
Citation: Ye, X.; Li, J.; Ma, J.; Fan, Q.;

Yu, N.; Zhang, Y.; Zou, H.; Zhang, Y.

Drip Irrigation at a Soil Water Suction

of 30 kPa Helps AMF and GRSP

to Enhance Greenhouse

Macro-Aggregates. Agronomy 2023,

13, 522. https://doi.org/10.3390/

agronomy13020522

Academic Editor: Wenxiu Zou

Received: 26 December 2022

Revised: 9 February 2023

Accepted: 9 February 2023

Published: 11 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Drip Irrigation at a Soil Water Suction of 30 kPa Helps AMF and
GRSP to Enhance Greenhouse Macro-Aggregates
Xuhong Ye 1,2,3,4,†, Jiaqi Li 1,2,3,4,†, Jianhui Ma 1,2,3,4, Qingfeng Fan 1,2,3,4, Na Yu 1,2,3,4, Yuling Zhang 1,2,3,4,
Hongtao Zou 1,2,3,4,* and Yulong Zhang 1,2,3,4

1 College of Land and Environment, Shenyang Agricultural University, Shenyang 110866, China
2 Northeast Key Laboratory of Conservation and Improvement of Cultivated Land (Shenyang),

Ministry of Agriculture, Shenyang 110866, China
3 Monitoring & Experimental Station of Corn Nutrition and Fertilization in Northeast Region,

Ministry of Agriculture, Shenyang 110866, China
4 National Engineering Research Center for Efficient Utilization of Soil and Fertilizer Resources,

Shenyang 110866, China
* Correspondence: hongtaozou208@163.com
† These authors contributed equally to this work.

Abstract: Drip irrigation is fundamental in water-saving agricultural greenhouses, especially in
tomato (Solanum lycopersicum L.) greenhouses. However, a long-term drip irrigation has been ob-
served to be associated with soil degradation, concerning both soil aggregate structure and soil
microbial community. To evaluate how drip irrigation scheduling influences the soil structure and
arbuscular mycorrhizal fungi (AMF), a long-term irrigation experiment was carried out in a tomato
greenhouse in 2011, using an irrigation program with dripping water starting when the soil reached
a suction of 20 kPa (D20), 30 kPa (D30) and 40 kPa (D40). In 2017, we tested the AMF community
and soil aggregate composition by soil wet sieving. Aggregates of 0.25–1 mm represented the main
class of aggregates (32.4%–43.1%) in this experiment. At D30, we measured the highest mean weight
diameter (MWD) and soil organic carbon (SOC) and glomalin-related soil protein (GRSP) levels.
Thus, D30 promoted soil aggregate stability in the greenhouse. According to the high-throughput
sequencing results of AMF, Glomus at D30 was the main factor leading to a high soil aggregate
stability, because its OTU relative abundance was significantly higher than those of Ambispora and
Paraglomus. Through redundancy analysis, the GRSP concentration was positively correlated with the
SOC and total N (TN) levels and with the presence of the genera Ambispora, Glomus and Paraglomus.
This evidenced that AMF and SOC helped to increase GRSP concentration and aggregate stability.
Therefore, initiating irrigation when the soil reaches a water suction of 30 kPa could promote soil
aggregate stability by favoring AMF abundance.

Keywords: arbuscular mycorrhizal fungi; drip irrigation; glomalin-related soil protein; high-throughput
sequencing; soil aggregates

