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Salt stress account for large decreases in crop yield all over the world. Furrow-bed system 
is an efficient practice to promote plant growth in saline soil. However, the effects of 
Furrow-bed system on the soil environment and the growth of alfalfa (Medicago sativa L.) 
in salinity are not clear. For a wider and more detail evaluation, alfalfa were planted in saline 
sandy loam soil in fall, the effects of two plant systems (FU, furrow-bed seeding system; 
FL, flat-bed seeding system) on soil moisture, root zone salinity, soil microbial community 
structure, seedling emergence number in the early stage of the growth period and soil 
nutrient contents, alfalfa production characteristics in the second growth year were 
determined in a 2-year field experiment. The result showed that, compared with FL, FU 
resulted in increased soil moisture content and seedling emergence, and significantly 
reduced relative abundance of Actinobacteria and Choroflexi in soil, but it did not affect root 
zone salinity at the seedling stage. In April of second growth year, the soil salinity was lower, 
and the soil available phosphorus, potassium, nitrogen, and soil organic matter contents 
of the root zone were higher in FU than in FL. Compared with FL, FU resulted in increased 
yield (by 37.5%), protein content (by 3.6%), and potassium concentration (by 33.2%), and 
decreased ash content (by 7.7%), and sodium concentration (by 19.0%) in alfalfa plants. 
Pearson’s correlation analysis indicated that the increased yield was positively correlated 
with seedling emergence, soil available potassium, total nitrogen, and organic matter 
contents, and shoot potassium content and negatively correlated with shoot sodium content. 
The relative abundance of Actinobacteria was negatively correlated with alfalfa ash, calcium, 
and sodium concentrations, and positively correlated with shoot potassium content. Taken 
together, the results indicate that Furrow-bed seeding in early fall alleviated salt stress of 
alfalfa and have the potential to enhance the yield and quality of alfalfa cultivated in saline 
soils by improving the soil environment and regulating the growth and physiology of alfalfa.
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HIGHLIGHTS

1.  Furrow-bed seeding system increased soil moisture content and alfalfa seedling 
emergence number in the seedling stage.

2. Seeding pattern derived soil microbial community change in seedling stage in saline soil.
3. Furrow-bed seeding system decreased root zone salinity in spring.
4.  Alfalfa shoot Na+ concentration was decreased and yield was enhanced by furrow-bed 

seeding system.

Keywords: Medicago sativa L., furrow-bed seeding, soil bacterial diversity, Na+ concentration, yield, soil moisture

INTRODUCTION

Soil salinization is a growing problem for agriculture worldwide 
(Deinlein et  al., 2014), more than 6% of the world’s total land 
area are salt affected, especially in arid and semiarid regions 
(Munns and Tester, 2008). Gansu, Inner Mongolia, Xinjiang, 
Ningxia, Heilongjiang, and Hebei provinces are the major 
alfalfa-growing areas in China. Although these six provinces 
produce 89.9% of Chinese high-quality alfalfa, they have almost 
two-thirds (65.7%) of the area of saline soil in China (Fan 
et  al., 2001). Soil salinity, limited rainfall in spring, high 
evapotranspiration rates, and poor water management are among 
the main challenges for agricultural production in this area.

Alfalfa is the most important forage crop and extensively 
cultivated in the world, and large alfalfa-growing area are 
known to be  subjected to salt stress (Anower et  al., 2013). 
Although it is classified as moderately salt tolerant (Noble 
et  al., 1984), it has been well documented that salt stress 
inhibits alfalfa shoot growth and increases the shoot sodium 
(Na+) concentration (Sun et al., 2016). Salinity negatively affects 
alfalfa growth when the electrical conductivity of soil is above 

2–3.5 dSm−1, and its effects also vary depending on the stage 
plant growth and development. Alfalfa is very sensitive to salt 
stress during germination (Allen et  al., 1985), at the seedling 
stage (Ashraf et  al., 1987; Esechie et  al., 2002), and at the 
pre-flowering stage (Noble et  al., 1984). The accumulated salt 
in the soil inhibits seed germination, seedling emergence, and 
plant growth and development through osmotic effects, by 
causing nutritional imbalances, or by toxicity of salt ions (Na+ 
and Cl−). This leads to sparse germination, stunted plants, 
and/or reduced crop yield and quality (Latrach et  al., 2014). 
Low soil moisture also negatively affects alfalfa seedling emergence 
and crop establishment. In fact, soil moisture is one of the 
most important factors affecting crop productivity (Liu 
et  al., 2010a).

Planting patterns affect water and salt transport by controlling 
evaporation and distributing rainfall, and they are inexpensive 
and do not pollute the soil. Thus, the use of suitable planting 
patterns is an environmentally friendly way to moderate soil 
salinity (Devkota et  al., 2015). In arid and semiarid areas, the 
soils are highly saline with a low moisture content. Consequently, 
crop productivity in such areas is low, and it cannot meet 
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local food demands. Controlling salinity in the root zone so 
that it is below harmful levels (reducing root zone salinity) 
is one beneficial strategy to improve crop emergence and stand 
establishment in saline fields (Meiri and Plaut, 1985). Previous 
studies have shown that a furrow-bed seeding system (FU) 
can efficiently collect rainfall and leach salt from the root 
zone (Dong et  al., 2009; Sun et  al., 2017a), so it may be  a 
promising planting pattern for agricultural reclamation in 
saline–alkaline areas around the world. Dong et  al. (2010) 
found that over-irrigation before planting in an FU system 
consisting of alternate parallel ridges and furrows on flat land 
after leaching improved stand establishment and yield (Dong 
et al., 2010). This was because salts moved upward by capillary 
action under an evaporation gradient, and accumulated on 
the soil surface after planting (Dong et  al., 2009). The FU 
system results in the unequal distribution of salts in the surface 
soil layers (Meiri and Plaut, 1985). Unequal salt distribution 
under controlled conditions has been shown to affect the 
physiological characteristics of alfalfa and improve its growth 
(Sun et  al., 2016, 2017b; Xiong et  al., 2020). However, it is 
unknown whether the use of an FU system can improve the 
growth and yield of alfalfa and the properties of soil in saline 
soil environments.

