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Abstract: Fenlong-ridging (FL) is a recently proposed conservation tillage technology which has
dramatic differences to traditional ones. Previous studies have demonstrated in many crops that FL
has yield-increasing effects without additional inputs. However, little is known about the role that
microbes play in mediating the growth-promoting effects of FL, which restricts its further application
and improvement. Here, we characterized variation in the soil and root microbial diversity of
sugarcane (GT44) under FL and traditional turn-over plough tillage (CK) by conducting 16S rRNA
and ITS metabarcoding surveys. We also measured several phenotypic traits to determine sugarcane
yields and analyzed the chemical properties of soil. We found that: (i) plant height (PH) and total
biomass weight (TW) of sugarcane plants were 9.1% and 21.7% greater under FL than those under CK,
indicating\increased biomass yield of the sugarcane in FL operation; (ii) contents of organic matter,
total nitrogen, available phosphorus, and available potassium were lower in soil under FL than those
under CK, which indicates the utilization of soil nutrients was greater in FL soil; (iii) FL promoted the
activity of endophytic microbes in the roots, and these diverse microbial taxa might have an effect on
sugarcane yield and soil chemical properties; and (iv) Sphingomonas, Rhizobium, and Paraburkholderia
and Talaromyces, Didymella, and Fusarium were the top three most abundant genera of bacteria and
fungi, respectively, in soil and root samples. In addition, strains from Rhizobium and Talaromyces were
isolated to verify the results of the metabarcoding survey. Overall, our study provides new insights
into the role of microbes in mediating the growth-promoting effects of FL. These findings could be
used to further improve applications of this novel conservation tillage technology.

Keywords: conservation tillage; metabarcoding; smash ridging; soil chemical properties; soil
microbial diversity; sugarcane

1. Introduction

The sustainable production of food is being increasingly challenged by human popu-
lation growth and climate changes [1]. Conservation tillage is primarily used to protect
soils from erosion and compaction, conserve soil moisture, and reduce production costs [2].
Soil and root microbial diversity and community composition are important for sustainable
agriculture and conservation tillage because microbes mediate the processes supporting
agricultural production [3–5]. However, many of these agriculturally important soil and
root microbial taxa, and the impacts of different tillage practices on their abundances are
largely unknown [6]. More studies are required to identify the soil and root microbial taxa
under different types of tillage operations [7].
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Fenlong-ridging (i.e., smash ridging, FL) is an advanced conservation tillage technol-
ogy that has recently been proposed to increase the yields of many crops, such as rice and
sugarcane, without requiring increases in fertilizer application [8,9]. Whereas traditional
tillage methods involve plowing the soil, FL is a deep tillage technology (up to 40 cm in
depth) that works by horizontally crushing the soil in situ. It maintains soil nutrients and
moisture and increases soil air permeability, thereby enhancing the growth of crop roots [8].
This sustainable tillage method has become increasingly used in China in recent years and
has helped contribute to achieving China’s carbon neutrality target [10,11]. Several studies
have been tried to reveal the agronomic and/or physiological mechanism underlying the
yield differences under Fenlong-ridging processing [9,12–17] but little work has been done
on the alteration of the physicochemical properties of the soils surrounding plants root
systems. As we know, the soil and endophytic microbial diversity have substantial effects
on crop yield, play an important role in regulating the supply of nutrients for crops, and
mediate resistance to plant diseases and insect pests [7]. Plants and the associated micro-
biota form a “holobiont” [7]. When plants are facing biotic stress, they may combat stress by
altering root exudates to recruit beneficial microbes from the soil, and also can improve soil
chemical properties condition by the same approach [7,18]. We can speculate that the FL
should causes many differences in root micro-ecological environments. Understanding the
role of microbes in FL will be benefit to the application and improvement of this technology.

Sequencing technology is generally considered one of the most effective approaches
for characterizing the diversity of soil microbes [19]. Many previous studies have used
various sequencing technologies to study bacterial communities, and these studies have
provided key insights into the diverse ways in which microbes can affect plants. For
example, Wang et al. [20] studied the response of the sugarcane rhizosphere bacterial
community to drought stress, Achouak et al. [21] examined the control of microbial den-
itrification activity by plant hosts; and Guyonnet et al. [22] found that plant nutrient
resource use strategies shape active rhizosphere microbiota through root exudation using
metabarcoding sequencing.