1. Introduction

Irrigation is an important determinant for crop yield and soil aggregate structure in
greenhouse cultivations. A vigorous growing of tomato plants (Solanum lycopersicum L.) in
greenhouses needs a soil moisture content up to 65%. Water may be more necessary during
the period of tomato ripening. Drip irrigation has a long history and is extensively used
worldwide, in many cases replacing furrow and sprinkler irrigation and other methods [1].
On the one hand, drip irrigation increases crop yield, improves water use efficiency [2]
and reduces diseases [3]. On the other, drip irrigation scheduling, the frequency of water
application and the amount of water applied can influence the distribution of soil aggregate
classes and soil microbial communities, especially arbuscular mycorrhizal fungi (AMF) [4].
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Soil water movement is closely related to the structure of soil aggregates. Soil aggre-
gates are key functional components of arable land, support soil quality and ensure agricul-
tural sustainability [5]. Generally, aggregates are classified into three groups, i.e., macro–
aggregates (>0.25 mm), micro–aggregates (<0.25 mm) and clay particle (<0.053 mm) [6].
The soil aggregate diameter and stability are always determined by the soil cementing
agents, such as AMF [7–10]. AMF are ubiquitous symbiotic fungi that inhabit the roots of
over 80% of higher plant species [11]. They can help the transfer of nutrients and water
between the soil and the host plants [12,13].

Soil aggregates formation and maintenance were shown to be influenced by extraradi-
cal mycorrhizal hyphae (EMH), exudates and residues of AMF [14,15]. EMH and exudates
intertwine and aggregate the soil particles producing soil aggregates [16] and contribute to
the stability of soil aggregates [17]. AMF can produce glomalin-related soil protein (GRSP),
which also helps soil aggregates formation [18–20]. AMF and GRSP promote the adhesion
of soil particles into micro-aggregates that finally develop into macro-aggregates [21,22].
The concentration of GRSP is significantly higher in water-stable aggregates than in unsta-
ble aggregates [23]. Therefore, the presence of AMF is important to maintain a proper soil
structure and benefit plant growth.

An optimal irrigation regime can establish moderate moisture, temperature and oxy-
gen status in the soil throughout a crop growth period. Cycles of soil wetting and drying
(D/W) are one of main factors influencing AMF communities [24,25]. A soil water deficit
was shown to increase the concentration of GRSP, while Glomus intraradices and Glomus
mosseae could significantly increase the production of GRSP [16]. However, information on
how drip irrigation influence GRSP, AMF and soil aggregates in greenhouses is limited.
Therefore, we hypothesized that the soil water balance is a crucial factor affecting the
activity of AMF, the concentrations of GRSP and the stability of soil aggregates. This study
is expected to inform irrigation schemes to conserve the soil structure in greenhouses.

2. Materials and Methods
2.1. Greenhouse Description and Experimental Design

This study was conducted in a polyethylene greenhouse at the Experiment Station
for Water Saving Irrigation of Shenyang Agriculture University, in Northeastern China
(41◦49′ N, 123◦35′ E and 43 m ASL), and began in 2011. The extent of fertilization was the
same every year and consisted of chicken manure, 37.5 t ha−1, (NH4)2HPO4, 0.6 t ha−1,
K2SO4, 0.6 t ha−1 and urea, 0.15 t ha−1. The soil was meadow brown earth (MollicGleysols,
FAO-UNESCO system; Histosols, WRB). In the top layer (0–15 cm), before imposing the
irrigation treatment, pH was 6.3, organic matter was 22.9 g kg−1 soil, total N (TN) was
1.35 g kg−1 soil, total P was 0.45 g kg−1 soil, and total K was 22.2 g kg−1. The soil water
retention curve is showed in Figure S1. The plots were fertilized before transplanting with
15 g m−2 of urea (N = 46%), 60 g m−2 of ammonium phosphate (N = 17% and P2O5 = 45%),
and 60 g m−2 potassium sulfate (K2O = 46%), mixed in the upper 20 cm soil layer. Chicken
manure and cattle manure were applied during soil preparation at the rates of 225 g m−2

and 375 g m−2, respectively. The soil texture was clay loam, its bulk density was 1.31 g cm−3,
and its porosity was 37.41%.