The plastic-covered ridge and furrow rainwater harvesting 
system (PRRFHS) is a well-known soil–water conservation practice 
used in crop production (Liu et  al., 2014; Cuello et  al., 2015), 
and it is one of the most efficient technical applications for 
maximizing rainfall use. The PRRFHS can improve soil moisture 
availability in the crop root zone by collecting water from light 
rain, and this can significantly increase crop yield and water-use 
efficiency (Liu et  al., 2014). It also reduces evaporation and 
promotes rainfall infiltration and has been widely used in maize 
and cotton production (Li et al., 2000). However, mulching with 
plastic also has some negative effects, including plastic waste, 
greenhouse gas emissions associated with the production of the 
film (Cuello et  al., 2015), and increased planting costs. To date, 
there have been no studies on the effects of growing alfalfa in 
a ridge-furrow crop system with no mulch and with a narrow 
planting belt under saline conditions.

In the soil microbial community, bacteria are one of the 
richest and most diverse microbial groups, and they play important 
roles in many soil processes. They participate in soil nutrient 
cycling, the decomposition of organic matter and waste, the 
degradation of pesticides and contaminants, and soil aggregation 
and humus formation. In addition, they affect the soil structure 
and the growth and health of plants (Jurburg et  al., 2018). Soil 
microbial populations and community composition are affected 
by a range of edaphic factors, such as soil physicochemical 
properties (Wakelin et  al., 2007) and soil management practices 
(Chen et  al., 2014). Nutrient substrates (Ling et  al., 2017), soil 
pH (Bainard et  al., 2016), moisture (Battin et  al., 2003; Nguyen 
et  al., 2018; Yang et  al., 2019; Chi et  al., 2021), and plant 
community cover (Bainard et  al., 2016) are the main ecological 
drivers of soil bacterial abundance, diversity, and community 
composition. Soil carbon (C) and nitrogen (N) contents strongly 
affect soil bacteria, because they decompose soil organic C and 
N to obtain energy (Yang et al., 2018). For example, Chloroflexi, 

Nitrospirae, and Planctomycetes tend to be abundant in nutrient-
poor soil where they show slow growth rates and use recalcitrant 
C substrates (Nie et  al., 2018). In contrast, Proteobacteria and 
Bacteroidetes favor nutrient-rich conditions and utilize labile C 
materials (Philippot et  al., 2013). In addition, soil salinity is a 
critical factor that influence soil microbial community structure 
and diversity (Guo et  al., 2018; Zhao et  al., 2020; Cheng et  al., 
2021; Li et  al., 2021). A previous study found that soil salinity 
negatively affects the abundance of most bacterial groups, but 
has little effect on bacterial diversity (Gao et  al., 2015). 
Consequently, determining the effects of different planting systems 
on the soil bacterial community can shed light on how such 
planting systems affect plant growth.

Soil ridging with plastic film has been shown to improve 
rainwater utilization and improve alfalfa yield in semiarid areas 
where alfalfa production is largely rainfed (Li et  al., 2007; Gu 
et  al., 2018), However the width of bare soil between planting 
belts is increased from 30 to 60 cm (Li et  al., 2007), the wider 
planting belts cause higher evaporation. Numerous field studies 
have explored the effects of the FU system on soil properties, 
especially soil moisture content, and plant yield. However, few 
have explored the effects of the narrow plant row FU system 
on alfalfa grown in saline soils. In addition, the effects of FU 
on soil bacterial diversity at the seedling stage and the 
relationships among soil microbes, soil properties, crop yield, 
and crop quality need further study. We  hypothesize that FU 
system will decrease soil salinity of root zone and improve 
alfalfa growth in the salinity soil and also have positive impact 
on the soil microbial and soil properties. Therefore, the objectives 
of this study were as follows: (1) to evaluate the effects of 
the FU seeding system with a narrow plant belt on soil properties 
(especially salinity), soil bacterial diversity at the seedling stage, 
and alfalfa yield and quality in the second growth year; and 
(2) investigate the relationships among soil moisture content, 
soil microbes, soil nutrient contents, soil salinity, and the growth 
and physiology of alfalfa plants. Therefore, a 2-year field 
experiment was conducted to explore these topics in detail.

MATERIALS AND METHODS

Experimental Site
A field experiment was conducted in an area with saline sandy 
loam soil in the Hohhot district (111°45′E, 40°36′N) on the 
Tumochuan plain, China, during two consecutive alfalfa-growing 
seasons: 2019 and 2020. The site has a typical continental 
climate with mean annual air temperature of 7.6°C and mean 
annual maximum and minimum air temperatures of 23.3°C 
(July) and −11.0°C (January), respectively. The mean annual 
precipitation is 392.6 mm (average values for 1981–2010), and 
around 74.8% of the precipitation occurs between July and 
September. The potential annual evaporation is about 1757.1 mm. 
Mean annual sunshine exceeds 2829.8 h, and the frost-free 
period is about 137 days (range, 99 to 183 days). The distribution 
of precipitation in 2019 and 2020 is shown in Figure  1.