Here, we studied the role of microbes in mediating the growth-promoting effects of
FL in sugarcane (Saccharum officinarum L.), which is the world’s largest sugar-yielding
crop and the second largest source of biofuel globally [23]. Specifically, we measured
phenotypic indicators of yield, the chemical properties of soil, and the diversity of fungi
and bacteria in the roots and rhizosphere of sugarcane through metabarcoding under FL
tillage and conventional tillage. The results of the metabarcoding survey were verified by a
culture-omics experiment.

2. Materials and Methods
2.1. Materials
2.1.1. Experimental Design

The experiment was conducted on the campus of Guangxi University, Nanning City,
China. The experimental sugarcane field was surrounded by other fields of crops, including
rice, corn, and multiple fruit trees covering 380 m2 (Figure 1a). Two tillage methods were
used before planting sugarcane, FL and conventional tillage (CK), each of which were
applied every other row (i.e., tillage methods were alternated among rows). For FL, the
soil layers were crushed and loosened to a depth of 40 cm. CK was conducted by turn-
over plowing with a mini-tiller, and the soil was tilled to a depth of 20 cm. Our tillage
methods were based on the procedures described by Zhang et al. [8]. To minimize the
effect of sampling on sugarcane phenotype data, we established protection rows and
designated specific areas from which phenotype data and soil and root samples were
collected (Figure 1a).
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Figure 1. Design of the plots in field experiment (a) and the procedure of the sampling and
analysis (b). “Fenlong” indicates Fenlong-ridging while “CK” is conventional tillage. At the sixth
month after planting, the samples of sugarcane roots and rhizosphere soil were collected for metabar-
coding sequencing and testing of the soil chemistry properties. Meanwhile, artificial isolation of
endophytic bacteria and fungi from roots were conducted. At the ninth month, the sugarcane yield
traits were investigated. Based on the data obtained from above processes, the microbial process of
Fenlong-ridging in sugarcane was evaluated and analyzed.

2.1.2. Soil and Root Sampling

Soil and roots were sampled after six months of growth (Figures 1b and 2b). We
randomly selected six sugarcane plants in CK and FL rows from the soil and root sample
collection areas (Figure 1a) for sampling. First, we extracted entire sugarcane plants,
removed the soil directly under the root system, crushed the soil, and then sifted it through
a 0.6-mm sieve to obtain soil samples. The taproots were then cut and washed three times
with sterile water, three times with 75% ethanol, and finally three times with sterile water
(cleaning with residual ethanol) to obtain root samples.

2.2. Methods

This study was conducted per the procedures shown in Figure 1b.

2.2.1. Estimation of Sugarcane Yield

We evaluated sugarcane yields using two phenotypic traits, including total biomass
weight (TW) and plant height (PH). A violin plot was created in R using the ggplot2 package
(version 3.3.5; http://CRAN.R-project.org/package=ggplot2; accessed on 1 May 2021).

2.2.2. Analysis of Soil Chemical Properties

The mixed soil samples from FL and CK rows were used to determine chemical
indicators, including organic matter (OM), total nitrogen (TN), available phosphorus

http://CRAN.R-project.org/package=ggplot2
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(AP), and available potassium (APO), which were measured at the Center of Agricultural
Analysis, Testing and Research, Guangxi University, Nanning City, China.
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Figure 2. Improved agronomic performance and phenotypes of sugarcane plants and the soil
nutrients alteration in Fenglong compared to traditional tillage. (a) Statistical analysis of agronomic
traits of sugarcanes under conventional tillage (CK) and Fenlong (FL) at six months. The violin-
shaped columns indicate the distributions of the data. The curves of the violin-shaped columns
represent the probability curve of the data distribution. The number of data points at a particular
value is positively correlated with the width of the probability curve. The upper and lower ends
of each violin-shaped column indicate the maximum and minimum values of non-outlier data,
respectively. The upper and lower edges of the vertical line in each violin-shaped column indicate
the 75th and 25th percentiles of the data, respectively; and the central dot indicates the median.
(b) Phenotypes of the sugarcane plants at six months. (c) Soil nutrient traits of the soils under CK
and FL conditions. The box-plot shows the maximum (top whisker), minimum (bottom whisker),
median (line inside the box), upper quartile (top margin of the box), and lower quartile (lower margin
of the box).