Drip irrigation was used in three conditions: (1) irrigation when the soil water suction
reached 20 kPa (D20), (2) irrigation when the soil water suction reached 30 kPa (D30) and
(3) irrigation when the soil water suction reached 40 kPa (D40). The irrigation treatment
plots were arranged in a complete randomized block design with three replicates (each
plot was 20 m2). The plots were separated by polythene sheeting to prevent the movement
of water and nutrients. Tensiometers (IFC CO., Australia) were placed in the 0–30 cm soil
layer and read at 8:00 a.m. every morning. The plots were irrigated to an upper limit of
6 kPa of soil water suction. A single-plot irrigation volume (Q) was calculated as follows:

Q = (θ2 − θ1) × H × R × S (1)



Agronomy 2023, 13, 522 3 of 13

where Q is the single plot-irrigation volume (m3), θ1 is the soil moisture when the soil is
at its lower limit of water requirement, and θ2 is the soil moisture when the soil is at its
upper limit of water requirement. H is the thickness of the soil to be wetted (20 cm), R is
the fraction of the wetted area (0.50), and S is the plot area (20 m2). Table S1 shows the
irrigation dates and volumes.

2.2. Crop Management

Tomato (Solanum lycopersicum L.) was grown from May to August every year. Seedlings
with 2–3 leaves were transplanted into the experimental greenhouse using a ridge-furrow
system covered with a black film (Figure 1). In total, 24 plants were planted on each ridge,
with row spacing of 50 cm and plant spacing of 30 cm. A topdressing of urea was applied
with irrigation water at a rate of 15 g m−2 on day 47 and day 72 after planting.

Figure 1. Profile of the tomato planting method.

2.3. Soil Sampling and Aggregate Fractionation

We collected the soil samples and plant samples in 2017. Three random plants per
irrigation treatment were carefully dug up. The soil samples at the rhizosphere were shaken
to separate them from the roots and were collected. They were transported to the laboratory
and stored at 4 ◦C before the analysis.

The soil aggregate fractions were isolated by the wet sieving protocol for microbi-
ological analysis [26,27]. The aggregate size classes were: >2 mm, 1–2 mm, 0.25–1 mm,
0.053–0.25 mm and < 0.053 mm in diameter. The five classes were freeze-dried and divided
for chemical analysis, GRSP determination and DNA extraction. The mean weight diame-
ter (MWD)—an index of aggregate stability—was calculated according to the following
equation:

MWD(mm) =
n

∑
i = 1

wi xi (2)

where wi is the proportion of the total sample weight retained on the i sieve, and xi (mm) is
the mean diameter of the soil aggregate size class [28].

2.4. Analysis of SOC, TN and GRSP

Soil organic carbon (SOC) and TN were determined on a total organic carbon analyzer
(Jena Multi C/N 3100, Hanau, Germany). Total GRSP (T-GRSP) and easily extractable GRSP
(EE-GRSP) were extracted from the soil (1 g) as described by Wright and Upadhyaya [10].
In brief, T-GRSP was extracted with 8 mL of a 50 mM sodium citrate solution, pH 8.0, at
121 ◦C in an autoclave for 60 min and then removed by centrifugation at 10,000 rpm for
5 min; EE-GRSP was extracted with 8 mL of a 20 mM solution adjusted to pH 7.0 at 121 ◦C
in an autoclave for 30 min and then removed by centrifugation at 10,000 rpm for 5 min.
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The protein content was measured using the Bradford assay and bovine serum albumin as
a standard [29].

2.5. High-Throughput Sequencing

DNA was extracted in triplicate from the aggregate samples of different size classes
using the FastDNA® SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA) following
the manufacturer’s protocol, dissolved in 100 µL of TE (Tris and EDTA) buffer and tested
for purity using a NanoDrop spectrophotometer 2000 (Thermo Fisher Scientific, Waltham, MA,
USA); they were stored at −20 ◦C until further use. After DNA extraction, the DNA was
sent to Novogene Bioinformatics Technology Co., Ltd. (Beijing, China) for IlluminaHiseq2500
amplicon sequencing (Illumina, USA) analysis. Total genomic DNA was amplified using
the primers AMV4.5NF (AAGCTCGTAGTTGAATTTCG) and AMDGR (CCCAACTATC
CCTATTAA TCAT) of the AMF gene [30].

