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Plant and soil responses to tillage
practices change arbuscular
mycorrhizal fungi populations
during crop growth

Jing Li*?', Lijuan Jia¥, Paul C. Struik®, Zhengfeng An*,
Zhen Wang®, Zhuwen Xu?, Lei Ji%, Yuqging Yao®, Junjie Lv®,
Tao Zhou® and Ke Jin*™

Institute of Grassland Research, Chinese Academy of Agricultural Sciences, Hohhot, China, 2School
of Ecology and Environment, Inner Mongolia University, Hohhot, China, *Department of Plant
Sciences, Centre for Crop Systems Analysis, Wageningen University and Research, Wageningen,
Netherlands, “Department of Renewable Resources, University of Alberta, Edmonton, AB, Canada,
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Background: Tillage practices can substantially affect soil properties depending
on crop stage. The interaction between tillage and crop growth on arbuscular
mycorrhizal fungi (AMF) communities remains unclear. We investigated the
interactions between four tillage treatments (CT: conventional tillage, RT:
reduced tillage, NT: no tillage with mulch, and SS: subsoiling with mulch),
maintained for 25years, and two wheat growth stages (elongation stage and
grain filling stage) on AMF diversity and community composition.

Results: The AMF community composition strongly changed during wheat
growth, mainly because of changes in the relative abundance of dominant
genera Claroideoglomus, Funneliformi, Rhizophagu, Entrophospora, and
Glomus. Co-occurrence network analysis revealed that the grain filling stage
had a more complex network than the elongation stage. Redundancy analysis
results showed that keystone genera respond mainly to changes in soil organic
carbon during elongation stage, whereas the total nitrogen content affected
the keystone genera during grain filling. Compared with CT, the treatments with
mulch, i.e., NT and SS, significantly changed the AMF community composition.
The change of AMF communities under different tillage practices depended
on wheat biomass and soil nutrients. NT significantly increased the relative
abundances of Glomus and Septoglomus, while RT significantly increased the
relative abundance of Claroideoglomus.

Conclusion: Our findings indicate that the relative abundance of dominant
genera changed during wheat growth stages. Proper tillage practices (e.g., NT
and SS) benefit the long-term sustainable development of the Loess Plateau
cropping systems.
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tillage practices, arbuscular mycorrhizal fungi, wheat growth stages, co-occurrence,
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1 Introduction

Agricultural practices affect not only crop production (Singh
etal., 2016) but also soil quality (Zhang et al., 2015). Excessive tillage
practices, as common in conventional tillage, increase the bare soil
area, intensify soil erosion, destroy soil structure, and reduce soil
organic matter, resulting in a yield decline (Kabiri et al., 2016; Yan
et al., 2020). In order to maintain the sustainable development of
agriculture, improving nutrient use efficiency is crucial to increase
crop yields (Yan et al., 2020). Thus, many studies have focused on
increasing crop yield through conservation tillage practices (e.g., no
tillage, reduced tillage, and subsoiling with mulch) (Jin et al., 2008;
Chen etal,, 2019; Jia et al., 2022). Conservation tillage practices with
minimal soil disturbance improve agricultural sustainability by
reducing soil erosion and enhancing the diversity of microorganisms
(Zuber et al, 2015; Xiao et al., 2019). Among them, arbuscular
mycorrhizal fungi (AMF), as important rhizosphere microorganisms,
were affected by tillage practices (Balota et al., 2016; Oehl and Koch,
2018). However, the linkages between the responses of plant—
soil-AMF to conservation tillage practices, especially the timing and
duration of tillage practices are still unclear.

