity of the petiole. Use a leaf scanner (F800A3 Jieyu
Technology Video Display Platform; Jieyu Technology,
Shenzhen, China) to scan the leaves of quinoa seedlings
cultured in soil for 130 days. After connecting the com-
puter to the leaf scanner and calibrating it, place five
leaves of each plant on a whiteboard and flatten them
with a plastic cover plate. After scanning, select all blades
from the image for analysis, save the data in an Excel
spreadsheet, and also save the scanned image.

Biomass detection

Take a plant with uniform growth in each group; separate
the roots, stems, and leaves; and use an electronic bal-
ance (precision 0.0001g) to measure the fresh weight of
the roots, stems, and leaves, respectively. After measure-
ment, put them into a petri dish, mark well, bake at 105°C
for 30 min to kill, then dry at 65°C to constant weight,
and use an electronic balance (precision 0.0001g) to mea-
sure the dry weight of roots, stems, and leaves, respec-
tively. Organize data in an Excel spreadsheet.

Protein content detection

Weigh 0.3 g of the sample and grind it using a mortar.
Firstly, digest the sample by sequentially adding 0.5 g of
copper sulfate, 5 g of potassium sulfate, 10 mL of con-
centrated sulfuric acid, and 2 mL of hydrogen peroxide
into the digestion tube containing the sample. Use the
program of formula 1 in the digestion instrument for
digestion. After digestion is complete, wait for the diges-
tive tract to cool completely before removing the tube
for distillation and titration using an automatic Kjeldahl
nitrogen analyzer (Kjeltec; FOSS, Denmark). Firstly,
prepare 40% sodium hydroxide solution, 1% boric acid
solution, and indicators of 0.1% bromocresol green and
0.1% methyl red; mix the prepared reagents (1 L 1%
boric acid + 10 mL 0.1% bromocresol green + 7 mL 0.1%
methyl red). Then, prepare and calibrate 0.1mol/L stan-
dard hydrochloric acid. The specific steps for calibration
are to take anhydrous sodium carbonate and burn it in a
high-temperature furnace at 270°C-300°C until it reaches
a constant weight. Weigh 0.2 g of anhydrous sodium car-
bonate and dissolve it in 50 mL of water, add 10 drops of
indicator solution, and titrate with the prepared 0.1mol/L
standard hydrochloric acid solution until the solution
changes color. Then, take 20 mL of 0.1% methyl red etha-
nol solution and 30 mL of 0.2% bromocresol green etha-
nol solution, shake well, and prepare the indicator. Create
a new program on the automatic Kjeldahl nitrogen ana-
lyzer, with a diluent volume of 80, an alkali volume of 60,
and a receiver volume of 30, and then empty the sample
tube (Gongalves et al., 2023). Connect the sample tube
to the instrument, modify the sample quality, and start
testing. To reduce errors, repeat the measurement three
times.

Nutrient element detection

The detection instrument chosen is an inductively cou-
pled plasma emission spectrometer (Prodigy-plus;
Teledyne Tekmar, USA), which is mainly used to detect
the concentration of nutrients such as Zn, B, Fe, Al, Mn,
K, Na, P, Ca, Mg, and so on. The specific process is as
follows: weigh 0.2 g of the sample in a 25 mL beaker, add
2 mL-5 mL of nitric acid, soak it overnight, and place it
on an electric heating plate. Heat it at about 100°C until
the solid sample is digested. Then, add 0.5 mL of perchlo-
ric acid and heat it to dissipate at about 140°C until the
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white smoke is emitted. If the residue is not white, add
nitric acid and perchloric acid to repeat the digestion,
and finally extract with 7% hydrochloric acid solution.
Measure on the machine after adjusting the content of
the element to an appropriate volume (Lu et al., 2020).
To reduce errors, each treatment group repeats the mea-
surement three times.

Data processing and analysis

Use Microsoft Excel 2019 data analysis software to
record the data obtained from the root and leaf scanner
of quinoa seedlings, as well as data on plant biomass
and nutrient content and calculate the mean and devi-
ation. Use SPSS.26 data analysis software to test the
normality of the data. Use SPSS.26 to perform one-way
ANOVA at the 0.05 level, perform multiple compari-
sons using LSD and Duncan methods, and plot using
Origin.2022.