2.6. Data Analysis
2.6.1. Bioinformatic Analysis

The paired-end reads for each sample were merged using fast length adjustment of
short reads (FLASH V1.2.7). Data filtration and data removal were performed using the
Quantitative Insights Microbial Ecology (QIIME Version 1.7.0). Then, the UPARSE pipeline
version 7.0.1001 was used to infer operational taxonomic units (OTUs) at 97% sequence
identity. We used the Shannon index and Chao1 estimator [31] to determine the diversity
of the AMF communities by QIIME and R 3.4.3.

2.6.2. Statistical Analysis

Means and standard deviations were determined using Excel 2013 (Microsoft, Redmond,
WA, USA). One/two-way analysis of variance (ANOVA) and Duncan’s multiple range
tests (p ≤ 0.05) were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA). The Figures
were generated using Origin 8.5 (OriginLab Corp., Northampton, MA, USA). A redundancy
analysis was carried out by the “VEGAN” package in the R statistical environment to
describe the connections among the relative abundance of AMF and the properties of the
soil aggregate size classes (SOC, TN, C/N, T-GRSP and EE-GRSP).

3. Results
3.1. Aggregate Size Class Distribution and Mean Weight Diameter

The soil aggregate size distribution and MWD were dramatically affected by the
drip irrigation regime (Figure 2). The size classes in the range of 0.25–1 mm were the
most abundant in all irrigation treatments, contributing about 33.2%–43.1% of the total
soil weight, followed by the 0.053–2 mm size class, representing 13.5%–31.4% of the total
soil weight. The proportions of the size classes >2 mm and <0.053 mm were the lowest
and contributed 5.8%–12.3% to the total soil weight. The large aggregates (>0.25 mm)
proportion at D30 was significantly higher than those at D20 and D40 (p < 0.05). The
MWD ranged between 0.81 mm and 1.10 mm among the three treatments (Figure 2). In all
treatments, the MWD was the highest at D30 (35.8%).

3.2. Distribution of SOC, TN and C/N Ratio in the Soil Aggregates

The concentration of SOC and TN were significantly affected by the soil aggregate size
classes and the different irrigation treatments and showed similar trends for all the aggre-
gate classes (Table 1). The distribution of SOC in the aggregates ranged from 10.11 g kg−1

to 19.31 g kg−1, and that of TN from 1.08 g kg−1 to 1.93 g kg−1 g. Among the soil aggregate
size classes, the macro-aggregates generally contained the greatest amounts of SOC and
TN, which were at the lowest levels in the micro-aggregates. The SOC and TN levels were
higher in the D20 and D30 treatments, irrespective of the aggregate size class. The C/N
ratio did not differ for any of the aggregate size classes, except for the aggregates >2 mm.
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Figure 2. Soil aggregate size distribution and mean weight diameter (MWD). Note: the relative
abundance and MWD were different significantly (p < 0.05).

Table 1. Distribution of SOC, TN and C/N ratio according to the aggregate size class under different
drip irrigation treatments.