AMEF can create symbioses with the roots of more than 80% of
terrestrial plant species, which enhances the ability of plants to
overcome the adverse impacts of and to ameliorate plant performance
under environmental stress (such as drought, extreme temperature
and changes in land management) (Walder and van der Heijden, 2015;
Gu et al, 2020). The mechanisms of vascular plants to resist
environmental change involve forming symbiotic relationships with
AME, which allows the AMF to acquire plant-synthesized carbon (C)
as well as enhance the nutrient supply (mainly N and P) to the host
plants as shown by many previous studies (e.g., Augé et al., 2015;
Wang et al., 2017). Conventional tillage can decrease the diversity and
activity of AMF, which negatively affects the symbiotic relationship
between AMF and plants and results in the decline of crop yield and
soil quality (Jansa et al., 2003; Avio et al., 2013). For example, long-
term conventional tillage decreased the AMF richness and induced a
marked shift in the community composition by changing the
functional quality of AMF (e.g., spore density or hyphal networks)
(Schnoor et al., 2011; Sile et al., 2015).

Conservation tillage (reduced tillage, no tillage, and subsoiling
with mulch) is considered to be an effective technology improving the
stability of soil and AMF attributes, which can help maintain a more
complex interaction network and increase the resilience of soil to
interference (Carballar-Hernandez et al., 2017; Gu et al., 2020). For
instance, no tillage enhanced AMF activity and diversity by improving
soil fertility, storing and conserving water, and reducing soil erosion
(Bowles et al., 2017). Subsoiling with mulch also increased AMF
activity and diversity by stimulating water infiltration and increasing
soil carbon and nitrogen concentrations (Gu et al., 2020; Wang
Z. et al, 2020; Wang S. L.
conservation tillage, e.g., no tillage, may lead to problems such as soil

et al, 2020). However, long-term

surface hardening and more limited O, supply for soil organisms,
which may be detrimental to the distribution of AMF propagules
(Curaqueo et al,, 2011). Although previous studies have shown that
different tillage practices alter the composition of AMF communities,
the direction and extent of the impact of different tillage practices on
the composition of AMF communities are highly uncertain.
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At different stages of crop growth, the community composition of
AMEF presents a dynamic change process (Hu et al., 2015; Wang
Z.etal., 2020; Wang S. L. et al., 2020). Plant roots recruit rhizosphere
AMEF by secreting and absorbing different chemicals, leading to a shift
in the rhizosphere AMF community across the different crop growth
stages (Edwards et al., 2015; Hamonts et al., 2018). In addition, the
interaction between the host and AMF regulates the growth of the
AMF community in the root system (Yang et al., 2015). For example,
during different phenological stages, the colonization by AMF of the
plant roots changes, further affecting the community composition of
AMF across crop growth stages (Merryweather and Fitter, 1998;
Schalamulk et al., 2004). At present, most studies focus on the effect of
tillage practices or crop growth stages on the community composition
of AME while few studies investigate the interaction of tillage practices
and crop growth stages to mediate AMF communities (Hu et al,,
2015). Therefore, further research is essential to assess the temporal
dynamics of AMF communities and the impact of tillage practices on
AMF communities throughout crop growth and development.

As one of the largest and most important food crops in the Loess
Plateau, winter wheat (Triticum aestivum L.) plays an important role
in food security and contributes more than 70% of the agricultural
production in northern China (Xue et al., 2019; Xia et al., 2020). Our
previous studies have found that tillage practices affect winter wheat
production, soil physicochemical properties, and microbial
community composition (Jin et al., 2008; Jia et al., 2022). However,
there is little information about the impact of tillage practices on the
species richness and composition of AMF in the winter wheat
production systems, especially at different winter wheat growth stages.
Here, we assessed a 22-year field experiment examining the potential
impacts of four contrasting tillage practices at two growth stages
(elongation and grain filling) on AMF dynamics in the semi-arid
agricultural ecosystem. We hypothesized that (1) long-term tillage
practices create particular populations of AMF by altering the species
diversity of AMF and the abundance of keystone operational
taxonomic units or genera; (2) the effect of long-term tillage practices
on AMF communities relies on the shifts in the rhizosphere
environment and on biomass accumulation during winter wheat
production; and (3) conservation tillage can develop particular groups
of AMF by enhancing soil fertility and winter wheat productivity.