The properties of the background surface soil (0–15 cm) 
were as follows: 15.9 g kg−1 soil organic matter (SOM), 930 mg kg−1 
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total N, 14 mg kg−1 available phosphorus (P), and 225 mg kg−1 
available potassium (K), with an ECe (electrical conductivity 
of a saturated soil extract) of 15.8 dSm−1 in spring and with 
an ECp (electrical conductivity of pore water) of 1.1dSm−1 in 
early fall. Alfalfa seeds were sown in early August (fall) in 2019.

Experimental Design and Field 
Management
The cold-tolerant alfalfa cultivar M. sativa L. cv. “Zhongcao 
NO.3,” bred by Linqing Yu, Chinese Academy of Agricultural 
Sciences, was selected for this study, as it is widely cultivated 
on the Inner Mongolia plateau in China. The experiment 
comprised two cultivation systems: furrow-bed seeding (FU; 
cultivation with ridges and furrows) and flat-bed seeding (FL; 
conventional flat cultivation without ridges). The experiment 
had a completely randomized block design with four replicates. 
Each plot was 20.0-m long and 3.2-m wide. Alfalfa seeds were 
planted on 8th August 2019 using the drill planting method 
with a hand-pushed vegetable planter. For the FU treatment, 
the width of the ridges and the furrows was 35 and 5 cm, 
respectively, and the ridge height was 15 cm. The furrows were 
leveled as planting belts (Figure  2). The ridge and furrow were 
made using a tiny furrow machine and the ridges were compacted 
using a roller. Alfalfa seeds were drill-sown in the furrows in 
the FU system and then covered with 1 cm soil. All the planting 
rows in both FU and FL systems had a north–south orientation 
with 40-cm spacing between adjacent rows. Weeds were controlled 
manually, with care taken not to destroy the ridge soil crust. 
Alfalfa plants were harvested manually in 2020.

The alfalfa plants in the plots were not irrigated in 2019 
because rainfall was sufficient that year, but were irrigated 

three times at key stages of growth in 2020. Other field 
management was conducted according to local agronomic  
practices.

Data Collection
Data were collected for rainfall, soil temperature, soil salinity, 
soil moisture content, seedling emergence number, soil bacterial 
diversity, soil properties, plant height, plant yield, shoot sodium 
(Na+) concentration, shoot potassium (K+) concentration, shoot 
calcium (Ca2+) concentration, and plant nutritional components.

Rainfall at the experimental site was measured using an 
automatic weather station (WSSTD1, Campbell Scientific, 
Loughborough, United  Kingdom). The number of emerged 
seedlings (number of alfalfa seedlings at the cotyledon stage) 
was counted in five 100-cm-long seed row sections and the 
average number per 100-cm-long seed row in each plot at 4, 
6, and 9 days after sowing (DAS) was calculated. The soil 
moisture content, salinity, and temperature during the seedling 
stage at 4, 6, and 9 DAS were determined by analyzing 10 
surface (0–10 cm) soil samples with a HH2 Moisture Meter 
and a WET-2 sensor (Delta-T Devices Ltd. Cambridge, United   
Kingdom; Kargas et al., 2011). For analyses of the soil bacterial 
community, five surface (0–15 cm) soil samples were collected 
from random positions along the crop row from each plot in 
both systems on 9 DAS. The soil samples from each plot were 
homogenized to form a composite sample and sieved through 
a 2 mm sieve to remove rocks and roots. A subsample was 
immediately stored at −80°C until use in molecular analyses.

For determination of the properties of the soil before the 
experiments started, 10 soil cores were collected from random 
positions in the experimental field. For determination of soil 

FIGURE 1 | Precipitation distribution from 2019 to 2020 and 30-year average (30 a) at the experimental site.
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salinity and the contents of SOM, total N, available P, and available 
K during the experiment, five soil cores were collected from 
random positions along the crop row to a depth of 15 cm from 
both the FU and FL treatment in the spring of 2020 when the 
alfalfa plants had just turned green. The soil samples from each 
plot were homogenized to form a composite sample. Subsamples 
were air-dried, ground, and passed through a 2-mm sieve, then 
used for analyses of soil salinity, SOM, available K, available P, 
and total N. Soil was mixed with water (1:5 soil to water ratio) 
to determine soil salinity. Soil chemical characteristics were tested 
following the method described by Bao (2018).

Plant Characteristics
Plant height was measured five times from 17 October 2019 to 
3 July 2020. At each measurement time, 20 plants were selected 
from each plot and the height was measured and the average 
height of alfalfa were used. In 2020, the yield of the first cut 
of alfalfa was measured. Alfalfa plants were cut in a 1-m long 
part of the row, with three replicates per plot. The average yield 
from plants in 1 m was calculated and used to estimate the yield 
per hectare. The harvested material was dried at 65°C for 48 h 

and then weighed to determine dry matter content. Then, the 
dried samples were ground to pass through 1-mm screen using 
a laboratory knife mill (FW100, Taisite Instruments, Tianjin, 
China) for later analysis. Neutral detergent fiber (NDF; Van Soest 
et  al., 1991) and acid detergent fiber (ADF; Robertson and Van 
Soest, 1981) were measured using an ANKOM fiber analyzer 
(ANKOM2000; Macedon, NY, United  States). Crude ash (ash) 
content was determined by burning samples in a muffle furnace 
at 500°C for 5 h and then weighing the residue. Total nitrogen 
(total N) content was determined by the Kjeldahl procedure 
(Krishnamoorthy et al., 1982); crude protein (CP) was determined 
by multiplying the total N by 6.25. Ions were extracted by shaking 
ground leaf samples in 0.5 M HNO3 in vials for 48 h. Then, the 
diluted extracts were analyzed to determine their Na+, K+, and 
Ca2+ contents using an M410 flame photometer (Sherwood, 
Cambridge, United  Kingdom).

