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Abstract: Foliar fertilization, an effective method to regulate plant nutrition has attracted much
attention. In this study, the effects of different foliar fertilizers (F1: NPK formulation, F2: NPK+Fe-
Mn-Zn formulation, F3: Fe-Mn-Zn formulation, and CK: deionized water) on plant growth, chemical
composition, rhizosphere soil properties, and fungal community of Dioscorea opposita Thunb. were
assessed by a field plot experiment. Rhizosphere fungal community was examined via Illumina MiSeq
sequencing of ITS2 rRNA genes. Spraying foliar fertilizer directly affected the growth and chemical
content of the plant, which depends on different foliar fertilizers. Ascomycota and Moraxella were the
dominant fungal phyla. Nutrient elements were the main factors affecting fungal composition, and
soil microelements positively influenced soil fungi, while soil macroelements negatively influenced
soil fungi. Macroelement foliar fertilizer affected soil fungi by directly affecting the growth parameters
and macroelement content of the plant or by directly affecting soil properties, while microelement
foliar fertilizer affected soil fungi by directly affecting the microelement content of the plant or by
directly affecting the soil pH and organic matter content. These factors were involved in the formation
of a “leaf-root-soil microbe” conduction system similar to the “brain-gut-microbe” axis. Our results
provide a basis for the application of foliar fertilizer in the cultivation of medicinal plants.
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1. Introduction

Chinese yam (Dioscorea opposita Thunb., Dioscoreaceae), a twining perennial vine, has
been included in the list of medicinal and food homology in China [1]. In traditional Chinese
medicine, yam was mainly used to treat anorexia, chronic diarrhea, and diabetes [2,3]. In
addition, the antioxidant, anti-inflammatory, neuroprotective, and anticancer properties
of the polysaccharides in yam tubers have also attracted much attention [4-6]. In recent
years, the use of a large number of chemical fertilizers has promoted the high yield of yams
but also led to related problems such as low utilization rate of chemical fertilizers and soil
acidification and salinization, which seriously affected the yield and quality of yams and
restricted the sustainable development of the yam industry [7].

Foliar spraying is a technique used to supplement the nutrients needed for plant
growth by spraying liquid fertilizer directly onto the leaves, which results in better uptake
by the aerial parts of the plant [8,9]. Compared with soil fertilization, foliar fertilization has
the characteristics of fast nutrient absorption, less dosage required, high nutrient utilization
rate, and less soil pollution [10,11]. Anees et al. [12] reported that foliar spraying of K and
Zn is an efficient fertilizer to improve maize yield and net income under rain-fed conditions.
Januskaltlené and kaclené [13] found that under drought stress and UV-B radiation stress,
foliar spraying can reduce the oxidative stress damage of leaves by reducing the content
of malondialdehyde. Ali et al. [14] found that the application of mineral K fertilizer with
foliar spraying of monopotassium phosphate or potassium citrate resulted in increases in
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most of the potato growth and tuber chemical-composition-related parameters. Hence,
foliar fertilization has become one of the important high-yield cultivation and management
measures in agricultural production.

Foliar sprays allow plants to quickly absorb the nutrients they need directly from
the leaves rather than through the roots, which reduces the adverse effects of fertilizers
on the soil and improves the soil environment. Sun et al. [15] found that reduced soil
fertilization and increased foliar spraying of tomato had no significant effect on their yield,
but could result in significant reductions in nitrate and available phosphorus levels in the
0-20 cm soil layer. Compared with the control, foliar applications with monopotassium
phosphate on potato leaves increased the soil Actinomycetes community and reduced soil
fungal community [16]. Amerany et al. [17] reported that chitosan application to leaves
enhance plant growth and flowering and reduced interaction with arbuscular mycorrhizal
(AM) fungi, whereas root treatment did not affect these parameters. Khan et al. [18]
reported that Vermiwash foliar sprays change the response of crops to different AM fungi
in growth and nutrient utilization, which is important for selecting effective combinations
of nutrient sources to improve crop growth. Aghaei et al. [19] found that foliar spraying
of L-phenylalanine can improve the symbiosis of AM fungi and the effect of fertilizer and
earthworm composting, which may be conducive to the organic production of medicinal
plants such as Hyssopus officinalis. Therefore, it is necessary to comprehensively analyze the
effects of different foliar fertilizers on plant growth and soil environment to provide a basis
for reducing the total amount of fertilization and improving fertilizer efficiency.

Rhizosphere microorganisms are an important part of the soil, and they participate
in almost all biochemical reactions in the soil, including carbon and nitrogen cycling, and
play an important role in plant growth and development [20,21]. Rhizosphere microor-
ganisms can directly participate in plant growth and development as growth-promoting
or -inhibiting factors or indirectly act on host plants by affecting other microorganisms
in the soil [22,23]. At present, there are many studies on the effects of soil fertilization on
the composition of the rhizosphere’s microbial community. For example, Zheng et al. [24]
reported that long-term application of N and K fertilizer and straw returning have an im-
portant impact on the diversity of methane-oxidizing bacteria in paddy fields. Hu et al. [25]
considered that long-term balanced fertilization can improve soil microbial biomass carbon
and nitrogen, and microbial functional activity. However, there are few documents on the
effects of foliar fertilization on rhizosphere soil microorganisms of medicinal plants.