2 Materials and methods
2.1 Study sites and experimental design

The experiment started in 1999 in the eastern part of the Loess
Plateau, Songzhuang Village (34°58'N, 113°08 E), Henan Province,
China. The area had previously been conventionally tilled for more
than 30years before the experimental plot was established. The
thickness of the Quaternary loess layer is 50 to 100 m in this area. The
soil in the study area is silt loam and is classified as Inceptisol
according to soil taxonomy (Soil Survey Staff, 2003). The basic soil
properties were analyzed to assess plot homogeneity based on their
contribution to crop performance and soil quality in previous studies
(Jin et al., 2009).

Four tillage practices, conventional tillage (CT), no tillage with
mulch (NT), reduced tillage (RT), and subsoiling with mulch (SS),

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1394104
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

were set up at four nearby sites. For example, for the CT treatment,
there was still 10-15 cm of stubble after harvest (May 25 to June 1), but
the straw and ears had been removed from the site at harvest. In the
first week of July, the soil was turned to a depth of 20cm. Around
October 1, before winter wheat was sown, the soil was turned again to
a depth of 20cm, fertilizer was mixed in, and then the soil was
harrowed to prepare the seedbed. Winter wheat sowing occurred
around October 5. For the RT treatment, 10-15 cm of stubble was left
in the field after winter wheat harvest (May 25 to June 1), and the
straw was returned to the field after harvest. Around July 15, deep
plowing (25-30cm) was combined with harrowing (5-8cm) and
compaction with a roller. Winter wheat was sown directly around
October 5. Therefore, this practice only required one plowing instead
of two under the CT. For the NT treatment, 30 cm of stubble was left
in the field after harvest (May 25 to June 1), and the straw was returned
to the field after threshing. Fertilization was carried out from
September 25 to October 5. For the SS treatment, 25-35 cm of stubble
remained in the field after harvest (May 25-June 1). Around July 1,
subsoiling was carried out at 60 cm intervals to a depth of 30 to 35cm.
Sowing with fertilizer application was performed from September 2
to October 5. The set-up of the experiment was subject to pseudo-
replication due to space-for-time substitution limitations (Blois et al.,
2013). However, the four experimental sites appeared topographically
similar and generally suffered little disturbance in previous studies
regarding frequency and severity (Jia et al., 2022). Therefore, the tillage
practices were considered the only important change factor
across sites.

2.2 Plant and soil sampling

Winter wheat biomass and soil samples were collected on March
28 and May 20 (i.e., at the elongation and grain filling stages of winter
wheat) in 2023. We randomly established six plots (0.5x0.5m) in
winter wheat crops grown in each tillage treatment. Twenty winter
wheat plants were sampled and combined into one sample for each
plot. The roots of winter wheat were collected from 0 to 20 ¢cm in each
plot. We shook all roots of each plot vigorously to remove soil that was
not tightly adhered and used a sterile scalpel to separate the
rhizosphere soil from the root surface carefully (Song et al., 2007; Liu
et al., 2022). Two soil cores with a diameter of 7.5 cm were collected
and then mixed with one soil sample (0-20 cm layer) per plot; thus,
six AMF soil samples were collected for each treatment. A total of 48
AMEF soil samples were collected (two growth stages x four tillage
treatments x six AMF soil samples/tillage treatment).

2.3 Sample processing and measuring
biotic and abiotic variables

Twenty winter wheat plants from each plot were separated into
above-ground biomass and below-ground biomass, oven-dried at
65°C for 48 h and weighed to assess dry biomass (Jia et al., 2022). Each
composite soil sample from each plot was divided into three
One
physicochemical properties. The second subsample was stored at 4°C

subsamples. subsample was air-dried to determine
and analyzed within a week to measure soil ammonium (NH,") and