2.2.3. Metabarcoding Sequencing

Microbial DNA was extracted using HiPure Soil DNA Kits (Magen, Guangzhou,
China) and DNA Isolation Kits (Sangon, No. B518231, China) per the manufacturer’s
protocols. The 16S rRNA V5–V7 and ITS 1–2 regions of the metabarcoding biomarkers
were amplified by PCR with the primers 799F: AACMGGATTAGATACCCKG and 1193R:
ACGTCATCCCCACCTTCC [24] for bacteria and the primers ITS1-F: CTTGGTCATTTA-
GAGGAAGTAA and ITS2: GCTGCGTTCTTCATCGATGC [25] for fungi. The purified
amplicons were pooled in equimolar ratios and paired-end sequenced (PE250) on an
Illumina platform (Novaseq 6000 sequencing) following standard protocols.

2.2.4. Statistical Analysis

Representative operational taxonomic unit (OTU) sequences were classified by a naïve
Bayesian model using an RDP classifier [26] (version 2.2) based on the SILVA database (for
16S rRNA metabarcoding data) [27] (version 132) and UNITE database (for ITS metabar-
coding data) [28] (version 8.0), with a confidence threshold value of 0.8. All figures were
made using R projects. Venn analysis was used to show OTU differences among different
groups and was performed in R using the VennDiagram package (version 1.6.16); [29]
(version 1.6.16); Sob (to assess species richness level), Shannon and Simpson (to com-
prehensively assess richness and evenness of species), and Good’s coverage (to assess
sequencing saturation of samples). Indices were calculated in QIIME [30] (version 1.9.1).
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Principal component analysis (PCA, to assess sample composition relation) and Tukey’s
honestly significant difference test (HSD, to assess genera significance of differences in
abundance between groups) were performed in R using the vegan package (version 2.5.3;
http://CRAN.R-project.org/package=vegan; accessed on 4 March 2021). Circular layout
representations of species abundance were graphed using Circos [31] (version 0.69-3). All
the above data were based on quantitative statistics of OTU numbers without any model
transformation before analysis.

2.2.5. Isolation and Identification of Bacterial and Fungal Strains

First, clean sugarcane taproots from FL rows were collected, cut into pieces, and coated
in medium (Fungi: PDA, which consisted of 200 g of potatoes, 20 g of glucose, and 16 g of
agar per liter; bacteria: NB, which consisted of nutrient broth, 10 g of peptone, 3 g of beef
extract powder, and 5 g of NaCl per liter) for culture at 25 ◦C (fungi) and 37 ◦C (bacteria).
After 12 to 72 h, single colonies were selected for culture and preserved. We used two pairs
of primers of ITS 16S rRNA as the DNA barcoding markers to identify the isolated strains,
ITS1: TCCGTAGGTGAACCTGCGG and ITS4: TCCTCCGCTTATTGATATGC [32] (fungi)
and 27f: AGAGTTTGATCATGGCTCAG and 1492r: ACGGTTACCTTGTTACGACTT [33]
(bacteria). We identify the taxon of isolated strains by comparing with reference sequences
in the database via phylogenetic trees. The reference sequences used in this study were
downloaded from Genbank, and all DNA barcoding sequences together with reference
sequences were aligned using Clustal X (1.83). Phylogenetic analysis based on the neighbor-
joining method with 1000 bootstrap replications was conducted using MEGA v.4.0.

3. Results
3.1. The Improved Agronomic Performace and the Altered Soil Properties Were Found in Fenlong
Compared with the CK

We evaluated sugarcane yield using two agricultural traits: total biomass weight (TW)
and plant height (PH). The mean values of TW for FL and CK were 4.6 kg and 3.6 kg per
plant (21.7% increase in FL), and the mean values of PH were 1.32 m and 1.2 m per plant
(9.1% increase in FL), respectively (Figure 2a). Generally, TW and PH were increased under
FL compared with CK. The growth-promoting effects of FL were apparent at six months
into the experiment, as the mean PH was approximately 9% higher under FL at this point
compared with CK (CK: 2.18 m; FL: 2.39 m, Figure 2b). Overall, sugarcane yield was higher
under FL than under CK.

We evaluated soil chemical properties by measuring five soil nutrient parameters. For
FL and CK, the mean values of OM were 19.13 and 20.96 g/kg; the mean values of TN were
1.07 and 1.13 g/kg; the mean values of AP were 121.87 and 134.41 mg/kg; and the mean
value of APO were 154.66 and 158 mg/kg, respectively (Figure 2c). The mean values of
OM, TN, AP, and APO were lower in the FL group than in the CK group, which suggests
that sugarcane cultivated by FL utilized soil nutrients more effectively than when it was
cultivated by CK.