Aggregate Size Class
(cm) Treatment SOC

(g kg−1)
TN

(g kg−1) C/N Ratio

>2
D20 15.79 ± 0.21 a 1.48 ± 0.02 a 10.73 ± 0.06 b
D30 16.89 ± 0.56 a 1.33 ± 0.05 a 12.92 ± 0.07 a
D40 12.51 ± 1.26 b 1.24 ± 0.09 b 10.07 ± 0.38 b

1–2
D20 19.15 ± 1.42 a 1.87 ± 0.06 a 11.02 ± 0.53 a
D30 19.31 ± 1.92 a 1.93 ± 0.10 a 10.08 ± 0.47 a
D40 16.91 ± 0.80 b 1.62 ± 0.03 b 10.44 ± 1.06 a

0.25–1
D20 19.10 ± 0.39 a 1.76 ± 0.01 a 11.06 ± 0.28 a
D30 18.13 ± 0.46 b 1.73 ± 0.01 a 10.45 ± 0.20 a
D40 16.26 ± 0.35 c 1.68 ± 0.03 b 10.03 ± 0.16 a

0.053–0.25
D20 16.12 ± 0.43 a 1.47 ± 0.11 a 10.32 ± 0.17 a
D30 15.28 ± 0.40 a 1.48 ± 0.14 a 10.74 ± 0.72 a
D40 13.87 ± 0.84 b 1.31 ± 0. 06 b 10.16 ± 0.41 a

<0.053
D20 10.70 ± 0.37 a 1.12 ± 0.07 a 9.87 ± 0.08 a
D30 10.11 ± 0.50 a 1.08 ± 0.04 a 9.29 ± 0.20 a
D40 10.69 ± 0.34 a 1.14 ± 0.02 a 9.34 ± 0.16 a

A *** *** *
D *** ** NS

A × D ** NS NS
Note: the values are the means of three replicates; the standard errors are parentheses. Different lowercase letters
within the same column denote significant differences (p < 0.05). A, aggregate size class; D, drip irrigation regime;
NS, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. Diversity and Richness Indices of AMF

The Chao1 richness estimator and the Shannon diversity index were significantly
affected by the irrigation treatment (Figure 3). Compared with other treatments, D30
significantly increased (p < 0.05) the Chao1 indices of the soil aggregates in the >2 mm and
0.25–1 mm classes (Figure 3a). Furthermore, the Chao1 indices were the highest for the
0.25–1 mm aggregates and the lowest for the <0.053 mm aggregates.
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Figure 3. AMF diversity indexes Chao1 (a) and Shannon (b) for the soil aggregates. Note: A,
aggregate size class (A1: >2 mm, A2: 1–2 mm, A3: 0.25–1 mm, A4: 0.053–0.25 mm, A5: <0.053 mm).

The Shannon indices did not show a significant difference. For different sizes of the soil
aggregates, the lowest values of the Shannon index was found for the >2 mm aggregates
and the 0.25–1 mm aggregates, and the highest ones for the 1–2 mm aggregates (Figure 3b).

3.4. AMF Community Structure

More than 58,665 effective tags were obtained for each soil aggregate. Seven AMF
genera were identified (Figure 4). The predominant genera were Ambispora, Archaeospora,
Gigaspora, Scutellospora, Claroideoglomus, Glomus and Paraglomus. These major genera were
present in all aggregates. Among the most abundant genera, Ambispora, Glomus and
Paraglomus were the most out-abundant genera in the >0.053 mm aggregate fractions,
accounting from 89.6% to 96.8% of the total genera. Ambispora and Glomus were the most
OTU-abundant genera in the <0.053 mm fraction, accounting from 86.7% to 94.3% of the
total genera. Compared to the other treatments, D30 led to the highest OTU abundance for
Glomus, while the OTU abundance of Ambispora was significantly lower.

Figure 4. Genera and relative abundance of AMF in the soil aggregates. Note: A, aggregate size class
(A1: >2 mm, A2: 1–2 mm, A3: 0.25–1 mm, A4: 0.053–0.25 mm, A5: <0.053 mm).
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3.5. Variation of Total Glomalin and Easily Extractable Glomalin Levels

The concentration of EE-GRSP followed a distribution pattern similar to that of T-GRSP
(Figure 5). T-GRSP concentration ranged from 0.71 mg g−1 to 2.05 mg g−1 in the aggregates.
The macro-aggregates had the greatest concentration of T-GRSP, and the micro-aggregates
had the lowest. Compared with D20, D30 and D40 significantly increased the concentration
of T-GRSP in the macro-aggregates (p < 0.05). However, the concentration of T-GRSP in the
<0.053 mm aggregates at D40 was higher than at D20 and D30.