Results and Analysis

Effects of phosphorus-solubilizing microorganisms on
root and leaf traits of quinoa seedlings

Data on the root system of quinoa seedlings treated with
different microbial agents are summarized in Table 2.
The root length, number of connections, number of
nodes, number of forks, and other root traits in the KJ
group were higher than those in the K and CK groups.
The root length of the KJ group increased by 26.23%, the
number of root connections increased by 38.17%, the
number of root nodes increased by 9.58%, and the num-
ber of root forks increased by 97.06% compared to the K
group, which showed that compared with the application
of AFM alone, the combined application of AFM and
dephosphorylating bacteria could effectively promote the
development of the root system of quinoa.

The leaf data of quinoa seedlings under different micro-
bial agents are shown in Figures 1 and 2. The leaf area of
the KJ group was significantly increased by 85.51% com-
pared with the K group, which was twice as much as that
of the CK group, and the perimeter of the leaves of the K]
group was significantly increased by 27.33% and 38.11%
compared with that of the K and CK groups, which was in
agreement with the results of the promotion of the root
traits. The combination of arbuscular mycorrhizal fungus
and phosphorus-solubilizing bacteria was more effective
in the promotion of the leaf traits compared with the
application of arbuscular mycorrhizal fungus alone.

Effect of phosphorus-solubilizing microorganisms on the
biomass of quinoa seedlings

The biomass data of quinoa seedlings under different
microbial agents are shown in Figures 3 and 4. The fresh
weight and dry weight of the whole plant in the KJ group
increased by 54.27% and 65.26% compared with that
of the K group, and the fresh weight and dry weight of
the whole plant in the K group increased by 19.60% and
41.79% compared with that of the CK group, respectively.
The fresh weight and dry weight of the aboveground
part in the KJ group increased by 53.96% and 64.37%
compared with that of the K group, and the fresh weight
and dry weight of the aboveground part in the K group
increased by 20.09% and 50.00% compared with that of
the CK group, respectively. The fresh weight and dry
weight of the underground part in the KJ group increased
by 54.31% and 75.00% compared with that of the K group,
and the fresh weight and dry weight of the underground
part in the K group did not differ much from that of the
CK group. It proved that the effect of dephosphorylating
microorganisms on the biomass of quinoa was basically
the same as that of the root and leaf traits, and the com-
bined application of AFM and dephosphorylating bacte-
ria could increase the biomass of quinoa compared with
the application of AFM alone.

Table 2. Root length, number of connections, number of nodes, and number of forks of quinoa seedlings treated with different microbial

K KJ

agents.
Index CK
Root length (cm) 4.988+2.5522
Number of connections 30.000+20.3962
Number of nodes 36.333+26.3862

Number of forks 9.3334.1102

5.51741.003°
43.667+13.671°
55.667+14.8172
11.333+4.989°

6.964+1.186°
60.333+21.700°
61.000£16.310°
22.333+8.498°

Different lowercase letters indicate significant differences between processing groups (P<0.05). Significance test was performed using the LSD
method. The analysis of variance showed that the effect of different treatment groups on the root length of quinoa was not significant, F(2, 6)=0.703,
P=0.532; the effect of different treatment groups on the number of root connections in quinoa was not significant, F(2, 6)=1.290, P=0.342; the effect
of different treatment groups on the number of root nodes in quinoa was not significant, F(2, 6)=0.855, P=0.471; the effect of different treatment
groups on the number of root forks in quinoa was not significant, F(2, 6)=2.579, P=0.155. CK is the control group, K is the application of Kaiduo
explosive root microbial agent, KJ is the application of Kaiduo explosive root microbial agent and PSB.
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Figure 1. Leaf area of quinoa seedlings treated with different

microbial agents. Different lowercase letters indicate significant
differences between processing groups (P<0.05). CK is the con-
trol group, K is the application of Kaiduo explosive root micro-
bial agent, KJ is the compound application of Kaiduo explosive
root microbial agent and phosphate-solubilizing bacteria.
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Figure 2. Leaf perimeter of quinoa seedlings treated with

different microbial agents. Different lowercase letters indi-
cate significant differences between processing groups
(P<0.05). CK is the control group, K is the application of
Kaiduo explosive root microbial agent, KJ is the compound
application of Kaiduo explosive root microbial agent and
phosphate-solubilizing bacteria.