3.2. Metabarcoding Survey of Soil and Root Microbes
3.2.1. Sequencing Analysis Revealed the Greater Diversity in Fenlong Samples than in CK
Samples for Fungi and/or Bacteria

A total of 5,613,900 metabarcoding tags were obtained from the sequencing data.
The clustering analyses of the soil and root samples revealed 1618 and 648 operational
taxonomic units (OTUs) on average for bacteria (based on 16S rRNA) and fungi (based on
ITS), respectively (Table 1). A Venn diagram is a picture showing sets of things that have a
shared quality as circles that cross over each other, to show which qualities the different
sets have in common. It was revealed that 36.5% (859/2356) of bacterial OTUs and 23.3%
(309/1325) of fungal OTUs were shared among the four groups of samples (ROOT-FL,
SOIL-FL, ROOT-CK, and SOIL-CK) (Figure 3a,b). Alpha diversity was analyzed by Tukey’s
HSD to assessing species diversity. The mean values of the observed species (Sob) index

http://CRAN.R-project.org/package=vegan
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of soil samples from the CK and FL groups were 2058 and 2057.5 (bacteria) and 854.16
and 823.66 (fungi), respectively. The mean values of the Sob index of root samples from
the CK and FL groups were 1141.83 and 1215.66 (bacteria) and 470.16 and 444.16 (fungi),
respectively. The mean values of the Shannon index of soil samples from the CK and FL
groups were 8.54 and 8.55 (bacteria) and 5.75 and 5.47 (fungi), respectively. The mean
values of the Shannon index of root samples from the CK and FL groups were 7.03 and 6.95
(bacteria) and 3.98 and 3.0 (fungi), respectively. The mean values of the Simpson index of
soil samples from the CK and FL groups were 0.99 and 0.99 (bacteria) and 0.94 and 0.92
(fungi), respectively. The mean values of the Simpson index of root samples from the CK
and FL groups were 0.98 and 0.97 (bacteria) and 0.85 and 0.68 (fungi), respectively. The
mean values of the Good’s coverage index were all under 0.99, indicating that the level
of sequencing was adequate for elucidating microbial diversity (Figure 3c,d). To further
assess sample composition relation, we performed principal components analysis (PCA).
It was shown that the PC1 alone could divided the OTU of bacteria into the soil group
and the root group, while the PC2 further distinguish the differences existed within root
group (Figure 3e). However, the differences in OTU of fungi between soil and root was
not obviously (Figure 3f). It was revealed that greater variation in FL samples than in
CK samples for fungi in both root samples and soil samples (Figure 3f), while the greater
variation in FL samples than in CK samples for bacteria in root samples but not in soil
samples (Figure 3e). Overall, the diversity of endophytic bacteria and fungi in roots was
generally lower than that of soil bacteria and fungi, and there was no significant difference
in the diversity of OTUs between FL and CK soil and root samples according to the Sob
index (Figure 3c,d). However, significant range variation in the Shannon and Simpson
indices was observed among FL and CK soil and root samples. For example, Simpson
index values ranged from 0.78 to 0.90 in CK root samples but ranged from 0.47 to 0.90 in FL
root samples (Figure 3c,d).

Table 1. Statistics of the metabarcoding sequencing data for soil and root samples. FL stands for
Fenlong-ridging, and CK stands for conventional tillage.

Sample ID
16S rRNA ITS

Tags N90 (bp) OTUs Tags N90 (bp) OTUs

SOIL-CK-1 118718 409 2098 123409 301 823
SOIL-CK-2 103827 408 2041 115703 297 878
SOIL-CK-3 113775 409 2031 119342 301 833
SOIL-CK-4 105755 409 2027 127228 301 891
SOIL-CK-5 112379 408 2044 127989 300 865
SOIL-CK-6 112899 409 2107 128203 300 835
SOIL-FL-1 116253 409 2069 119658 302 725
SOIL-FL-2 103995 406 2019 131919 302 899
SOIL-FL-3 112407 409 2075 120641 302 788
SOIL-FL-4 110659 403 2070 117866 301 821
SOIL-FL-5 110378 409 1998 114546 301 829
SOIL-FL-6 111498 408 2114 125921 301 880