nitrate (NO;~) content, microbial C and N biomass. The third
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subsample was immediately stored at —80 °C for DNA extraction and
Miseq sequencing analysis within two days. The gravimetric method
was used to measure soil water content (SWC). Soil pH was measured
using a 1:2.5 soil: water mixture. The dichromate oxidation method
was used to determine the soil organic carbon (SOC) (Nelson and
Sommers, 1983), and total nitrogen (TN) was measured using an
Elemental Analyzer (vario MACRO cube, Elementar, Germany). Soil
NO,™ and NH," were extracted from the soil samples using a 2 mol L™
KClI solution and were measured using a continuous flow analyzer
(Auto Analyzer 3, Seal, Germany). Soil dissolved organic carbon
(DOC) was measured using a TOC-L-ASI analyzer (Analytik Jena
AG, Jena, Germany) by adding 0.5 M K,SO, and shaking for 1h. The
total P (TP) concentration was determined using an Astoria auto-
analyzer (Clackamas, OR). The available phosphorus (AP) content
was determined using the Olsen method. Soil microbial biomass C
(MBC) and N (MBN) were measured using fumigation extractions
(Vance et al., 1987).

2.4 AMF root colonization

Fifty fine root fragments (approximately 1cm long) from each
sample were stained with trypan blue, and the percentage of AM root
colonization was measured by the line intersection method at 200-fold
magnification (McGonigle et al., 1990). Total AM root colonization
was determined as the percentage of root length colonized by
AM fungi.

2.5 DNA extraction and high-throughput
sequencing

DNA Extraction Total genomic DNA samples were extracted
from 0.5g of each soil sample using the OMEGA Soil DNA Kit
(M5635-02) (Omega Bio-Tek, Norcross, GA, United States), following
the manufacturer’s instructions. The quantity and quality of extracted
DNAs were measured using a NanoDrop NC2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States) and agarose
gel electrophoresis, respectively.

PCR amplification of the AMF genes region performed using the
forward primer AMV4.5NF (5'-AAGCTCGTAGTTGAATTTCG-3")
AMDGR (5"-CCCAACTATCCCTATTAATCAT-3’) (Van Geel et al.,
2014; Suzuki et al, 2020). Sample-specific 7-bp barcodes were
incorporated into the primers for multiplex sequencing. The PCR
components contained 5 pL of buffer (5x), 0.25 pL of Fast pfu DNA
Polymerase (5U/pl), 2 uL (2.5mM) of ANTPs, 1 pL (10 uM) of each
Forward and Reverse primer, 1 uL of DNA Template, and 14.75 pL of
ddH,O. Thermal cycling consisted of initial denaturation at 98°C for
5 min, followed by 30 cycles consisting of denaturation at 98°C for 305,
annealing at 53°C for 455, and extension at 72°C for 45, with a final
extension of 5min at 72°C. PCR amplicons were purified with Vazyme
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and
quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, United States). After the individual
quantification step, amplicons were pooled in equal amounts, and
pair-end 2 x250bp sequencing was performed using the Illlumina
NovaSeq platform with NovaSeq 6000 SP Reagent Kit (500 cycles) at
Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).
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Sequence data analyses were mainly performed using QIIME2.
After quality filtering and removing chimeras, high-quality sequences
were also clustered into operational taxonomic units (OTUs) using
USEARCH at 97% sequence identity (v2.13.4)." We selected one
representative sequence for each OTU and aligned all representative
sequences using PyNAST (Panneerselvam et al, 2020) with a
minimum identity threshold of 0.8. The sequences were assigned to
virtual taxa using the MaarjAM database (Koljalg et al., 2013).

2.6 Co-occurrence network construction
and analyses

The “microeco” package was used to construct microbial
ecological networks (Liu et al., 2021). We created the microtable class
and performed basic preprocessing operations. The operational
taxonomic unit (OTU) table was reduced so that sequence numbers
were the same between samples (10,000 sequences in each sample).
We calculated the taxa abundance for the downstream analysis. In a
network, betweenness centrality (BC) calculates the fraction of the
shortest paths through a given microbial taxon to another microbial
taxon, which reflects the degree of control that a taxon exerts over the
interactions between other taxa in the network (Lupatini et al., 2014).
A valid interaction event is determined to have a robust correlation if
the Pearson correlation coefficient is equal to or greater than 0.8 or
equal to or lower than —0.8 and is statistically significant (p-value
equal to or smaller than 0.05) (Liu et al., 2021). The gephi interactive
platform? was used to explore and visualize the network structure.
Undirected networks and Fruchterman-Reingold are used for layout.