Figure 5. Variation of total glomalin and easily extractable glomalin levels in the aggregates. Note:
Different lowercase letters within the same column denote significant differences (p < 0.05).

EE-GRSP level in the aggregates are shown in Figure 5. We observed similar distribu-
tion patterns for T-GRSP. EE-GRSP concentration ranged from 0.40 mg g−1 to 0.79 mg g−1

in the aggregates. The 0.25–2 mm aggregates had the greatest concentration of EE-GRSP,
whereas the aggregates >2 mm and <0.25 mm had the lowest. Compared with D20 and D40,
D30 significantly increased (p < 0.05) the concentration of EE-GRSP in the macro-aggregates.
However, the level of EE-GRSP in the <0.053 mm aggregates was higher under the D40
treatment than in the other conditions. Furthermore, there was no significant difference in
EE-GRSP concentration between D20 and D30 (p < 0.05).

3.6. Relationships between GRSP Concentration, AMF OTU Relative Abundance and Soil Properties

Multivariate redundancy analysis was performed to describe the relationships between
AMF communities and soil aggregate properties. In the redundancy analysis (RDA) biplot,
the first component (RDA1) and the second component (RDA2) explained 62.3% and 19.7%
of the variance, respectively (Figure 6). As indicated by the close grouping and the vectors,
the TG-EEG and EE-GRSP levels in the soil aggregates were dominated by SOC and TN.
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Figure 6. Comparison of the AMF communities in the soil via RDA. Note: A, aggregate size class
(A1: >2 mm, A2: 1–2 mm, A3: 0.25–1 mm, A4: 0.053–0.25 mm, A5: <0.053 mm).

According to Figure 7, the concentrations of SOC positively correlated with those of
T-GRSP (r2 = 0.721) and EE-GRSP (r2 = 0.520). The out-relative-abundant genera Ambispora,
Glomus and Paraglomus were positively correlated with the levels of SOC, TN, TG-GRSP
and EE-GRSP. However, Archaeospora, Gigaspora, Claroideoglomus and Scutellospora were
negatively associated with these soil aggregate parameters.

Figure 7. Concentration of SOC in relation to those of T−GRSP or EE−GRSP.

4. Discussion
4.1. Distribution of Aggregate Size Classes

The different drip irrigation regimes obviously influenced the soil aggregate distribu-
tion over the 6-year experiment (Figure 2). In our study, the water content of the soil was
different at the same development stage of the tomato plants; the initial water content in
the soil changed due to the different drip irrigation regimes. Previous research showed that
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a soil aggregate size distribution and aggregate stability were affected by the soil initial
water condition and the D/W cycles [32]. The proportion of micro-aggregates could be
increased when the soil initial water content increased to the saturation state [33]. After
two D/W cycles (44 d), the water-stable macro–aggregates were present in a significantly
lower proportion, and the macro-aggregates were not disrupted anymore [34].

The D40 irrigation regime had the lowest number of D/W cycles. The large aggregates
were disrupted because of the soil shrinking after drying [35]. However, when more
D/W cycles were present, as in the 20 kPa irrigation treatment, the proportion of macro-
aggregates showed a smaller decrease. It is possible that the aggregates were subjected to
a repulsive force and lost apparent cohesion when were frequently exposed to the D/W
cycles [36]. Therefore, the values of the MWD varied under different drip irrigation regimes
in the following order: D30 > D40 > D20.