ROOT-CK-1 119801 409 1234 127742 310 491
ROOT-CK-2 103773 409 1095 113294 285 457
ROOT-CK-3 109902 409 1244 120016 301 451
ROOT-CK-4 112555 409 1111 116902 320 451
ROOT-CK-5 114501 409 1045 127469 302 531
ROOT-FL-1 109488 409 1122 128731 297 440
ROOT-FL-1 109488 409 1257 126253 302 401
ROOT-FL-2 111747 410 1098 124065 339 438
ROOT-FL-3 107628 409 1202 128470 320 444
ROOT-FL-4 111854 410 1047 113670 318 449
ROOT-FL-5 116919 409 1367 124252 296 478
ROOT-FL-6 108549 409 1323 121863 301 455
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Figure 3. Venn analysis, alpha diversity analysis, and principal component analysis based on the
recovered OTUs. (a,b) Venn analysis of bacteria and fungi, respectively; (c,d) alpha diversity analysis
for bacteria and fungi using Tukey’s HSD; (e,f) principal component analysis of the OUT of the
bacteria and fungi from soil and roots under FL and CK. The colored dots in the figures correspond
to the different sample groups.
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3.2.2. The Predominant Microbial Genera Identified in Fenlong Operation

We analyzed differences in the community compositions of bacteria and fungi in soil
and root samples from the CK and FL groups based on the SILVA and UNITE databases.
The main microbial genera detected are shown in Figure 4a,b. After low-abundance taxa
and unmatched OTUs were removed, the top 10 most abundant bacteria were Sphingomonas
(24.57, 21.38, 25.17%, and 28.89 in SOIL-CK, SOIL-FL, ROOT-CK, and ROOT-FL, respec-
tively), Rhizobium (6.22, 6.3, 33.76, and 53.72%), Paraburkholderia (13.16, 12.03, 49.18, and
25.63%), Bradyrhizobium (11.17, 12.21, 33.63, and 42.98%), Dyella (10.74, 10.95, 42.26, and
36.06%), Amycolatopsis (5.89, 5.05, 35.85, and 53.21%), Pseudolabrys (26.41, 27.14, 24.16,
and 22.29%), Nocardioides (36.18, 32.21, 13.63, and 18.09%), Devosia (9.49, 9.39, 48.73, and
32.39%), and Haliangium (17.4, 16.61, 46.01, and 19.98%). The top 10 most abundant fungi
were Talaromyces (14.83, 19.79, 27.92, and 34.46%), Didymella (48.08, 43.3, 4.48, and 4.15%),
Fusarium (34.51, 36.69, 15.89, and 12.91%), Corynascella (6.78, 7.42, 56.12, and 29.68%),
Ramichloridium (39.63, 53.22, 3.61, and 3.54%), Rhizoctonia (50.3, 17.41, 29.33, and 6.65%),
Penicillium (47.23, 27.39, 19.96, and 5.42%), Cladosporium (41.86, 50.69, 3.38, and 4.08%),
Curvularia (42.44, 36.53, 11.8, and 9.24%), and Zopfiella (20.64, 7.96, 63.45, and 7.95%).
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Figure 4. Microbial community composition and taxa (genera) of the top three biomarker species of
bacteria and fungi at the genus level. (a,b) Top 10 abundant bacterial and fungal genera in soil and
roots in the CK and FL groups. The colors of the upper half of the circle indicate the different sample
groups, and the color of the lower half of the circle indicates the main genera. The colors of the
outermost ring of the lower half of the circle indicate the genera, and the innermost ring of the circle
indicates the abundance of the genera in the different groups. The thickness of the lines connecting
genera to samples indicates the abundance of the genera in particular samples. (c,d) Biomarker genus
abundance analysis for bacteria and fungi by Tukey’s HSD.
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We characterized differences in the distribution of the top three abundant genera
between all groups (including low-abundance taxa and unmatched OTUs). The mean
total relative abundances of the top three bacterial genera Sphingomonas, Rhizobium, and
Paraburkholderia were 6.62, 3.77, and 2.9%, respectively (Figure 4c). The mean total relative
abundances of the top three fungal genus Talaromyces, Didymella, and Fusarium were 40.04,
2.88%, and 2.4%, respectively (Figure 4d). No significant differences in the relative abun-
dances of fungal genera in soil and root samples in the CK and FL groups were observed.