2.7 Statistical analyses

Statistical analyses of differences between treatments were
conducted using R (v. 3.2.0). Two-way ANOVAs were used to examine
the effects of two growth stages and four tillage practices on the winter
wheat biomass (AB and BB), soil properties (pH, SWC, SOC, TN, TP,
DOC, NH,*, NO;™, and AP) and microbial C (MBC) and N (MBN).
Microbial diversity was examined using diversity metrics to analyze
species diversity with QIIME, including Chaol, Observed_species,
PD_whole, and Shannon’s diversity. Chaol and Observed species
indices represent richness, and Shannon indices represent diversity.
Tukeys HSD test was used to test pairwise comparisons. The
statistically significant difference was defined at p <0.05.

AMF community composition across the treatments was
evaluated by principal coordinate analyses (PCoA) based on the Bray-
Curtis distance. Permutational multivariate analyses of variance
(PERMANOVA) with the “adonis” function in the “vegan” package
were performed to examine the effect of growth stage and tillage
treatment on AMF community composition. Correlation analysis was
performed between each biotic and abiotic variable and AMF
community composition at the OTU level (Sunagawa et al., 2015).
Spearman correlations were used to examine the relationship between

1 https://github.com/torognes/vsearch/wiki/VSEARCH-pipeline
2 https://gephi.org
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the abundance of dominant genera and each biotic and abiotic
variable. Redundancy analysis (RDA) was used to visualize the
relationships between environmental variables and soil microbial
communities. The “envfit” function in the “vagan” package was used
to test the correlation between each biotic and abiotic variable and
AMF communities to determine the important environmental
variables that can explain the variation in the composition of AMF
communities (Lavergne et al., 2020).

3 Results
3.1 Wheat biomass and soil properties

Compared with the elongation stage, AB, BB, soil TN content, soil
MBC and MBN content all were significantly higher in the grain
filling stage (p <0.001); The SOC decreased significantly in the grain
filling stage (p=0.002; Table 1). Compared with CT, the NT and SS
treatments (both including mulching) were associated with a
significant increase in AB, BB, soil pH, SOC, soil TN content, DOC,
and soil MBC content, but with a significant reduction in soil AP
content (p<0.05; Table 1). The soil NO;~ content and soil MBN
content were higher only in the NT treatment than in the CT
treatment (p <0.05; Table 1).

3.2 Variation in soil AMF communities

AMEF root colonization was significantly influenced by the growth
stage (F=10.87, p=0.002) and tillage practice (F=58.47, p<0.001;
Supplementary Figure S1). Root colonization by AMF was significantly
more advanced at the grain filling stage than at the elongation stage
(p<0.05; Supplementary Figure S1). AMF root colonization was
stronger in both NT and SS (the two tillage treatments with mulch)
than in CT at both growth stages (p <0.05; Supplementary Figure S1).

AMF alpha diversity, as measured by the Chaol (F=22.95,
p<0.001), the Observed_species (F=23.01, p<0.001), PD_whole
(F=24.64, p<0.001), and Shannon diversity indexes (F=34.21,
p<0.001), was significantly higher in the grain filling stage than in the
elongation stage (Figure 1). The Chaol, the Observed_species, and
PD_whole index were higher in the NT treatment than in the CT
treatment at elongation (p <0.05; Figure 1).

The PCoA ordination showed that the AMF community
composition was clearly different among different tillage practices at
elongation based on the Adonis (PERMANOVA) test (R*=0.48,
p<0.001; Figure 2A). CT was clearly separated from NT and RT
(Figure 2A). Similarly, the PCoA also showed that the AMF
community composition was clearly different among different tillage
practices for the grain filling stage based on the Adonis
(PERMANOVA) test (R*=0.34, p<0.001; Figure 2B). CT was similar
to RT, but was clearly separated from NT and SS (Figure 2B).