We hypothesized that there is a synergistic mode of “leaf-root-soil microorganisms” in
the process of plant growth, which can be regulated by nutrient elements. In the present
study, foliar fertilizer containing different nutrient elements was designed for spraying
Chinese yams, and the diversity of rhizosphere soil fungi was detected using Illumina
MiSeq sequencing platform, with the aim to (1) determine the changes in plant growth,
chemical composition, and rhizosphere soil properties of Chinese yam after spraying foliar
fertilizers; (2) determine the fungal community composition of the Chinese yam rhizosphere
after spraying foliar fertilizers, and (3) assess the effects of different foliar fertilizers on
rhizosphere fungal communities. These data provide a basis for evaluating the effects of
foliar fertilizers for the growth of medicinal plants and the soil environment.

2. Materials and Methods
2.1. Study Sites

A field experiment of Chinese yam was conducted in Anguo Medicinal Planting site
(38°42'48" N, 115°33/30" E), Anguo, Hebei Province, China, in April 2021. The annual mean
temperature and annual mean precipitation in the study area were 12.6 °C and 567.5 mm,
respectively. Soils were Alfisols and Durixeralf [26]. The soil physicochemical properties in
the experimental field were as follows: soil organic matter (SOM) content 13.18 mg/g, soil
pH 7.61, and the soil nutrient concentrations were 43.6 mg/kg for available nitrogen (N)
and 8.39 mg/kg for available phosphorus (P).
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2.2. Field Experiment Design and Sampling

A completely randomized block design was used in the field experiment, including
four treatment plots: macroelement foliar fertilizer (MAE): NPK foliar fertilizer (F1: the
content of urea was 2.77 g/L, potassium phosphate was 1.74 g/L, and potassium sulfate
was 1.59 g/L); compound element foliar fertilizer (CE): NPK+Fe-Mn-Zn foliar fertilizer (F2:
the content of urea was 2.77 g/L, potassium phosphate was 1.74 g/L, potassium sulfate
was 1.59 g/L, chelated iron was 0.78 g/L, chelated manganese was 0.93 g/L, and chelated
zinc was 1.16 g/L); microelement foliar fertilizer (MIE): Fe-Mn-Zn foliar fertilizer (F3: the
content of chelated iron was 0.78 g/L, chelated manganese was 0.93 g/L, and chelated
zinc was 1.16 g/L); and the same amount of deionized water (CK). Each foliar fertilizer
treatment was repeated five times. Thus, a total of 20 experimental plots were set up. Each
experimental plot had an area of 4 m?, and each plot was separated by 50 cm (the row
spacing of yam planting in each plot is 30 cm X 30 cm). Before planting Chinese yams,
organic fertilizer and NPK fertilizer were used as a base fertilizer in all treatment plots
(the amount of organic fertilizer used is 0.875 kg/m?, and the amount of NPK compound
fertilizer is 0.027 kg/m?). Chinese yams were sown in early April 2021, and in the beginning
of August, foliar fertilizer was sprayed on the plant every 15 d for three consecutive times.
(The equipment used for foliar fertilizer spraying is an electric sprayer with a volume of
5 L. The specific spraying methods for different foliar fertilizer treatments are: use 2.5 L
of water to dilute and dissolve 10 g of NPK foliar fertilizer; use 5 L of water to dilute and
dissolve 15 g of NPK+ Fe-Mn—Zn foliar fertilizer; use 1.5 L of water to dilute and dissolve
4 g of Fe-Mn—Zn foliar fertilizer.) The amount of spraying liquid was based on uniform
spraying on the leaf surface without dripping water and conventional field management.

In mid-October, within each experimental plot, 10 healthy yam plants were randomly
selected. Ten replicates of shoots and root samples of yam were collected, and then soil and
root samples (0-30 cm soil layer) were taken from each plant in each plot. All plant and
soil samples were stored in sealed self-sealing bags marked with each treatment, and taken
back to the laboratory. All plant samples were used to analyze the growth and nutrient
parameters of Chinese yam. Rhizosphere soil sample per repeated plant in the different
treatments was sieved (<2 mm mesh) and then were divided into two parts. Subsamples
were air-dried at 25 °C to measure soil physicochemical properties, while the other was
placed in a freezer at —80 °C for the analysis of fungal community structure.

2.3. Plant Biomass and Morphological Parameters

Before harvest, plant height and number of leaves in each treatment group were
recorded. After the whole plant was harvested, the aboveground and underground parts
were separated. The root diameters of yam plants of different treatments were determined
using a straight edge of uniform size. The roots were dried at 65 °C for 72 h to calculate
the root biomass. In additions, the yam roots were peeled, cut into 2.0~2.5 cm thick slices,
and dried in a strong wind at 50~60 °C. Then, the dried yam slices were crushed, screened
(40~60 mesh), and used for subsequent chemical analysis.

2.4. Root Protein, Amino Acid, and Polysaccharide Contents

About 0.4 g of dried root sample, 5.0 g of catalyst (K;SO4:CuSO4:5H,0 = 10:1), and
10 mL of concentrated sulfuric acid were put into the digestion tube, shaken well, and
digested in the digestion oven (420 °C) for about 1 h. After cooling, about 20 mL of
water was slowly added. the digestion tube was placed on an automatic Kjeldahl nitrogen
analyzer (SKD-1000, Shanghai Peio), alkali was added for distillation for 4 min and then
titrated with boric acid absorption solution and standard hydrochloric acid solution, and
the volume of hydrochloric acid titrated was recorded and the protein content of the sample
was calculated.

The protein of the root samples was hydrolyzed by 6 mol/L hydrochloric acid solution
for 22 h to become free amino acid. After filtration, constant volume, and concentration,
it was injected into the amino acid analyzer for ion exchange separation and ninhydrin
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staining. The amino acid content was determined via an amino acid analyzer (GB 5009.124-
2016 Determination of Amino Acid in Food).