The numbers in the figure represent the mean values for
each treatment group. CK is the control group, K is the
application of Kaiduo explosive root microbial agent, KJ
is the compound application of Kaiduo explosive root
microbial agent and phosphate-solubilizing bacteria.

The numbers in the figure represent the mean values for
each treatment group. CK is the control group, K is the
application of Kaiduo explosive root microbial agent, KJ
is the compound application of Kaiduo explosive root
microbial agent and phosphate-solubilizing bacteria.

Effect of phosphate-solubilizing microorganisms on the
nutrient composition of quinoa seedlings

The protein content of quinoa seedlings under differ-
ent microbial agents is shown in Table 3. There was no
significant difference in the protein content of quinoa
seedlings in the three different treatment groups, and the
protein content of the KJ group was slightly higher than
that of the CK group and the K group, and the protein
content of the CK group was slightly higher than that
of the K group. It indicated that compound application
of AFM and PSB could increase the protein content of
quinoa.

Nutrient element contents of quinoa seedlings under dif-
ferent microbial agents are shown in Figures 5 and 6. The
microelements in the leaves of quinoa seedlings were Zn,
B, Fe, Al, Mn, etc. The concentrations of zinc and boron
elements in the K group were 10.18% and 3.14% higher
than those in the KJ group, respectively, and the KJ group
was higher than the CK group. The concentrations of iron
and aluminum elements in the KJ group were 55.81% and
44.04% higher than those in the K group, respectively,
and the K group was higher than the CK group; the con-
centration of manganese element in the CK group was
35.42% higher than that in the KJ group, and the KJ group
was higher than the K group. It indicated that the appli-
cation of phosphorus-dissolving microorganisms can
increase the concentration of the microelements zinc,
boron, iron, and aluminum in quinoa leaves. The mac-
roelements in the leaves of quinoa seedlings include K,
Na, P, Ca, Mg, etc. The concentrations of potassium and
sodium elements in the KJ group were 10.77% and 38.61%
higher than those in the K group, respectively, and the
K group was higher than the CK group; the concentra-
tion of phosphorus element in the K group was 44.58%
higher than that in the KJ group, and the KJ group was
higher than the CK group; the concentrations of calcium
and magnesium elements in the CK group were 4.58%
and 18.14% higher than those in the KJ group, respec-
tively, with the KJ group being higher than the K group.
It indicated that the application of phosphorus-dissolving
microorganisms can increase the concentration of the
macroelements potassium, sodium, and phosphorus in
quinoa leaves.

Discussion

Effect of phosphorus-solubilizing microorganisms on
root and leaf traits of quinoa

Combined application of AMF and PSB can effectively
improve root and leaf traits in quinoa seedlings. AMF
can form a large network of extra-root mycelium and
hyphae after symbiosis with the host plant, altering root
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Figure 3. Whole plant fresh weight, aboveground fresh weight, and underground fresh weight of quinoa seedlings treated with
different microbial agents.
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Figure 4. Whole plant dry weight, aboveground dry weight, and underground dry weight of quinoa seedlings treated with
different microbial agents.
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morphology and promoting root development (Bi and
Zhou, 2021). In this study, root indicators, such as root
length, number of connections, number of nodes, and
number of forks, were higher in the K group than in the
CK group, suggesting that AMF promotes the growth
of fine roots, which have a larger surface area to vol-
ume ratio, thereby increasing the nutrient uptake area of
the root system and improving the nutrient uptake and
transport capacity of the root system (Chen et al., 2023;
Yu et al., 2023). Therefore, it can promote the growth of
leaves and the increase of biomass in the aboveground
part of quinoa. It proves that the growth of quinoa leaves

Table 3. Protein content of quinoa seedlings treated with different
microbial agents.

Processing CK K KJ
groups
Protein (%) 6.733+0.0932 6.354£0.376° 6.928+0.4082

Different lowercase letters indicate significant differences between
processing groups (P<0.05). The results of the analysis of variance
showed that the effect of different treatment groups on the protein
content of quinoa seedlings was not significant, F(2, 6)=1.399,
P=0.329. CK is the control group, K is the application of Kaiduo
explosive root microbial agent, KJ is the compound application of
Kaiduo explosive root microbial agent and PSB.

as well as the increase in biomass are closely related to
the changes in the morphology of its root system. By
secreting phytohormones, such as indoleacetic acid and
cytokinin, the dephosphorylating bacteria promote the
growth and development of the plant root system, which
enables the plant to take up nutrients from a relatively
wider soil area (Kshetri et al., 2024; Ponce et al., 2021).
In this study, the root length, number of connections,
number of nodes, number of forks, as well as leaf area
and leaf perimeter of quinoa in the KJ group were higher
than those in the K group, suggesting that the compound
application of AMF and PSB can combine the advantages
of these two microbial agents, thus better exerting the
growth-promoting performance on quinoa.