During winter wheat development, the following changes
occurred in four dominant genera: the relative abundance of
(p=0.011), Rhizophagus (p=0.001),
Entrophospora (p <0.001) increased, whereas the relative abundance
of Funneliformis decreased (p<0.001; Figure 3). Compared with the
CT treatment, the RT treatment significantly increased the relative

Claroideoglomus and

abundance of Claroideoglomus, while NT and SS decreased the relative
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TABLE 1 Wheat above-ground biomass (AB), below-ground biomass (BB), 0—20 cm soil gravimetric water content (SWC), soil pH value, soil organic
carbon content (SOC), soil total nitrogen content (TN), soil total phosphorus content (TP), soil NH,* and NO;~ content, soil dissolved organic carbon
(DOC), soil available phosphorus content (AP), soil microbial C (MBC) and N (MBN) biomass in response to two crop growth stages and tillage practices.

Stage Tillage practices
Elongation Sil[_ain (o) RT
ing
AB (gm™) 137b 246a 162b 168b 214a 222a <0.001 <0.001 0.540
BB (gm™) 45.4b 56.8a 42.0b 44.4b 57.2a 60.8a <0.001 <0.001 0.256
SWC (%) 6.00 6.27 5.57b 6.38ab 6.72a 5.74ab 0.415 0.007 0.986
pH 8.13 8.19 7.98b 8.17a 8.27a 8.23a 0.098 <0.001 0.375
SOC (gkg™) 8.40a 7.72b 7.27b 6.22b 9.02a 9.74a 0.002 <0.001 0.526
TN (gkg™) 0.78b 0.83a 0.72b 0.63¢ 091a 0.96a 0.003 <0.001 0.046
TP (gkg™) 1.02 1.06 0.98b 0.86¢ 1.12a 1.19a 0.181 <0.001 0.253
AP (mgkg™) 22.48 22.17 28.58a 21.05b 18.27b 21.42b 0.832 <0.001 0.472
NO;,™ (mgkg™) 3.56 3.92 3.26b 3.42b 441a 3.87ab 0.138 0.005 0.788
NH,* (mgkg™) 1.91 238 252 237 222 1.47 0.093 0.056 0.845
DOC (mgkg™) 17.7 16.9 11.0b 9.7b 21.9a 26.6a 0.297 <0.001 0.001
MBC (mgkg™) 89.2b 264.52 168.0c 117.2d 198.6b 223.7a <0.001 <0.001 0.001
MBN (mgkg™) 9.97b 14.49 8.18¢ 12.53b 19.30a 891c <0.001 <0.001 <0.001

Bold values are significant (p <0.05). S is crop stage effect; T is tillage treatment effect.

For each parameter, data in a row followed by a different lowercase letter indicates significant difference at the 0.05 probability level based on protected HSD tests.

Values for elongation stage and grain filling stage are averaged across tillage treatments (1n=24).

Values for tillage practices are averaged across crop stages (n=12). CT, conventional tillage; NT, no tillage with mulch; RT, reduced tillage; SS, subsoiling with mulch.

abundance of Claroideoglomus (p <0.05; Figure 3). NT significantly
increased the relative abundance of Glomus and Septoglomus (p <0.05;
Figure 3).

Key taxa were shown based on the high betweenness centrality
score of the network (Figure 4). The total AMF network was composed
of 59 nodes and 81 significant edges at elongation (Figure 4A). The
clustering coeflicient and the average number of neighbors was 0.752
and 0.638, respectively (Figure 4A). The core groups included the
OTU_120, 0TU_51, OTU_122, and OTU_67 belonging to the genus
Glomus (Figure 4A). Another taxon (OUT_231) belonged to the genus
Claroideoglomus. The total AMF network consisted of 81 nodes, and
112 significant edges were detected at grain filling (Figure 4B). The
clustering coefficient and the average number of neighbors were 0.849
and 0.661, respectively (Figure 4B). OTU_8, OTU_19, OTU_140, and
OTU_175 were characterized as keystone taxa, which belonged to the
genus Glomus (Figure 4B). OTU_28 belonged to genus Rhizophagus
(Figure 4B).