Then, 50 g of root powder was mixed with 500 mL of double-distilled water and
heated at 100 °C for 3 h. After filtering the extract, the solution was concentrated by rotary
evaporation and centrifuged at 4500 rpm for 15 min. The supernatant was precipitated
by adding 5 volumes of 95% ethanol overnight at 4 °C. After centrifugation at 4500 rpm
for 15 min, the precipitate was dissolved with double-distilled water. The original reagent
(CHCI3:CH3(CH,)30H = 5:1) was added to the solution and stirred at 25 °C for 2 h to
remove the relevant protein. The absorbance value was measured via a spectrophotometer
(Mettler Toledo, UV5, Shanghai, China) at 490 nm with glucose as the reference, and the
polysaccharide content was determined by the phenol sulfuric acid method [27,28].

2.5. Root Chemical Element Contents

Dried powdered samples of yam roots were digested by placing approximately 0.2 g
into a mixture of 12.7 mol/L perchloric acid, 18 mol/L sulfuric acid, and water (10:1:2)
using a Mars 6 microwave reaction system (CEM Inc., Matthews, NC, USA) until a clarified
solution was obtained. Total N, total P, and total K were determined by Kjeldahl method,
molybdenum vanadium blue colorimetry, and flame photometry [29]. Dried samples (0.4 g)
were digested with HNO3 /HCIOy (3:1) (v/v) mixed digestion solution at 200~250 °C. The
clear solution was diluted with 0.2% HNOj in a 50 mL volumetric flask. A flame atomic
absorption spectrometer (TAS-990, Beijing Puxi Instrument Factory, Beijing, China) was
used to measure the Fe, Zn, and Mn content in yam roots.

2.6. Soil Parameters

About 0.5 g of dry soil sample was digested by a Mars 6 microwave reaction system,
and then a clear solution was obtained. The contents of soil organic matter, available N,
available P, and available K were determined in the presence of sulfuric acid using the
dichromate oxidation method [30], the alkaline hydrolysis-diffusion method, the stannous
chloride reduction molybdenum phosphorus blue method [31], and flame photometry [32]
method. The detection method of soil Fe, Zn, and Mn content is the same as the method
for detecting microelements in yam root, and the flame atomic absorption spectrometer
can be used for this determination. Soil urease activity was determined according to the
method of Hoffmann and Teicher [33]. Soil acid phosphatase and alkaline phosphatase
were determined according to the method of Tarafdar and Marschner [34].

2.7. Molecular Analysis

Total genomic DNA was extracted from rhizosphere soil samples (0.3 g) using the
Powersoil®® DNA extraction kit (Mo Bio, Carlsbad, CA, USA). DNA quality was then
examined using agarose gel electrophoresis (0.1%), while DNA concentration and pu-
rity were determined using a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Sci-
entific Inc., Oakwood, OH, USA). The two universal fungal primers used were ITS1F
(5'-CTTGGTCATTTAGGAAGTAA-3")-ITS2R and (5'-GCTGCGTTCTT CATCATGATGC-
3') [35], respectively, by targeting the ITS1 and ITS2 (internal transcribed spacer) regions
of the fungus to characterize the fungal community. A 20 pL reaction system containing
PCR products was performed in triplicate, and the reaction system included 4 pL of 5x
FastPfu Buffer (for 16 s v3 — v4)/2v uL of 10x buffer (for ITS), 2uL. of dNTPs, 0.8 uL of
forward and reverse primers in total, 0.4 puL of FastPfu polymerase (16S v3 — v4)/0.2 uL
rTaq polymerase (for ITS), 0.2 uL bovine serum albumin, and 10 ng template DNA. The
PCR amplification procedure was as follows: 3 min initial denaturation temperature (95 °C),
followed by 28 cycles of 30 s denaturation phase each (95 °C), 30 s annealing (55 °C), 45 s
extension (72 °C), and finally 10 min extension (72 °C). PCR products were detected by 2%
(w/v) agarose gel electrophoresis and purified using the AxyPrep™DNA Gel Extraction Kit
(Axygen BioSciences Inc.,Glendale, CA, USA), and finally quantified in a QuantiFluor™-ST
fluorometer (Promega, Madison, WI, USA) equipped with a PCR tube adapter in a Quanti-
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Fluor™ dsDNA system for quantification. Samples were sequenced using the paired-end
option (2 x 300 bp) of the Illumina MiSeq PE 300 platform on the environmental genomic
platform of NovoGen Technologies, Inc. (Beijing, China).

2.8. Bioinformatics Analysis

The relevant raw sequence reads obtained from the experiment were initially trimmed
using mothur software (University of Michigan, Ann Arbor, MI, USA), and sequences that
met the following three criteria were retained for use in subsequent in-depth analyses:
(1) sequences with exact primers and barcodes; (2) mass fraction >30; and (3) sequences
>200 bp. The above retained sequences were then further filtered using the Usearch software
package to eliminate erroneous, chimeric sequences from them. Qualified sequences were
then isolated using sample-specific barcode sequences and trimmed using the Illumina
analysis pipeline (version 2.6). The remaining high-quality sequences were queried using
local BLASTn and NCBI’s GenBank non-redundant nucleotide database (NT). The MEGAN
program [36] was used to assign BLAST hits to taxa in the NCBI taxonomy:.