Although no statistically significant differences between CK and FL samples were
detected, two bacterial and fungal genera, Rhizobium and Talaromyces, were more common
in the ROOT-FL group than in the ROOT-CK group. Specifically, the abundance of Rhizo-
bium was 33.76 and 53.72% in the ROOT-CK and ROOT-FL groups, respectively, and the
abundance of Talaromyces was 27.92 and 34.46% in the ROOT-CK and ROOT-FL groups,
respectively (Figure 4a,b).

3.3. Isolation and Classification of the Specific Endophytic Root Bacteria and Fungi from
Sugarcane Rhizosphere

To verify the above findings, we performed a culture-omics experiment on sugarcane
samples from the ROOT-FL group. A total of 100 bacterial strains and 50 fungal strains
were isolated, and 14 bacterial strains and 11 fungal strains could be resolved by DNA
barcoding sequencing (16S rRNA 27f/1492r was used for bacteria, and ITS 1/4 was used
for fungi). The sequences of related species downloaded from Genbank (Table 2) were
used to construct phylogenetic trees of fungi and bacteria to identify the isolated strains.
A total of 13 of the 14 bacterial strains clustered with sequences from Genbank (Figure 5a;
Table 3). R1 was not closely clustered with sequences of type species, but instead was most
closely clustered with Rhizobium species (Figure 5a; Table 3). R3, Lx2.2, Rx11, and R2 were
most closely clustered with Bacillus aryabhattai; Rx4 and Lx2.1 were most closely clustered
with Bacillus aerius; Rx12 and Rx18 were most closely clustered with Bacillus safensis; and
Rx1, Rx16, Rx5, Rx13, and R5 were most closely clustered with Ralstonia sp. (Figure 5a;
Table 3). Among fungi, T16 and T13 were most closely clustered with Penicillium ludwigii;
RT8 was most closely clustered with Penicillium raperi; T5 was most closely clustered with
Penicillium refeldin; T24 was most closely clustered with Penicillium sp.; T3 was most closely
clustered with Aspergillus terreus; T19 was most closely clustered with Talaromyces sp.; RT4,
T8, and R3 were most closely clustered with Talaromyces argentin; and T18 was most closely
clustered with Curvularia petersoni (Figure 5b; Table 3). We thus successfully isolated species
from the high-abundant genera Rhizobium and Talaromyces from sugarcane roots.

Table 2. Sequence information (Genbank ID) used in this study.

Bacteria Fungi

Genbank ID Taxon Genbank ID Taxon

NR026067 Rhizobium tropici NR138339 Penicillium ludwigii
NR115466 Rhizobium tropici NR121230 Penicillium raperi
NR118084 Rhizobium tropici NR138263 Penicillium brefeldi
NR113739 Rhizobium tropici NR158825 Penicillium panissan
NR044063 Rhizobium miluonense NR131276 Aspergillus terreus
NR109703 Rhizobium mayense NR077153 Penicillium crustosu
EF061096 Rhizobium miluonense NR135337 Aspergillus glaucus
AY738130 Rhizobium lusitanum NR103665 Talaromyces calidica
NR118139 Rhizobium mesoameric NR147413 Talaromyces flavus
FN908229 Rhizobium mesoamerica NR170732 Talaromyces annesoph
NR117203 Rhizobium nepotum NR172395 Talaromyces coprophi
NR115953 Bacillus aryabhattai NR165525 Talaromyces argentin
NR118439 Bacillus aerius NR138223 Curvularia lunata
NR041794 Bacillus safensis NR158448 Curvularia petersoni
NR113945 Bacillus safensis
NR114126 Ralstonia sp.

Note: 16S rRNA 27f/1492r was used to identify bacteria, and ITS1/4 was used to identify fungi.
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Table 3. Endophytic strains of fungi and bacteria isolated in this study.

Bacteria Fungi

Strain ID Clustering of Specie Strain ID Clustered Species

R1 Rhizobium sp. T16 Penicillium ludwigii
R3

Bacillus aryabhattai

T13
Lx2.2 RT8 Penicillium raperi
Rx11 T5 Penicillium brefeldi

R2 T24 Penicillium sp.
Rx4

Bacillus aerius
T3 Aspergillus terreus

Lx2.1 T19 Talaromyces sp.
Rx12 Bacillus safensis RT4

Talaromyces argentinRx18 T8
Rx1

Ralstonia sp.