3.3 AMF community composition was
related to wheat biomass and soil
environmental variables

The AMF communities were influenced by winter wheat biomass
and soil properties (Figure 5). BB, SOC, TN, TP, and DOC were highly
correlated with AMF community composition (Figure 5). Spearman
correlation showed that significant negative correlations were found
for the relative abundance of dominant genera (e.g., Claroideoglomus
and Funneliformis) and plant and soil properties, whereas positive
relationships were found between dominant genera (e.g., Glomus and
Rhizophagus) and plant and soil properties (Figure 6). The redundancy
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analysis (RDA) showed significant correlations between winter wheat
biomass, soil properties and dominant genera under tillage practices
at different growth stages (p <0.05; Figure 7). For dominant genera,
the RDA1 and RDA?2 explained 41.9 and 27.5% of the variance at the
elongation stage, respectively (Figure 7A). At grain filling, the first two
axes of the RDA analysis explained 73.9% of the total variance, with
RDA1 and RDA2 explaining 59.2 and 14.7% of the variance for
dominant genera, respectively (Figure 7B). The envfit function showed
that environmental variables explained 64.6 and 71.5% of the
differences in dominant genera at different growth stages, respectively
(Figures 7C,D). SOC was the primary environmental variable affecting
the dominant genera at elongation, whereas TN was the primary
variable affecting the dominant genera at grain filling (Figures 7C,D).

4 Discussion

4.1 Crop stage affects the AMF
composition

The change in the dominant genera during crop growth affected
the community composition of AME. In this study, the change of
dominant genera, including Claroideoglomus, Funneliformis,
Rhizophagus, Entrophospora, and Glomus, altered the community
composition of AME In addition, our co-occurrence network
demonstrated that changes in network complexity could also explain
seasonal changes in AMF community structure. The change in
keystone OTUs (belongs to the dominant genera Glomus,
Claroideoglomus, and Rhizophagus) related to winter wheat growth
stage further influenced AMF community composition. In addition,
we also found that the relationships between dominant genera
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(negative relationship: Claroideoglomus, Funneliformis; positive
relationship: Rhizophagus, Entrophospora, Glomus, and Septoglomus)
and plant biomass altered AMF community composition. This means
that growth dynamics could have mediated the relationship between
AMF community structure and tillage practices in our study.

Soil nutrients alter AMF communities at different crop stages
(Ma et al, 2019). In our study, the mycorrhizal colonization at
grain filling was significantly more advanced than elongation
(Supplementary Figure S1). A higher mycorrhizal infection could help
plants increase their uptake of nutrients (e.g., N and P), thereby
promoting plant growth (Gu et al., 2020; Liu et al., 2022). As a result,
the change in wheat yield during different crop stages resulted in
alterations in AMF communities.

Our results were consistent with previous studies (Abu-Elsaoud
et al,, 2017), in which the AMF was able to deliver more nutrients
during grain filling due to the high nutrient requirement. In addition,
MRT results also indicated that soil nitrogen utilization efficiency (TN

Frontiers in Microbiology

and NO;") played an important role in determining AMF community
composition. Moreover, carbon requirements and photosynthetic
capacity also affect the community composition of AMF (Louise et al.,
2007). Previous studies have shown that the photosynthetic carbon
allocation to soil decreased from approximately 10% at elongation to
5% at grain filling in wheat (Sun et al., 2018). In our study, the change
of SOC from the elongation stage to the grain filling stage indicated
that soil organic carbon affected the AMF community composition.
Therefore, the higher SOC at elongation than at grain filling led to the
change in the community composition of AMF in our study.