Filtered non-chimeric sequences were clustered into operational taxonomic units
(OTUs) at 97% sequence level using USEARCH V.8.0 software (Beijing Huanzhong Ruichi
Technology Co., Ltd., Beijing, China). The OTU representative sequences were classified
by the fungal (ITS) NITE database v.18.11.2018 and Silva (SSU123) 16S rRNA reference
database using the RDP Bayesian classifier algorithm with a confidence threshold of 0.7.
The RDP was then used to collate sequences from GeneBank (Release 7.3; http:/ /fungene.
cme.msu.edu/; accessed date 5 June 2022) to obtain species annotation data. To eliminate
potential bias due to differences in sequence depths determined from different samples, the
sequencing depths of all samples were minimized. Dilution curves, Venn diagrams, and
community composition were analyzed according to OTU counts and associated taxonomic
tables using R (R version 4.0.2). Fungal alpha diversity indices were calculated using
mothur (v. 1.30.2). Other statistical analyses were performed in SPSS V. 22.0 (IBM, Armonk,
NY, USA) and the remaining graphs were plotted using Origin V. 9.0.

2.9. Abundance and Diversity Analysis

The analysis of fungal Shannon and Chaol indices responded to trends in the com-
position and variation of rhizosphere soil fungal communities, with Chaol reflecting
community abundance and Shannon representing community diversity [37]. The hierarchi-
cal abundance and sparsely curves obtained by QIIME analysis estimated species evenness,
species richness and sequence depth, respectively [38]. Each representative OTU sequence
in this study was used for taxonomic identification at the phylum and genus level.

2.10. Statistical Methods

The data on plant growth, chemical composition and soil parameters were found
not to be normally distributed using the Shapiro-Wilk test and were therefore subjected
to a nonparametric test. All boxplots show individual data points, median, interquartile
range, minimum, and maximum values. The data shown in the figures are the means of
>5 replicates. The composition of yam rhizosphere fungal communities was analyzed
using non-metric multidimensional scales (NMDS) to visualize the differences in distribu-
tion between treatments. This analysis was performed mainly by running the metaMDS
command in the vegan package in R 4.0.2 [39]. Rarefaction curves for the fungal OTUs
were calculated using the specaccum function in the vegan package [39]. The degree of
influence of plant nutrients, growth, chemical composition, and soil parameters on fungal
communities was assessed using the variation partitioning method in the vegan, permute,
and lattice packages. Mantel test and the structural equation model (SEM) were used to test
the effects of macroelement (MAE) fertilizer, microelement (MIE) fertilizer, yam growth,
and chemical composition, and soil parameters on the rhizosphere fungi using R-4.0.2
packages ecodist [40] and AMOS 21.0 (maximum likelihood).
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3. Results
3.1. Growth Parameters and Chemical Composition of Chinese Yam

There were significant differences in the effects of different foliar fertilizers on the
growth parameters of yam. Compared with the control treatment, F1 increased plant height,
root biomass, and root diameter of yam, and F2 increased the number of leaves and plant
height, while F3 had no significant effect on these parameters of yam (Figure 1). The inter-
actions between MAE and MIE on plant height and leaf number were significant (Table 1).
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Figure 1. Effect of different foliar fertilizer on the growth parameters of Chinese yam. Yield of yam
under different foliar fertilizer treatments (A); Leaves number of yam under different foliar fertilizer
treatments (B); Plant height of yam under different foliar fertilizer treatments (C); Root weight of yam
under different foliar fertilizer treatments (D); Root diameter of yam under different foliar fertilizer
treatments (E). CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer; F3,
Fe-Mn-Zn foliar fertilizer.

The chemical composition of yam was significantly different among different foliar
fertilizer treatments. F1 reduced the content of yam polysaccharides, and F3 increased the
content of yam polysaccharides, while F2 had no obvious effect on yam polysaccharide,
compared with the control treatment. Only F1 had a significant effect on the protein and
amino acid content of yam, while F3 had a facilitative effect on amino acid content but not
as effective as that of F1 (Figure 2). There was no significant interaction between MAE and
MIE on these parameters (Table 1).
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Table 1. Two-way ANOVA of the effect of MAE and MIE on plant growth and chemical composition
parameters of Chinese yam.

MAE MIE MAE x MIE
F 4 F P F 4
Plant height (cm) 8.21 ** 2.02 NS 9.08 **
Leaf number (No.) 2.87 NS 1.86 NS 5.74 *
Root biomass (g) 7.99 ** 224 NS 2.61 NS
Root diameter (mm) 5.48 * 0.42 NS 1.15 NS
Polysaccharide content (mg/g) 8.11 ** 5.82 * 0.89 NS
Protein content(g/100 g) 7.92 ** 1.73 NS 1.69 NS
Total amino acids content (mg/g) 10.48 wE 5.02 * 2.86 NS
Total N content (mg/g) 7.69 ** 3.33 NS 5.24 *
Total P content (mg/g) 6.84 * 1.14 NS 5.18 *
Total K content (mg/g) 9.56 ** 0.76 NS 8.71 **
Fe content (ug/g) 5.28 * 9.02 ** 7.57 **
Mn content (pg/g) 1.49 NS 6.08 * 6.15 *
Zn content (1g/g) 5.55 * 8.16 ** 7.84 **

Note: * means significant difference, p < 0.05; ** means that the significance level intervenes between p < 0.01.
*** means the difference is very significant, p < 0.001.NS means not significant.

In terms of chemical elements of yam, the contents of total N, total P, and total K in
the F1 treatment were significantly higher than those in other treatments. The total N, P,
and K contents of the F2 treatment were lower than those of the F1 treatment but higher
than the control treatment, while there was no significant difference between F3 treatment
and control treatment. The contents of Fe and Zn in the F3 treatment were higher than
those in other treatments, and the contents of Fe and Zn were lower in the F1 and F2 than
in F3 but higher than in the control treatment. The highest Mn content was found in F2 and
F3 treatments, while there was no significant difference between F1 and control treatment
(Figure 2). The interaction of MAE and MIE significantly affected the total N, P, K, Fe, Zn,
and Mn content in yam roots (Table 1).