Effect of phosphorus-solubilizing microorganisms on
quinoa biomass

Inoculation of phosphorus-solubilizing microorganisms
during the growth period of plants can promote plant
growth and development. AMF firstly affects the growth
function of the root system by promoting the uptake of
mineral nutrients and transporting more nutrients to the
aboveground part of the plant, promoting plant growth
and improving plant quality (Ranjan et al., 2024; Zhu
et al., 2024). Seedling roots inoculated with PSB may
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Figure 5. The microelements in quinoa seedlings of different treatment groups. The numbers in the figure represent the mean
values for each treatment group. CK is the control group, K is the application of Kaiduo explosive root microbial agent, KJ is the
compound application of Kaiduo explosive root microbial agent and phosphate-solubilizing bacteria.
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Figure 6. The macroelements in quinoa seedlings of different treatment groups. The numbers in the figure represent the mean
values for each treatment group. CK is the control group, K is the application of Kaiduo explosive root microbial agent, KJ is the
compound application of Kaiduo explosive root microbial agent and phosphate-solubilizing bacteria.

produce higher levels of IAA, a plant growth regulating
hormone, that not only promotes growth and root elon-
gation but also improves photosynthetic capacity, car-
bohydrate metabolism, and total plant yield (Elhaissoufi
et al., 2020). Using maize as the experimental material,
Huang Jianwei et al. (2022) found that the aboveground
biomass of maize in the treatment groups of inoculation
of AMF, inoculation of AMF + PSB, and inoculation of
PSB were increased compared to the control by 11.9%,
11.4%, and 0.04%, respectively. Hao Jing et al. (2006)
studied the growth-promoting effect of dephosphory-
lating microorganisms on pea, and the results showed
that the application of dephosphorylating bacteria could
significantly increase the aboveground fresh weight of
pea plants as well as pea yield, which further verified
the conclusion that dephosphorylating microorganisms
promote the growth and development of plants. In this
study, the fresh weight and dry weight of aboveground
parts and whole plants of quinoa plants in KJ group were
higher than those in K and CK groups, and the K group
was higher than the CK group. It indicated that the com-
pound application of PSB and AMF could combine the
advantages of these two agents to further increase the
biomass of quinoa, which was basically consistent with
the results of previous studies.

Effect of phosphorus-solubilizing microorganisms on the
nutrient composition of quinoa

Complex application of AMF and PSB increases the
protein content of quinoa. Protein is not only a compo-
nent that constitutes a variety of important physiologi-
cal active substances in organisms but also an important
guarantee for organisms to carry out life activities such
as growth and development (Kalayu, 2019). Shen Ruiling
et al. (2015) found that the protein content of quinoa was
about 14.9%, while the protein content of quinoa seedling
plants in this study was only 6.7%, which may be because
of the fact that the experimental samples used for the
detection of protein were taken from the roots, stems,
and leaves of quinoa seedlings, and the experiments were
carried out by potting in saline soil, which may affect
the growth and development of the plants. However, the
results were reliable. We found that the compound appli-
cation of AMF and PSB increased the protein content of
quinoa and improved the quality of quinoa.

After the application of dephosphorylating microorgan-
isms, we found that the contents of zinc, boron, iron,
aluminum, potassium, sodium, and phosphorus in qui-
noa plants were increased compared with the CK group,
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which proved that the application of dephosphorylating
microorganisms could increase the contents of many
nutrients in quinoa, thus improving the quality of quinoa.
This is consistent with the findings of Liu et al. (2020),
who found that the moderate application of phosphorus
and inoculation with AMF and PSB could significantly
increase the mycorrhizal infestation rate, aboveground
biomass, leaf chlorophyll content, and soluble sugar con-
tent of alfalfa, and significantly improve the nutritional
quality of alfalfa. Coastal saline soils are not suitable
for quinoa growth. However, adding dephosphorylated
microbial agents can promote the cultivation of quinoa
in saline soils and can improve the content of many nutri-
ents as well as protein in quinoa.