DNA Extraction
DNA was extracted from 0.25-g soil using an E.Z.N.A.®Soil 
DNA Kit (Omega Biotek, Norcross, GA, United States) according 
to the manufacturer’s instructions. The reagents in this kit 

A

B

C D

FIGURE 2 | Schematic diagram of (A) flat-bed seeding (FL) or (B) furrow-bed seeding (FU) systems and the pictures of field experiment in the seedling stage of FL 
(C) or FU (D).
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were designed to isolate DNA from trace amounts of sample, 
and are effective for isolating DNA from most bacteria. Nucleic 
acid-free water was used as the blank. The total DNA was 
eluted in 50-μl elution buffer and stored at −80°C until PCR 
analyses by the LC-Bio Technology Co., Ltd. (Hang Zhou, 
Zhejiang Province, China).

PCR Amplification and 16S rDNA 
Sequencing
The V3–V4 region of the prokaryotic (bacterial and archaeal) 
small-subunit 16S rDNA gene was amplified with slightly 
modified versions of the primers 338F (5′-ACTCCTACGGG 
AGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWT 
CTAAT-3′). The 5′ ends of the primers were tagged with specific 
barcodes for each sample and universal sequencing primers 
(Logue et  al., 2016).

Each PCR amplification reaction mixture contained 25-ng 
template DNA, 12.5-μl PCR premix, 2.5 μl each primer, and 
PCR-grade water to complete the volume to 25 μl. The thermal 
cycling conditions to amplify the prokaryotic 16S fragments 
were as follows: initial denaturation at 98°C for 30 s; 35 cycles 
of denaturation at 98°C for 10 s, annealing at 54°C/52°C for 
30 s, and extension at 72°C for 45 s; and then final extension 
at 72°C for 10 min. The PCR products were confirmed by 2% 
agarose gel electrophoresis. Throughout the DNA extraction 
process, ultrapure water, instead of a sample solution, was 
used to exclude the possibility of false-positive PCR results as 
a negative control. The PCR products were purified using 
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, 
United  States) and quantified by Qubit (Invitrogen, Carlsbad, 
CA, United States). The amplicons were prepared for sequencing 
using a Library Quantification Kit for Illumina (Kapa Biosciences, 
Woburn, MA, United  States), and the size and quantity of the 
amplicon library were assessed using an Agilent 2100 Bioanalyzer 
(Agilent, Palo Alto, CA, United  States). The PhiX Control 
library (v3; Illumina) was combined with the amplicon library 
(expected at 30%). The libraries were sequenced with 300PE 
MiSeq runs. One library was sequenced with both protocols 
using standard Illumina sequencing primers, eliminating the 
need for a third (or fourth) index read. The sequencing data 
were submitted to the NCBI Sequence Read Archive database 
(accession number: PRJNA826619).

Data Analysis
Samples were sequenced on the Illumina MiSeq platform according 
to the manufacturer’s recommendations (LC-Bio). Paired-end 
reads were assigned to samples based on their unique barcode 
and truncated by cutting off the barcode and primer sequences. 
Paired-end reads were merged using FLASH. Quality filtering 
of the raw tags was performed under specific filtering conditions 
to obtain high-quality clean tags according to FastQC (V 0.10.1). 
Chimeric sequences were filtered using Verseach software (v 
2.2.4). Sequences with ≥97% similarity were assigned to each 
representative sequence using the RDP (Ribosomal Database 
Project) classifier. Differences in dominant species among different 
groups were detected and multiple sequence alignments were 

conducted using PyNAST software, which revealed the phylogenetic 
relationships among different operational taxonomic units (OTUs). 
Abundance information for OTUs was normalized using a 
standard sequence number corresponding to the sample with 
the least sequences. Alpha diversity was determined by calculating 
four indices (Chao 1, Shannon’s, Simpson’s, and Observed species) 
using QIIME (V 1.8.0). Differences in beta diversity (species 
complexity) among samples were detected by a principle 
co-ordinates analysis (PCoA) conducted using QIIME (V 1.8.0).

Statistical Analysis
One-way analysis of variance (ANOVA) was used to evaluate 
statistical significance of the effects of the two seeding patterns 
on soil properties, plant properties, relative abundance of 
dominant bacterial phyla, classes, and genera; bacterial 
community richness, diversity indices, and OTUs. T-test were 
conducted to ascertain any significant difference between two 
seeding patterns at the 0.05 probability level. Proc GlM 
procedure was used for analysis of variance. Levene’s test 
were used for homogeneity of variance. All above data analysis 
was performed using SAS version 8.02 (SAS Institute, Cary, 
NC, United States). SigmaPlot was used to generate bar graphs. 
Spearman correlation analysis was performed to detect 
relationships among soil and plant properties and soil fungal 
abundance, diversity, and relative abundance of dominant 
bacteria phyla and classes using the package stats of the 
software R version 3.6.3. Pearson’s correlation analysis was 
performed to detect relationships between alfalfa yield and 
soil and plant properties (n = 4) in two crop systems using 
Systat version 12.0 (Systat Software Inc., Chicago, IL, 
United  States). The relationships between the soil bacterial 
community composition, at both phylum and class level, with 
soil and plant properties were analyzed with redundancy 
analysis (RDA) using the package vegan of the software R 
version 3.6.3.