3.2. Soil Parameters

Different foliar fertilizers had significant effects on the physicochemical properties and
enzyme activities of rhizosphere soil (Figures 3 and 4). In terms of soil physicochemical
properties, the content of soil organic matter increased after spraying with micronutrients,
while soil organic matter and soil pH decreased after spraying with macronutrients, com-
pared with the control treatment. After spraying F1, soil available K content was the highest
among all treatments, while the content of available soil N and P in different treatments
was not significantly different, but the content of Fe, Mn, and Zn in soil decreased even
lower than that of the control treatment. The Mn levels in the soil after spraying F3 were
the highest among all treatments, while after spraying F2 and F3, the contents of soil Fe
and Zn were higher than that of other treatments (Figure 3). The interaction between MAE
and MIE significantly affected the Mn and Zn content of soil (Table 2).

In terms of soil enzyme activities, the ALP activity increased significantly after spray-
ing both F1 and F2, while the ACP activity and U activity increased significantly after
spraying F1. There was no significant change in soil enzyme activity after spraying F3
compared to the control treatment (Figure 4). The interaction between MAE and MIE
significantly affected the soil ACP and ALP activity (Table 2).
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Figure 2. Effect of different foliar fertilizer on the chemical composition content of Chinese yam.
Polysaccharide content of yam under different foliar fertilizer treatments (A); Protein content of yam
treated with different foliar fertilizers (B); Total amino acid content of yam treated with different
foliar fertilizers (C); Total N content of yam treated with different foliar fertilizers (D); Total P content
of yam treated with different foliar fertilizers (E); Total K content of yam treated with different
foliar fertilizers (F); Fe content of yam treated with different foliar fertilizers (G); Mn content of yam
treated with different foliar fertilizers (H); Zn content of yam treated with different foliar fertilizers
(I). CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer; F3, Fe-Mn-Zn
foliar fertilizer.



Agronomy 2022,12,2017

90f19

A B
?n o~
=L . . o0 9
]
ERL . =4
~ E ¢ .
.é N g b .é . .
< 60 s 8
= c .
S 50 g
Z & 7 .
2 o
CI E '
: g
Z < 6
C K FI 7} B D K Fi P 3
B y ’ .
é .
g 1o _ .
§ B 250
...8. E{n .
3 3 -
g 100 %
§ 5 g 225
- =]
. 90 g .
E )
= =
C 200
Z
80
E K F1 F2 F3 F cK Fl P )
. 0.09
e = -
) 2 .
EXE £ .
e . & Eo.os
‘s . . ha .
g 5
g =
5 odl g .
= ° .
s | S
0.06
K Fl R 3 K Fl ) )

Figure 3. Effects of different foliar fertilizer on soil physicochemical properties of Chinese yam.
Avaliable N content in rhizosphere soil of yam under different foliar fertilizer treatments (A); Avaliable
P content in rhizosphere soil of yam under different foliar fertilizer treatments (B); Avaliable K content
in rhizosphere soil of yam under different foliar fertilizer treatments (C); Fe content in rhizosphere
soil of yam under different foliar fertilizer treatments (D); Mn content in rhizosphere soil of yam
under different foliar fertilizer treatments (E); Zn content in rhizosphere soil of yam under different
foliar fertilizer treatments (F). CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn
foliar fertilizer; F3, Fe-Mn-Zn foliar fertilizer.
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Figure 4. Effects of different foliar fertilizer on soil enzyme activities of Chinese yam. Organic matter
content in rhizosphere soil of yam under different foliar fertilizer treatments (A); pH in rhizosphere
soil of yam under different foliar fertilizer treatments (B); Acid phosphatase activity in rhizosphere
soil of yam under different foliar fertilizer treatments (C); Alkaline phosphatase activity in rhizosphere
soil of yam under different foliar fertilizer treatments (D); Urease activity in rhizosphere soil of yam
under different foliar fertilizer treatments (E). CK, spray with water; F1, NPK foliar fertilizer; F2,
NPK+Fe-Mn-Zn foliar fertilizer; F3, Fe-Mn-Zn foliar fertilizer.
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Table 2. Two-way ANOVA of the effect of MAE and MIE on soil physicochemical parameters of
Chinese yam.

MAE MIE MAE x MIE

F 4 F 4 F p
Soil organic matter (mg/g) 6.03 * 9.58 ** 0.41 NS
Soil pH 5.02 * 1.02 NS 257 NS
Soil available N (mg/kg) 2.98 NS 0.87 NS 2.15 NS
Soil available P (mg/kg) 0.55 NS 0.73 NS 1.01 NS
Soil available K (mg/kg) 5.57 * 0.62 NS 0.89 NS

Soil Fe (g/kg) 6.45 * 6.66 * 5.20 *
Soil Mn (g/kg) 5.02 * 5.82 * 118 NS

Soil Zn (g/kg) 5.71 * 6.24 * 6.05 *

Acid phosphatase (1g/g/h) 8.48 i 4.71 NS 5.09 *

Alkaline phosphatase (p1g/g/h) 9.21 b 1.08 NS 9.27 **
Urease (ng/g/h) 5.60 * 1.67 NS 0.58 NS

Note: * means significant difference, p < 0.05; ** means that the significance level intervenes between 0.01 and
0.001.NS means not significant.