Prospects for future applications of dephosphorylating
microorganisms

Quinoa is a new type of grain crop introduced in China
in recent years, and it is mostly cultivated in the moun-
tainous areas of plateaus (Talawar and Bc, 2020). Its

a2
~%

cultivation in low altitude areas is not that smooth at
present. The phosphorus-solubilizing microorganisms in
this study have an obvious growth-promoting effect on
quinoa planted in saline and alkaline lands, and phos-
phorus-solubilizing microorganisms can be used as one
of the breakthroughs for the cultivation of quinoa in the
future. Application of microalgae biofertilizer may be
an effective solution to alleviate the stress of saline soil
on quinoa, as shown in Figure 7. The high salt concen-
tration in saline soil produces photosynthetic inhibition
and osmotic stress on quinoa plants, whereas the addi-
tion of salinity-tolerant microalgae to quinoa cultivation
promotes chlorophyll production in quinoa and allevi-
ates the effect of salinity stress on photosynthesis inhi-
bition, improves photosynthetic efficiency, and promotes
the synthesis of osmotically regulated soluble sugars and
proteins in quinoa, which in turn reduces the osmotic
stress of salinity on quinoa (Ma et al., 2022; Mahdi et al.,
2021; Sangwan and Prasanna, 2021). Therefore, the addi-
tion of saline-tolerant algae when cultivating quinoa can
also be one of the effective measures to promote the cul-
tivation of quinoa in coastal wetlands.

Figure 7. Mechanism of action of phosphorus-dissolving microorganisms on quinoa inter-root soil and prospects for research
and development of quinoa. A is insoluble inorganic phosphorus; b is effective phosphorus; ¢ is insoluble organic phosphorus;
d is microbial biomass phosphorus; e is AMF; f is PSB; g is salinity-tolerant microalgae; h is quinoa straw that can be processed
for composting; i quinoa as a food crop can be eaten directly or made into baked goods or fermented products. (1) Secretions
from AMF activate insoluble inorganic phosphorus directly to effective phosphorus; (2) PSB convert insoluble phosphorus into
effective phosphorus through direct activation (solubilization and mineralization) and through indirect activation (secretion of
plant hormones, biocontrol agents, and nitrogen fixation); (3) PSB produce microbial biomass phosphorus through self-fixation
and release effective phosphorus during the fixation-turnover process.
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Currently, microbial fertilizer products are not widely used
in quinoa cultivation because of technological research
and development, but studies have shown that microbial
application to quinoa cultivation results in significant
gains with regard to quality and efficiency. Therefore, in
the future, further research is needed to study the feasibil-
ity of the practical application of microbial fertilizers. Also,
the combination of phosphorus-solubilizing microorgan-
isms and saline-tolerant microalgae can be mixed and
applied to the growth process of quinoa. These researches
may change the difficult situation with regard to the pop-
ularization and cultivation of quinoa in coastal wetlands.

Conclusions

The root length, and the number of forks, connections,
and nodes of quinoa seedlings with the composite PSB
and AMF were higher than those of the single-applica-
tion group and the control group; the leaf perimeter and
leaf area of quinoa seedlings with the composite PSB
and AMF were significantly higher than those of the sin-
gle-application group and the control group. The biomass,
protein content, and concentrations of various nutrients
such as iron and potassium of quinoa seedlings were
higher than those of the single-application group and
the control group with the composite PSB and AMF. It
indicated that the composite application of PSB and AMF
has a better promoting effect on the growth of quinoa.
This study confirmed the effectiveness of the composite
microbial agent through pot control experiments, but it
was not made into a product and promoted for applica-
tion in quinoa cultivation. In the future, we can combine
the PSB and AMF to make a composite microbial agent
product, or combine phosphate-dissolving microorgan-
isms with saline-tolerant microalgae to make a microbial
fertilizer product to be applied to the growth process of
the quinoa, so as to improve the nutritive and economic
value of the quinoa. As a result, it can improve the growth
of quinoa in coastal saline—alkaline land and assist in its
ecological restoration. Farmers who rely on quinoa culti-
vation for a living in the future can use microbial fertiliz-
ers instead of traditional chemical fertilizers, which can
produce green, organic, and pollution-free food; increase
farmers’ income; and reduce environmental pollution.
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