RESULTS

Soil Moisture Content, Soil Salinity, Soil 
Temperature, and Seedling Emergence
The seeding pattern significantly affected the soil moisture 
content, soil temperature, and number of emerged seedlings, 
but not soil EC (Figure  3). At 4, 6, and 9 DAS, compared 
with the FL system, the FU system increased soil moisture 
content by 12.5%, 10.2%, and 15.6%, respectively; increased 
the number of emerged seedlings by 194.1%, 63.8%, and 75.7%, 
respectively; and decreased the soil temperature by 1.6°C, 1.1°C, 
and 0.3°C, respectively.

Inter-Row and Inner-Row Soil Moisture 
Content During the Vegetative Growth 
Stage
The seeding pattern significantly affected the inter-row soil 
moisture content, but not the inner-row moisture content 
(Figure  4). At 14, 28, and 42 DAS, the inter-row soil moisture 
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content was 35.11% higher, 33.44% higher, and 22.37% higher, 
respectively, than the inner-row soil moisture content in 
FU. However, the inter-row and inner-row soil moisture contents 
were not significantly different in FL. The seeding pattern 
significantly affected the inter-row soil moisture content. At 
2, 4, and 6 weeks after sowing, the soil moisture content in 
FU was 24.38% higher, 56.77% higher, and 44.18% higher, 
respectively, in FU than in FL.

Soil Bacterial Alpha Diversity and Beta 
Diversity Analysis
The seeding pattern had no significant effect on OTU 
richness, species richness (Chao1 index), and diversity 
(Shannon’s index). However, the values of OTU richness, 
Chao1’s, and Shannon’s indices were higher in FU than in 
FL (Table  1).

A PCoA was used to analyze beta diversity, to identify the 
differences in soil bacterial community composition between 
FU and FL (Figure  5). At the OTU level, PCoA analyses 
showed that the FU soil samples clustered together, and were 
distinct from FL soil samples, indicating that their bacterial 
community compositions were dissimilar.

Taxonomic Composition of Soil Bacterial 
Communities
Proteobacteria (relative abundance, 25.97%–32.28%), 
Actinobacteria (22.76%–31.60%), Acidobacteria (16.92%–
18.06%), Gemmatimonadetes (6.54%–8.57%), and Chloroflexi 
(3.77%–5.38%), were the main bacteria phyla (Figures 6A-E). 
Latescibacteria was a minor phylum, with relative abundance 
ranging from 0.021% to 0.028% (Figure  6P). Proteobacteria 
was the dominant bacterial phylum in FU, but Actinobacteria 
was the dominant bacterial phylum in FL. The relative 
abundance of Actinobacteria and Chloroflexi was significantly 
lower in FU than in FL. The relative abundance of other 
bacteria groups showed no significant difference between the 
two seeding patterns (Figure  6).

The main bacterial classes were Actinobacteria (relative 
abundance, 21.78%–29.85%), Alphaproteobacteria (14.07%–
14.34%), Acidobacteria (15.90%–16.73%), Betaproteobacteria 
(4.58%–6.06%), Gemmatimonadetes (4.57%–5.59%), and 
Deltaproteobacteria (4.18%–5.77%; Figures 7A-F). Thermomicrobia 
was a minor class, with relative abundance ranging from 0.63% 
to 1.13% (Figure 7N). Actinobacteria was the dominant bacterial 
class in FU and FL. The relative abundance of Actinobacteria 
and Thermoleophilia was significantly lower in FU than in 
FL, while that of Deltaproteobacteria and Gammaproteobacteria 
was significantly higher in FU than in FL. The relative abundance 
of other bacterial classes did not differ significantly between 
the two seeding patterns (Figure  7).

At the genus level, the relative abundance of unclassified 
Actinobacteria (Actinobacteria-unclassified) and unclassified 
Actinomycetales (Actinomycetales_unclassified) were lower in 
FU soil than in FL soil, while that of unclassified 
Betaproteobacteria (Betaproteobacteria_unclassified) was higher 
in FU than in FL (Supplementary Figure S1).

A

B

C

D

FIGURE 3 | Effects of FU and FL on Soil moisture content (A), soil electrical 
conductivity of pore water (B), soil temperature (C), and number of emerged 
seedlings (D) of alfalfa 4, 6, and 9 days after sowing (DAS). During the 
seedling stage. Solid circles show FU treatment; hollow circles show FL 
treatment. Values are means (n = 4) ± SE. Same lowercase capital letters 
indicate no significant difference between two seeding patterns at p ≤ 0.05.
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Plant Height at Different Growth Stages
The seeding pattern significantly affected alfalfa height in both 
2019 and 2020 (Figure  8). In 2019, plant height was 17.12% 
higher in FU than in FL. In 2020, the plant height at the 
four measurement times was 30.79%, 27.59%, 16.89%, and 
14.82% higher in the FU system than in the FL system.

Soil Properties in April 2020
The soil available K, soil total N, and SOM were significantly 
higher in FU than in FL, while the ECe was lower in FU 
than in FL (Table  2). Soil available K, total N, and SOM were 
18.3%, 23.8%, and 28.8% higher, respectively, in FU than in 
FL. The ECe was 25.7% lower in FU than in FL.