3.3. Soil Fungal Community Composition

We obtained 2,304,715 fungal sequences. Rarity curve analysis showed that the se-
quencing depth was high, and it was possible to observe the fungal diversity in yam
rhizosphere soils (Figure S1A). The hierarchical abundance profiles showed high species
uniformity and homogeneity for all four treatments (Figure S1B). The sequencing results
included biological information on most fungi in soil samples. After filtering 1,178,114 low-
quality sequences, 1,489,142 valid fungal sequences were clustered into 1875 fungal OTUs
with a sequence similarity of 97%. Of these 1875 fungal OTUs, 361 occurred in all four
treatments, while 174, 303, 233, and 230 OTUs were found only in the CK, F1, F2, and F3
treatments, respectively (Figure 5A).

A F2 F3
CcK : F1
233 230
174 l‘l’

=

| 4
n

2
s

| -
- ML S

CK F1 F2 F3 CK F1 F2 F3

Shannon index of OTU level
@

Chaol index of OTU level

Figure 5. Differences in OTU composition (A) and diversity index (B,C) of Chinese yam rhizosphere
fungi under different foliar fertilizer treatments. Each part in the Venn diagram represents one
treatment, and the number of circles and circles overlapped represents the number of OTUs shared
between the samples, while the number without overlap represents the number of OTUs unique to
the samples. CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer; F3,
Fe-Mn-Zn foliar fertilizer.
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The Shannon and Chaol indices of yam rhizosphere fungi treated with F1 were the
highest, while the indices of yam rhizosphere fungi treated with control and F3 were the
lowest (Figure 5B,C). A total of 1875 fungal OTUs were found in yam rhizosphere soil.
They were classified as Ascomycota, Moraxella, Basobacteria, Coccota, Erosobacter, Zoomycota,
Myxomycetes, Apollophyla, Carbella, and some unknown fungi. Among them, Ascomycota and
Moraxella were the most dominant fungal phyla, and the relative abundance of different
treatments ranged from 92.7% to 99.3% (Figure 6A).

B
_ Pseudogymnoascus Phylom
Ascomyota
unidentified [ pasidiomyenta
[ [ iy
_ [ i unidentified erellomy
unidentified_Orbilales_sp
_ Gelasinospora ';'5
— m Fusarium N
| ] . i ] Solicoccoryma 08
- . Phiyctochytrium =
=== ® Others
- e _nnidemiﬁtdil)olhidtum_\cﬂr\)p
@ Calcarisporicllomycota ‘ Chactomium
@ Aphelidiomycota ‘ e
® Mucoromycota {_Nectriaceacig_unidentifid
Zoopagomycota _ unidentified_Mortierellales_sp
Chytridiomycota 1_Morticrellaccaesg_unidentificd
@ Glomeromycota l unidentified_GS24_sp
@ Basidiomycota _ Diaporthe
@ Mortierellomycota _ Alternaria
Ascomycota 1_Pezizaceacig_unidentified
Archacorhizomyces
BT Titaea
Plectosphacrella
Tetracladium
unidentified_Ascomycota_sp
7 Metarhizium
CK F1 F2 F3 R FI 2] P

Figure 6. The relative abundance (A) at the phylum level and the preference distribution at the genus
level (B) of Chinese yam rhizosphere fungi under different foliar fertilizer. CK, spray with water; F1,
NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer; F3, Fe-Mn-Zn foliar fertilizer.

There were obvious preferences between fungal genera and treatments. For example,
Metarhizium, Alternaria, and Titaea were the most abundant in F1; unidentified_Mortierellales_sp.
and Diaporthe were the most abundant in F2; unidentified_Dothideomycetes_sp., Mortierella, and
Humicola were the most abundant in F3; and Gelasinospora and Solicoccozyma were the most
abundant in the control treatment (Figure 6B).

NMDS analysis showed that there were significant differences in fungal community
composition in rhizosphere soil after spraying different foliar fertilizers. After spraying
F1 and F2, the fungal community composition was similar (Figure 7A). LDA analysis
showed that the change in soil fungal communities was explained by 32 indicators of
fungal species. S_Glomus, s_Didymella_glomerata, f_Orbiliace, and p_Basidiomycota showed
the highest enrichment in the CK, F1, F2, and F3 treatments, respectively (Figure 7B).

3.4. Variation Partitioning of Fungal Community

Variance partitioning was used to quantify the contribution of the growth parameters,
nutrient element, active components (polysaccharide, protein, and amino acid) of yam, and
soil properties to fungal communities in yam rhizosphere soil (Figure 8). The combination
of the growth parameters, nutrient elements, active components of yam, and soil properties
explained 83.0% of the changes in rhizosphere fungal community. Nutrient elements were
the most important factors affecting the fungal community, and the single explanation
amount was 14.2%. The individual explanation amounts of the growth parameters, active
components, and soil properties were 8.3%, 6.2%, and 3.2%, respectively. These four factors
together explained 35.8% of the variation in fungal communities, while the amount of
nutrient elements, growth parameters, and active components explained 10.4% (Figure 8).
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Figure 7. Non-metric multidimensional scale (NMDS) ranking of the rhizosphere fungal community
composition of Chinese yam under different foliar fertilizer (A) and indicator fungi with an LDA
score of 2 or higher for fungal species under different foliar fertilizer (B). LDA Effect Size (LEfSe)
algorithm was used on OTUs level to determine taxa that differentially represented between different
treatments. CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer; F3,

Fe-Mn-Zn foliar fertilizer.
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Figure 8. Variation partitioning of plant growth parameters, plant chemical composition (active
ingredient, nutrient elements), and soil parameters on relative abundance of rhizosphere fungi.