4.2. SOC and TN in Different Aggregate Size Classes

Similar studies reported that macro–aggregates contain higher concentrations of SOC
and TN than micro-aggregates [27,37,38]. In our greenhouse soil, the contents of SOC and
TN were much higher in the macro-aggregates under the D20 and D30 irrigation treatments
(Table 1). This indicated that irrigation regimes leading to a smaller soil water suction
(high irrigation frequency with low amounts of water) greatly increased the concentrations
of SOC and TN in the macro-aggregates. A hierarchical organization of soil aggregates
suggests that the macro-aggregates are bound together by gluing agents [27,39]. This theory
explains the reduction in the size of the aggregates with the loss of SOC and the increase in
the size of the aggregates with the increase in SOC [17,40].

Various other factors, natural and anthropogenic, control SOC and TN accumulation
and decomposition, such as climate change, topographical factors, soil–water balance and
soil texture [41]. The accumulation and decomposition of SOC and TN occur dependently
on the soil water content [42]. Long-term irrigation regimes of croplands altered the soil
water retention. In our study, the soil often showed constant values of its water potential
for long periods with the three irrigation treatments (D20, D30 and D40). The topsoil (at a
30 cm depth) became saturated and fell into D/W cycles by drying rapidly. Among the
three treatments, the D40 significantly decreased the concentration of SOC and TN after
90 days (Table 1). Drying and rewetting probably promoted the mineralization of C and N
by disrupting the soil aggregates and causing microbial death or cell lysis [43].

The mineralization of organic matter plays an important role in making nutrients
available to plants, and the D/W cycles could reduce soil C and N mineralization [44].
Wetting a soil could rapidly increase carbon mineralization during the first 2–8 h, and then
decrease it over the following 12–24 h [45]. C and N would be released more easily after
moistening if the soil stored them over prolonged times. In our work, the accumulation of
SOC decreased in the D40 treatment because the D40 treatment involved less D/W cycles.
Remaining for a longer time in drought increased the aerobic conditions and the oxidative
capacity of SOC [42]. These differences might be ascribed to the low soil water content due
to the reliance on a drip irrigation regime in the study area.

4.3. AMF community Diversity and Composition

Short-term waterlogging could increase the species richness of AMF. We found seven
genera, four of which appeared as dominators (Figure 4), in our test [46]. The irrigation
regime altered the soil matrix limiting the energy reserves, leading to AMF death and
influencing colonization by affecting the soil nutrient content and pH [24,47,48]. In our
study, the values found for the Shannon and Chao1 indices were attributed to the differences
in the water amount. The irrigation water used in the D40 treatment was lower than that
in D20 and D30. This changed the soil water content and the number of D/W cycles.
Large amounts of water could decrease the root colonization by AMF [49]. Waterlogging
may change a soil’s characteristics, decrease the soil pH, and increase its labile carbon
content [50]. Prolonged flooding created anaerobic conditions and decreased the activity
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of AMF [51]. AMF are aerobic fungi, and low oxygen levels could inhibit mycorrhizae
formation. Therefore, an arid soil is conducive to the growth of these fungi, promoting the
development of mycorrhizal infections.

The AMF communities were found to differ greatly among the soil aggregate size
classes and depending on agricultural practices [37]. In this work, Ambispora and Glomus
were the most common genera. They were dominant in all aggregate size classes. Sim-
ilar studies also reported that the genera Glomus and Archaeospora were dominant and
significantly increased in clay particles [52,53]. Furthermore, macro-aggregates generally
harbor a larger biodiversity of AMF than micro-aggregates. Therefore, the AMF community
composition shifts with the aggregate size class, depending on the soil matrix, the nutrient,
oxygen and water content and other factors [54]. In the 0.25–1 mm soil aggregates, the
relative abundance of Paraglomus increased significantly. Actually, this was the result of the
sharp decrease in the relative abundance of Claroideoglomus. The richness of Claroideoglomus
showed a negative correlation with the SOC level, while the amount of SOC was the highest
in the 0.25–1 mm soil aggregates. Creating a special habitat for the soil microorganisms, the
different aggregate size classes have a great influence on the AMF community structure,
diversity and function. The AMF communities adapt to different drip irrigation frequencies
and intensities. However, the mechanisms regulating the microbial composition in soil
aggregates needs further study.