Yield and Nutrient Contents of First-Cut 
Alfalfa in 2020
The seeding pattern significantly affected alfalfa yield, and 
the contents of CP, NDF, ADF, ash, and ions in alfalfa plants 
(Table 3). Compared with FL, FU resulted in increased alfalfa 
yield, CP content, K+ concentration, and Ca2+ concentration 
(by 37.4%, 3.56%, 33.2%, and 17.8%, respectively), and 
decreased contents of ash and Na+ (by 7.71% and 19.01%,  
respectively).

Relationships Between Soil Bacterial 
Communities and Soil and Plant Properties
Spearman correlation analysis indicated that the Observed 
species index was positively correlated with soil available K, 
soil total N, SOM, and soil moisture content (Figure  9). The 
Chao1 species richness index was positively correlated with 

A B

FIGURE 4 | Effects of FU (A) and FL (B) on soil moisture content of ridge/inter-row and furrow/inner-row at 14, 28, and 42 days after sowing (DAS). Solid bars 
show furrow/inner-row soil moisture content; hollow bars show ridge/inter-row soil moisture content. Values are means (n = 4) ± SE. Asterisks above symbols indicate 
significant differences in soil moisture content between inter-row and inner-row at p ≤ 0.05. Same capital letters indicate no significant difference in inter-row soil 
moisture content between two seeding patterns at p ≤ 0.05. Same lowercase capital letters indicate no significant difference in inner-row soil moisture content 
between two seeding patterns at p ≤ 0.05.

TABLE 1 | Number of sequences analyzed and observed bacterial community 
richness and diversity indexes of two seeding patterns obtained for clustering at 
97% similarity levels.

Seeding 
pattern

OTU 
richness

Observed 
species

Shannon Chao 1

FU 6,870 ± 199 6,418 ± 87 11.29 ± 0.07 8,096 ± 115
FL 6,808 ± 29 6,082 ± 126 11.11 ± 0.11 7,681 ± 113

Values are mean (n = 4) ± SE.

FIGURE 5 | Principal co-ordinates analysis (PCoA) at operational taxonomic 
unit (OTU) level. The red triangles represent FU soil samples, and the blue 
circles represent FL soil samples.
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soil available K, soil total N, and SOM, and negatively correlated 
with the shoot Na+ concentration (Figure  9). The relative 
abundance of Actinobacteria was highly correlated with alfalfa 
ash content, shoot Ca2+ concentration, and shoot Na+ 
concentration and negatively correlated with shoot K+ 
concentration. The relative abundance of Chloroflexi was 
positively correlated with the shoot Ca2+ and Na+ concentrations 
and negatively correlated with the soil available P concentration. 
The relative abundance of Deltaproteobacteria was positively 
correlated with soil total N, SOM, and alfalfa CP content. 
The relative abundance of Gammaproteobacteria was positively 
correlated with soil available K, soil total N, SOM, alfalfa CP 
content, and shoot K+ concentration, and negatively correlated 

with shoot Ca2+ and Na+ concentrations. The relative abundance 
of Thermoleophilia was positively correlated with shoot Ca2+ 
concentration and negatively correlated with shoot K+ 
concentration.

Relationships Between Alfalfa Yield and 
Soil and Plant Properties in the Second 
Growth Year
Pearson’s correlation analysis indicated that alfalfa yield was 
positively correlated with the number of emerged seedlings, and 
the contents of soil available K, soil total N, and SOM. In addition, 
alfalfa yield was positively correlated with the shoot K+ concentration 
and negatively correlated with the shoot Na+ concentration (Table 4).

A B C D

E F G H

I J K L

M

Q

N O P

FIGURE 6 | Relative abundance (% of individual taxonomic group) of dominant bacteria phyla (mean ± SE, n = 4) in microbial communities following FU and FL of alfalfa. 
(A-Q) represented different soil bacterial at phylum level. Different lowercase capital letters indicate statistically significant difference among communities at p = 0.05.
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DISCUSSION

Effects of FU on Seedling Emergence and 
Soil Properties at the Seedling Stage
Seedling emergence and establishment are key processes in 
alfalfa production (Kunzova and Hejcman, 2009). In our study, 
FU significantly increased the number of emerged seedlings, 
and this was positively correlated with alfalfa yield (Table  4). 
Soil moisture is one of the main factors affecting seed emergence 
and plant growth and development (Silvente et  al., 2012; Liao 
et  al., 2021). Even a small change in soil water storage can 
affect crop productivity (Liu et al., 2010a,b). The higher seedling 
emergence in the FU system than in the FL system was mainly 
due to the higher soil moisture content in the FU system. 
Ridge-furrow cropping is a well-known soil–water conservation 
practice used in crop production. In our study, the water content 
in the furrow during the seed germination stage was increased 
in the FU system, consistent with the results of previous studies 
(Li et  al., 2007; Zhang et  al., 2011; Zribi et  al., 2015; Liao 
et  al., 2019; Suo et  al., 2019). The higher soil moisture content 
in the furrow was mainly because the soil moisture content 

was higher in the top  15-cm soil layer (the ridge height was 
15 cm) than in the surface soil after the rainy season in early 
fall. It was not due to rainwater harvesting, because there was 
no rainfall during the seedling period in our experiment. In 
our study, the FU system reduced the soil temperature at the 
seedling stage, because the higher soil moisture in the FU 
treatment reduced the thermal conductivity compared with that 
of soil in FL. The lower soil temperature did not inhibit seed 
germination, because alfalfa seeds begin germinating shortly 
after planting, when soil temperatures are above 18°C and 
adequate moisture is present (Summers and Putna, 2008). In 
our study, FU did not significantly affect the soil salinity at 
the seedling stage, probably because alfalfa seeds were planted 
after the rainy season in early fall. At this time, the salt had 
been leached from the soil by rain, so that the salinity levels 
in topsoil were low both in FU and FL.