3.5. Correlation Analysis

The Mantel test and SEM were used to clarify the effects of MAE fertilizer, MIE fertil-
izer, yam growth parameters, yam chemical composition, and soil parameters on fungal
communities (Figure 9). According to the Mantel test, there were significant relationships
between MAE, MIE, growth parameters, active components, macroelements and microele-
ments of yam, soil enzyme activity, soil macroelements, microelements, physicochemical
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properties (organic matter, pH), and soil fungi (Table S1). Combined with the correla-
tion coefficient (R value), an SEM model was constructed to quantify the relative effects
of different factors on fungal abundance (X2 = 173.655, df =22, P =0.001, GFI = 0.812,
AIC =175.061, RMSEA = 0.412). Our results revealed that MAE had a significant positive
effect on the growth parameters, active ingredients, and macroelements of yam and on
soil macroelements. MIE had positive effects on active components and microelements of
yam and microelements and physicochemical properties of soil. Yam growth parameters
had a significant positive effect on soil enzyme activity and soil fungi and had a significant
negative correlation with soil microelements and physicochemical properties. There were
negative effects among yam macroelements and soil microelements and soil fungi. The
microelements of yam have obvious promoting effect on soil microelements. Soil enzyme
activity, microelements, and physicochemical properties had a significant positive effect on
soil fungi, while soil macroelements had a significant negative effect on soil fungi.

(&
0.08 |

SEA

Figure 9. Structural equation model(SEM) showing the causal relationships among macroelement
foliar fertilizer, microelement foliar fertilizer, plant growth indicators, chemical composition parame-
ters, and soil parameters and soil fungi. The final model fitted the data well: maximum likelihood,
X2 =58.227, df =11, p = 0.008, goodness of fit index = 0.599, Akaike information criteria = 158.127,
root mean square error of approximation = 0.259. Solid lines and dashed lines indicate significant
and non-significant pathways, respectively. The width of the solid lines indicates the strength of the
causal effect, and the numbers near the arrows indicate the standardized path coefficients (* p < 0.05
and ** p < 0.01). MAE, macroelement foliar fertilizer; MIE, microelement foliar fertilizer; PGI: plant
growth parameters; PAIC, plant active ingredients; PMA, plant macroelements; PMI, plant microele-
ments; SEA, soil enzyme activity; SMA, soil macroelements; SMI, soil microelements; SPC, soil
physicochemical properties; Fungi, soil fungi.

4. Discussion
4.1. Effects of Foliar Fertilizer on the Growth and Chemical Composition of Chinese Yam

The effective utilization of nutrients is very important for the healthy growth of plants,
but because of human and environmental factors, some nutrients are fixed by the soil
and are not easily absorbed and transformed by plants. Therefore, it is important give
necessary nutritional supplement to plants through the leaf surface to make up for the
deficiency of traditional fertilization technology [7,41-43]. In the present study, we carried
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out an experiment of spraying different foliar fertilizers on yam and found that there were
significant differences in the response of different growth indices and chemical composition
contents of yam plants to different types of nutrients. Among them, the growth indices
such as root weight and root diameter were the best with NPK fertilizer, while plant
height and leaf number were better with compound fertilizer containing microelements.
The application of Fe, Mn, and Zn resulted in the highest polysaccharide content in yam
plants among all treatments, while the application of NPK increased the content of soluble
protein and amino acids in yam plants. After spraying macroelements, the contents of
NPK in yam plants were higher than those in other treatments, while the contents of Fe,
Zn, and Mn were the lowest. However, the result after spraying microelements was just
the opposite. The SEM analysis also showed that macroelement foliar fertilizer positively
influenced plant growth, active ingredients, and macroelement contents and negatively
influenced the microelement contents in yam plants, while microelement foliar fertilizer
positively influenced only the contents of active ingredients and microelements. A lot of
evidence has shown that foliar fertilizer plays an active role in improving crop quality,
yield, and metabolism [44]. Jabborova et al. [45] reported that the application of NPK
compound fertilizer can increase the contents of K, P, and Na in ginger rhizomes, and
NPK + BZnFe treatment increased the contents of K, Ca, P, Mg, and Na in ginger rhizomes
compared with the control without fertilization. Combined foliar spraying of macro- and
micronutrients significantly improved plant growth and yield of a cotton crop [46]. Some
studies showed that foliar fertilization can affect the growth of medicinal plants and the
metabolic accumulation of medicinal components to some extent [47—49]. Our research
results also contribute to the directional cultivation of high-quality yam. For example, in
order to improve the yield, protein and amino acid content of yam, macroelement foliar
fertilizer can be sprayed. When the polysaccharide content of yam is increased, it is better
to spray microelement element foliar fertilizer.