R3
Rx16 T18 Curvularia petersoni
Rx5
Rx13

R5

4. Discussion

The development of sustainable systems of tillage with reduced effort and reduced
expenditure is important for agriculture [34,35]. Fenlong (FL) is an advanced tillage
operation newly developed that has been shown to significantly increase the yield of many
crops, including sugarcane, without extra inputs [9,12,13,17]; however, the mechanism
by which FL promotes crop growth has not been far from enough explored to date. We
identified the bacteria and fungi in both soil and roots of sugarcane under FL and CK to
provide insight into how soil and root microbiota mediate the growth-promoting effects
of FL.

Some previous work reported that FL significantly increased sugarcane yield up to
20% [9,12]. Plant height of the sugarcane was the most robust indicator of crop yield in our
data set (Figure 2a,b). Similar increases in yield have been reported in rice [8]. Our results
were basically consistent with these previous studies. In addition, we also found that FL
increased the yield of sugarcane by increasing the efficiency with which soil nutrients could
be utilized by plants (Figure 2). The effects of tillage practices on the chemical properties
of soil as well as crop growth and yields vary [36]. In FL, the soil can be deeply plowed
with minimal disturbance [8]. Thus, FL provides the advantages of deep tillage, including
the stability of tilled soil, which promotes the development of crop roots. There was no
significant difference in the available potassium content of soil in the FL and CK groups.
Potassium is key for the synthesis and translocation of sucrose [37]. This finding suggests
that FL does not affect Brix value of sugarcane. Overall, our findings confirmed the efficacy
of FL for increasing crop yields.

Our microbial metabarcoding survey revealed that FL promoted the activity of en-
dophytic microbes in sugarcane roots. Although FL affected the Sob index slightly in
sugarcane soil and roots, analysis of alpha indices revealed significant differences in the
abundance of specific OTUs in the ROOT-FL group relative to the other three groups
(Figure 3c,d), indicating that the abundance of endophytic bacteria and fungi varied greatly
after FL. In addition, principal components analysis revealed that FL could increase differ-
ences in the abundances of OTUs among root samples (Figure 3d–f). These findings indicate
that FL increases the diversity of the root environment. We supposed FL may enhance
soil-root interaction due to the soil being smashed while the main soil layer that makes the
contact area between the roots and the soil is not disturbed. This may increase intensity
of competition among microbial taxa. Competition between microbial taxa might also
result in the appearance of additional metabolic processes [18], and this might contribute
to explaining the sugarcane yield-promoting effects of FL.

Among the top three most abundant bacterial genera, Rhizobium was particularly note-
worthy because the abundance of this genus varied greatly among all groups (Figure 4c),
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and was most abundant in the FL group (Figure 4a). Rhizobia species are plant growth-
promoting bacteria that provide nitrogen to hosts by binding to plant roots [38]. Rhizobia
populations have been previously studied in the soil and roots of sugarcane [20,39]. We
also isolated a strain (R1) from the roots of sugarcane under FL that was most closely clus-
tered with Rhizobium, and the phylogenetic tree suggested that this isolate might represent
a new species (Figure 5a). Other strains of soil and root bacteria that were isolated or
identified included: Sphingomonas, which is a common genus that has been widely iso-
lated from soil [40]; Paraburkholderia, which plays a role in promoting soil metabolism [41];
Bacillus spp., which produce various compounds that contribute to the biocontrol of plant
pathogens and promote plant growth [42]; and Bacillus aryabhattai, which plays a role in
soil bioremediation [43] (Figure 5a); Ralstonia sp., which has been reported produce volatile
compounds that promote plant growth [44], and that may related to the growth-promoting
properties of FL. Among the top abundant fungal genera detected and isolated strains,
Talaromyces was dominant in both soil and root samples. Talaromyces is known to be able
to carry out phosphate solubilization [45]. The abundance of Talaromyces was higher in
root and soil samples from the FL group (Figure 4d). Thus, Talaromyces might affect PLT
and TW traits; however, this hypothesis requires further testing. Besides, with respect
to the other two fungal top genera and isolated strains (genera of Didymella, Fusarium,
Penicillium, Aspergillus and Curvularia), their relative abundance was low which implies
their association with FL may not significant.

In summary, we revealed differences in the diversity of microbial taxa in the soil and
roots of sugarcane under FL and CK. Our findings provide new insights that could be used
to enhance sugarcane yields. The results of this research will also aid further improvement
and application of FL.
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