Effects of FU on Soil Bacterial Diversity
The PCoA plots show that the bacterial community 
composition was significantly different between FU and FL 
(Figure 5), indicating that the FU system affected the bacterial 
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FIGURE 7 | Relative abundance (% of individual taxonomic group) of dominant bacteria classes (mean ± SE, n = 4) in microbial communities following FU and FL. 
(A-O) represented different soil bacterial at class level. Different lowercase capital letters indicate statistically significant difference among communities at p = 0.05.
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abundance and diversity at the seedling stage. As indicated 
by the higher Chao1 value, the FU system increased the 
bacterial richness compared with that in the FL system 
(Table  1). Consistent with this, a previous study found that 
agricultural management influences the soil microbial 
community and composition (Chen et  al., 2014). In the 
present study, the higher bacterial richness in the FU system 
may have resulted from the higher soil moisture content. 
Previous studies have shown that soil moisture strongly 
affects soil bacteria (Bainard et  al., 2016; Nguyen et  al., 
2018) and that higher soil moisture content can favor bacterial 
growth (Nakamura et  al., 2003). Interestingly, neither our 
study nor a previous study (Yang et  al., 2019) detected a 
strong relationship between soil salinity and soil bacterial 
abundance. This might be  because there were only small 

variations in salinity at the seedling stage, since alfalfa seeds 
were sown after the rainy season when much of the salt 
had been leached from the soil.

In the present study, high-throughput sequencing revealed 
that the dominant bacterial phyla in saline soils were 
Proteobacteria, Actinobacteria, Acidobacteria, Gemmatimonadetes, 
and Chloroflexi (Figure  6). These five phyla accounted for an 
average 85.45% and 86.41% of total bacterial sequences in FU 
and FL, respectively. This soil bacterial community composition 
differs from that detected in other agro-ecosystems (Chen et al., 
2014). Among these taxa, Chloroflexi, a representative oligotrophic 
taxa that favors nutrient-poor conditions, was less abundant 
in FU than in FL. In contrast, the relative abundance of 
copiotrophic taxa, including Proteobacteria, was higher in FU 
than in FL. Proteobacteria, especially Betaproteobacteria, are 

FIGURE 8 | Effects of seeding pattern on alfalfa plant height in 2019 and 2020. Values are means (n = 4) ± SE. Different lowercase letters indicate significant 
difference in plant height between FU and FL at each measurement time (p ≤ 0.05).

TABLE 2 | Soil properties (0–15 cm depth) under two seeding pattern treatments in April 2020.

Seeding pattern Ava_P (mg kg−1) Ava_K (mg kg−1) Total N (g kg−1) ECe (dSm−1) SOM (g kg−1)

FU 21.7 ± 0.73a 280.7 ± 8.6a 1.05 ± 0.009a 12.8 ± 0.61b 18.8 ± 0.10a
FL 18.0 ± 3.76a 237.3 ± 5.8b 0.8 ± 0.047b 17.3 ± 1.43a 14.6 ± 0.90b

Values are mean (n = 4) ± SE. ava_P, available P; ava_K, available K; ECe, electrical conductivity of a saturated soil extract; SOM, soil organic matter. Different lowercase letters within 
each column indicate statistically significant differences at p = 0.05.
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copiotrophic and favor nutrient-rich conditions with a high C 
content (Fierer et  al., 2007; Newton and McMahon, 2011; 
Philippot et al., 2013; Wang et al., 2017). Unfortunately, we only 
analyzed the background surface soil, rather than soil samples 
collected from plant rows in the FU and FU treatments during 
the seedling period. Thus, the increased abundance of 
Proteobacteria in FU may be  because of the increased supply 

of nutrient substrates that improved their growth. Bacteroidetes 
are copiotrophic and saprophytic bacteria (Fierer et  al., 2007) 
that live in anaerobic environments (Xu et  al., 2017). In our 
study, the abundance of Bacteroidetes was increased in FU. This 
may have been because of the higher SOM in FU than in 
FL. In addition, increased soil moisture favors the growth of 
Bacteroidetes (Xu et  al., 2017).

TABLE 3 | Alfalfa characteristics under two seeding pattern treatments at the first cut in 2020.

Seeding 
pattern

Yield(DM kg/
hm2)

CP (g kg−1 DM) NDF (g kg−1 
DM)

ADF (g kg−1 
DM)

Ash (g kg−1 
DM)

K+ (g kg−1 DM) Ca2+ (g kg−1 
DM)

Na+ (g kg−1 DM)

FU 7,590 ± 566a 181 ± 1.8a 629 ± 10.9 456 ± 25.4 83.8 ± 2.3b 14.0 ± 0.2a 4.5 ± 0.1a 2.3 ± 0.11b
FL 5,520 ± 405b 174 ± 1.7b 631 ± 26.9 464 ± 21.5 90.8 ± 1.0a 10.5 ± 0.7b 3.8 ± 0.7b 2.8 ± 0.04a

DM, dry matter; CP, crude protein; NDF, Neutral detergent fiber; ADF, acid detergent fiber. Values are mean (n = 4) ± SE. Different lowercase letters within each column indicate 
statistically significant differences at p = 0.05.