4.2. Effect of Foliar Fertilizer on Soil Parameters of Chinese Yam Rhizosphere

Foliar spraying enables plants to absorb nutrients directly from the leaves, thus trans-
porting them to other organs, reducing the number and amount of soil fertilizers applied,
alleviating the adverse effects of chemical fertilizers on the soil, and ultimately improving
the soil environment [50]. Rhizosphere soil is the main environmental place for plants
to absorb nutrients. A change in the nutrient content in the rhizosphere soil will directly
affect the selection and transfer of nutrients by the plants and in turn affect the growth of
plants [51]. In the present study, spraying macroelement fertilizer increased the content
of available K in the soil and reduced the content of soil Fe and Zn, but there was no
significant difference in the content of soil-available N, available P, and Mn among different
treatments. After spraying microelement fertilizer, only soil Mn content was increased. In
addition, the application of macroelement fertilizer positively influenced soil NPK content
and negatively influenced soil microelements, organic matter, and pH, while the application
of microelement fertilizer positively influenced soil microelements, organic matter, and
pH in our study. Some studies have shown the positive influence of foliar fertilization on
the soil environment. For example, Zhou et al. [52] reported that spraying the leaves of
Atractylodes rhizoma with 10.0 mg/m? of Se can significantly increase the content of available
N, available P, and available K in the rhizosphere soil. Srinivasan et al. [53] also found
that improper application of high mineral fertilizer may reduce the contents of N, P, K, Fe,
Zn, and Ca in the soil. Moreover, compared with the control treatment, spraying F1 and
F2 increased the activity of soil acid phosphatase and the alkaline phosphatase, while the
activity of soil urease was higher than that of other treatments after spraying F1 in our study.
Niewiadomska et al. [54] reported that during the entire white lupine growing season, the
foliar fertilizer decreased the activity of soil acid phosphatase and promoted nitrogenase
activity. Bana et al. [55] found that the dehydrogenase activity was significantly higher
with 1.0 kg/ha multi-micronutrient fertilizers as foliar spray, and when the foliar fertilizer
was sprayed at 0.75 kg/ha, the activities of soil alkaline and acid phosphatase and urease
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were higher. Soil enzymes are biological /biochemical sensors of soil fertility and health,
and their activities play a key role in the carbon, nitrogen, and phosphorus biogeochemical
cycles and nutrient mineralization processes [56,57]. Therefore, we could evaluate the
soil properties suitable for the growth of yam and provide the basis for the selection of
high-quality yam directional cultivation bases by analyzing the plant growth and main soil
physicochemical parameters under different foliar fertilizer treatments (Table S2).

4.3. Effect of Foliar Fertilizer on Fungal Community in Rhizosphere Soil of Chinese Yam

Soil microorganisms play an important role as decision-makers or conductors in the
plant—soil interaction system, and their changes may have beneficial or adverse effects on
plants and also impact the stability and health of the soil ecosystem [58,59]. In the present
study, there were significant differences in the composition of fungal communities in the
yam rhizosphere after spraying different foliar fertilizers. Among them, Ascomycota and
Moraxella were the dominant phyla in different treatments, and many studies have shown
that Ascomycota was dominant in the fungal community [60,61]. Interesting, Alternaria,
Titaea, and Metarhizium were significantly correlated with macroelement fertilizers, and
unidentified_Mortierellales_sp and Diaporthe had the highest enrichment in total element
fertilizers, while Humicola, unidentified_Dothideomycetes_sp, and Mortierella had a preference
for microelement fertilizers. Many studies have reported that the application of different fer-
tilizers could affect not only the structure and distribution of the soil microbial community
but also change the proportion of each flora [19,62,63].

The growth and distribution of microorganisms settled in the rhizosphere soil are
closely related to the soil’s mineral nutrition. At present, research mainly focuses on
the absorption of nutrients by plant roots, while there are few studies on the regulation
of nutrients by plant leaves and the changes in rhizosphere soil microbial communities.
In the current study, variance partitioning analysis showed that the factors affecting the
changes in soil fungi are not individual but the result of the comprehensive actions of
multiple factors. Of these factors, the role of soil nutrients was the most prominent. The
establishment of an SEM model enables us to further understand that there are some direct
or indirect conduction relationships between these factors. For example, on the one hand,
macroelement fertilizer indirectly affected soil fungal diversity by directly affecting yam
growth and chemical composition and soil parameters; on the other hand, macroelement
fertilizer indirectly affected soil nutrition by directly affecting yam growth and chemical
composition and then affected the diversity of soil fungi through the changes in soil
nutrition. Our results further confirmed that there is a synergistic path of “leaf-root-soil
microorganisms” in the plant and its living environment. This is similar to the “brain-gut-
microorganism” relationship discussed in human biology in recent years [64,65].

5. Conclusions

In the current study, we found that spraying foliar fertilizer can directly affect the
growth and chemical content of Chinese yam, transport nutrients to root tissue through
leaves, and then regulate soil environments. Furthermore, the effects of foliar fertilizer
on Chinese yam growth and soil environment depend on the combination of different
nutrient elements. In particular, there were obvious preferences between fungal genera
and nutrient elements, and soil microelements positively influenced soil fungi, while
soil macroelements negatively influenced soil fungi. These data are helpful to deeply
understand the synergistic relationship between “leaf-root-soil environments” and also
provide guidance for the application of eco-friendly foliar fertilizer in the cultivation of
medicinal plants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12092017/s1, Figure S1: The rarefaction curve (A) and the
abundance ranking of operational taxonomic units (OTUs) (B) of Chinese yam rhizosphere fungi under
different foliar fertilizer. CK, spray with water; F1, NPK foliar fertilizer; F2, NPK+Fe-Mn-Zn foliar fertilizer;
F3, Fe-Mn-Zn foliar fertilizer. Table S1: Mantel tests showing correlationships (R values) between MAE,
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MIE, plant growth parameters, active ingredients parameters, soil physicochemical parameters and
fungi community composition. * p < 0.05, ** p < 0.01, and ** p < 0.001. MAE, macroelements; MIE,
microelements; PGI: plant growth parameters; PAIC, plant active ingredients; PMA, plant macroelements;
PMI, plant microelements; SEA, soil enzyme activity; SMA, soil macroelements; SMI, soil microelements;
SPC, soil physicochemical properties; Fungi, soil fungi. Table S2: Optimal range of soil parameters for
yam growth under foliar fertilizer treatment.
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