4.4. Concentration of GRSP

There are many factors influencing the concentration of GRSP, such as tillage, fer-
tilization, AMF communities and environmental stress [52,55]. Our results showed that
the GRSP concentration was influenced by the different drip irrigation regimes and were
higher with the D20 and D30 treatments than with the D40. This conclusion is inconsistent
with the report that drought stress improved the GRSP concentration [56] and may be due
to the changing of the soil initial water content as a result of the different drip irrigation
regimes. D40 decreased the frequency and increased the amount of water retained in any
single irrigation event (Table S1).

The GRSP content was positively correlated with the soil carbon content, soil aggregate
stability and the density of AMF [57]. Over 80% of the GRSP (by weight) produced was
contained in the AMF hyphae and spores [58]. GRSP was produced by the species Glomus
luteum, Glomus verruculosum and Glomus versiforme [59]. The D20 and D30 treatments led to
the highest SOC levels in every aggregate. Therefore, it is possible that the D20 and D30
irrigation treatments increased the diversity of AMF and boosted GRSP production.

GRSP had a strong effect on soil aggregate stabilization, such as dry and water stabil-
ity [60]. We found that the SOC concentration showed a significantly positive relationship
with the T-GRSP (r2 = 0.721) and EE-GRSP (r2 = 0.520) levels in this study (Figure 7). This
is in agreement with other investigations [61,62]. SOC concentration is tightly related to
GRSP concentration [63]. This suggests that GRSP could play a crucial role in SOC pools.
Conversely, SOC and N could be considered predictors of GRSP [64]. Furthermore, our
RDA analysis revealed that the T-GRSP and EE-GRSP levels were significantly correlated
with the presence of Ambispora, Glomus and Paraglomus. The GRSP values were significantly
different in relation to the abundance of Glomus mosseas and Glomus intraradices [16], and
the AMF strains may vary considerably dependently on the GRSP concentration [65].

5. Conclusions

This study demonstrated that different drip irrigation regimes could greatly influence
aggregate size distribution, AMF community composition, and the concentrations of SOC,
TN and GRSP in different aggregate size classes. The soil water suction of 30 kPa led to a
favorable low limit of irrigation at a 0–30 cm depth. The macro-aggregates (>0.25 mm) were
enhanced by the increased contents of GRSP and SOC. Therefore, irrigating at a suction
pressure of 30 kPa was scientifically confirmed to be suitable in this paper.



Agronomy 2023, 13, 522 11 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13020522/s1, Table S1: Irrigation dates and amounts
under different drip irrigation treatments; Figure S1: Soil water recession curve of 0–100 kPa.

Author Contributions: Conceptualization, H.Z. and Y.Z. (Yulong Zhang); methodology, X.Y.; inves-
tigation and resources, Q.F., N.Y. and Y.Z. (Yuling Zhang); formal analysis/writing—original draft
preparation/writing—review and editing, J.M. and J.L.; project administration and funding acquisi-
tion, H.Z. and X.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Natural Science Foundation of China: 32072677; Key
projects of the Ministry of Agriculture and Rural Affairs of the PR China: NK2022180201; Liaoning
Province Applied Basic Research Plan: 2022JH2/101300173.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Camp, C.R. Subsurface drip irrigation: A review. Trans. Asae 1998, 41, 1353–1367. [CrossRef]
2. Musa, M.; Iqbal, M.; Tariq, M.; Sahi, F.H.; Cheema, N.M.; Jahan, F.N. Comparative water use efficiency of drip and furrow

irrigation systems for off-season vegetables under plastic tunnel. SAARC J. Agric. 2014, 12, 62–71. [CrossRef]
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