4.2 Long-term tillage shifts AMF
composition

Long-term conservation tillage (e.g., NT or SS) increased root
mycorrhizal colonization. Our results support that the formation of a
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high colonization rate is linked to plants with rich roots and rapid
growth (Ma et al., 2019). Increased contact between roots and AMF
propagules under NT or SS can enhance the ability of plants to provide
photosynthetic products to fungi, such as grass root systems.
Moreover, the NT or SS did not disrupt or weakly interfere with the
hyphal networks and dilution of AMF propagules (Kabir, 2005), which
is more beneficial to the symbiosis between plants and AME We found
that the AMF diversity was significantly increased under NT
compared to conventional tillage. The results are in agreement with
those of previous studies, in which NT versus conventional tillage
markedly changed Chao 1, observed species, and PD_whole of AMF

Frontiers in Microbiology

at elongation in a greenhouse experiment in Chile (Aguilera et al.,
2021), a field experiment in north China (Hu et al., 2015), and a field
experiment in Spain (Gu et al., 2020).

In the present study, significant differences in AMF community
structure between conservation tillage (NT and SS) and conventional
tillage practices can be attributed to changes in the relative abundance
of Claroideoglomus, Glomus, and Septoglomus. The genus
Claroideoglomus can be found in dry or extreme habitats (Al-Yahydei
et al., 2022; Ng et al., 2023). Claroideoglomus produces low-radical
propagules, which are internal root structures consistent with stress

tolerance strategies (Chagnon et al., 2013). As the most abundant
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phosphorus content (AP), soil microbial C (MBC) and N (MBN) biomass.

The Spearman correlation coefficients between dominant genera and plant and soil properties. Shown are the dominant genera: Claroideoglomus (A),
Funneliformis (B), Rhizophagus (C), Entrophospora (D), Glomus (E), and Septoglomus (F). The correlations were derived for above-ground biomass
(AB), below-ground biomass (BB), 0-20 cm soil gravimetric water content (SWC), soil pH value, soil organic carbon content (SOC), soil total nitrogen
content (TN), soil total phosphorus content (TP), soil NH4 (NH,*) and NO3 (NO;") content, soil dissolved organic carbon (DOC), soil available

genus of AMF across all four treatments, this functional trait may
be useful in reducing the impact of abiotic stress factors on the growth
of symbiotic plants in conventional tillage practices. In addition, the
change in Glomus abundance also affects the community composition
of AMF through the differences in network complexity. The higher
abundance of Glomus in NT than in CT is attributed to Glomus and
may be a legacy of land use due to the tillage history of all experimental
plots (Liu et al,, 2022). Once conventional tillage practices are
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suspended, the dominance of highly competitive Glomus species may
further increase (Sangabriel-Conde et al., 2015). Our results are also
in line with a previous study in Mediterranean agroecosystems (Avio
etal,, 2013), in which Glomus species were strong indicators of no-till
management and were prevalent in no-till soils.

We observed that wheat biomass and soil properties were
negatively correlated with the abundance of Claroideoglomus.
We attribute the high abundance of Claroideoglomus under CT and
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RT mainly to the adaptation to scarce resources with stress-tolerant
life history traits (Silvani et al., 2017). The positive correlation between
wheat biomass and Glomus abundance indicates that NT and SS can
promote soil AMF communities by increasing soil fertility, thereby
establishing a mutually beneficial symbiotic relationship with wheat
plants and gradually increasing wheat yield (Bunn et al., 2015). In
addition, higher TP in the NT and SS treatment also agreed with a
previous study where higher soil P content was positively correlated
with the relative abundance of Glomus and Septoglomus (Song et al.,
2019; Liu et al., 2022).

5 Conclusion

Our results indicate that AMF communities change through the
increase or decrease of dominant genera effectively buffering the impact
of the ecosystem on environmental changes, thereby improving the
overall resilience of the dry environment. No significant difference in
AMF community was detected between RT and CT, whereas NT and SS
significantly changed the AMF community composition at both growth
stages. The CT treatment had higher proportions of the genus
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Claroideoglomus, whereas a higher proportion of the genera Glomus and
Septoglomus was found under NT. Our further study confirmed that NT
and SS affected the composition of key genera by changing plant biomass
and soil characteristics, thereby affecting the AMF community
composition. Our results highlight the importance of wheat biomass and
soil properties in modulating the AMF communities. NT and SS are
proper tillage practices, which may contribute to the development of
sustainable agricultural production in Loess Plateau environments.
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