FIGURE 9 | Spearman correlation analysis among soil and plant properties and soil fungal abundance, diversity, and relative abundance of dominant bacteria phyla 
and classes. NES, number of emergence seedling; SMC, soil moisture content; ava_K, available K; ava_P, available P. The values presented by colors in the heat 
map correspond to the Spearman correlation coefficient r, which ranged between −1 and 1, where r < 0 indicates a negative correlation (blue), r > 0 indicates a 
positive correlation (red), “*” represents p < 0.05, “**” represents p < 0.01, “***” represents p < 0.001.
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Effects of FU on Soil Properties in the 
Second Year
Compared with FL, FU reduced the soil salinity in plant belts in 
the second growth year spring, consistent with the results of a 
previous study (Dong et  al., 2010). The salinity level was lower in 
furrows in FU than in seeding rows in FL. This is because salinity 
moves upwards along a capillary gradient in the spring when there 
is little rainfall, and accumulates on the surface of the soil ridges. 
A previous study showed that FU can lead to a heterogeneous 
distribution of salts in the plant root zone (Dong et  al., 2010), 
and our previous study showed that alfalfa plants grow better with 
heterogeneous salinity than with uniform salinity in the root zone 
(Sun et  al., 2016). The results of the present study show that FU 
alleviated salt stress in alfalfa in the second growth year.

In this study, the FU system significantly affected the soil 
physico-chemical properties and enhanced the contents of available 
nutrients in soil (Table  2), similar to the results of a previous 
study (Sun et  al., 2017a). Our results showed that soil available 
K, total N, and SOM were significantly correlated with observed 
species and richness (Chao 1) indexes of soil bacterial communities. 
In our study, the observed species and Chao 1 index values 
were higher in FU than in FL. Previous studies have indicated 
that soil moisture content and other physicochemical properties 
affect microbial populations and community composition (Li 
and Sarah, 2003; Nguyen et  al., 2018), which in turn enhances 
the formation and decomposition of organic matter (Nair and 
Ngouajio, 2012; Jing et  al., 2013). In our study, the FU system 
enhanced the SOM, soil total N, and soil available K in the 
second growth year, possibly as a result of changes in soil 
microbial populations and community composition.

Effects of FU on Alfalfa Yield and Quality
The FU system increased alfalfa yield compared with the traditional 
FL system. The yield of alfalfa in the first cut of the second 
growth year was 37.4% higher in FU than in FL. Previous studies 
have also reported that FU systems can improve plant production 
(Li et  al., 2001, 2013). In our study, Pearson’s correlation analyses 
showed that alfalfa yield was positively correlated with seedling 
emergence, soil available K, soil total N, SOM, and shoot K+ 
concentration, and negatively correlated with shoot Na+ 
concentration (Table  4), similarly result were found using RDA 
analysis (Figure  10), indicating that the increased yield was due 
to high emergence during the seedling stage, and greater nutrient 
availability for alfalfa uptake. Pearson’s correlation analyses showed 
that there was no significant relationship between soil ECe and 
yield (Table  4), however, RDA analysis shown soil ECe was 
negatively correlated with alfalfa yield (p < 0.05) (Figure  10C). In 
our experiment soil salinity was lower in FU than in FL, and 
that the alfalfa shoot Na+ concentration was lower in FU than 
in FL, suggesting that FU alleviated salinity and improved alfalfa 
production. Similar results were found in a previous study (Dong 
et  al., 2010). During the whole plant growth period in our study, 
plant height was higher in FU than in FL in the second growth 
year spring, and this is an important yield component for alfalfa.

Notably, FU improved alfalfa quality compared with FL. For 
the first cut of alfalfa, the CP content was higher and NDF, 
ADF, and ash contents in alfalfa plants were lower in FU than 
in FL in the second year. The results of the Spearman correlation 
analyses revealed that the alfalfa CP content was positively 
correlated with soil total N and SOM (Figure  9). Thus, the 
increased alfalfa CP in FU was related to the increased soil total 

TABLE 4 | Pearson correlations coefficients between alfalfa yield and soil and plant properties (n = 4) under two seeding pattern treatments.

Ava_P Ava_K Total N ECe SOM K+ Ca2+ Na+ NES

Yield 0.239 0.974** 0.892* 0.106 0.883* 0.888* −0.689 −0.891* 0.953**

Ava_P, available P; Ava_K, available K; ECe, electrical conductivity of a saturated soil extract; SOM, soil organic matter; NES, number of emergence seedling. 
*p < 0.05, **p < 0.05 (Pearson’s correlation coefficient test).

A B C

FIGURE 10 | Redundancy analysis (RDA) diagram illustrating the relationship between the plant characteristics between soil bacterial community composition at 
phylum-level (A) class-level (B) and soil properties (C) from two seeding patterns.
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N and SOM in the FU system, while the decreased ash content 
in FU was due to higher soil available K, total N, and SOM. Another 
important aspect of the improved alfalfa quality in FU was the 
higher left-stem height, because the CP was lower and NDF, 
ADF, and ash contents were higher at the basal part of stem. 
In our experiment, we  only compared the responses of alfalfa 
to the two seeding pattern at the first and second growth year. 
Response of alfalfa to FU pattern in the other growth year and 
over longer exposure to salinity soil need further study.

In conclusion, compared with FL, FU increased the soil moisture 
content and seedling emergence and altered the soil bacterial 
community during the seedling stage. The FU system also increased 
the available soil nutrient contents and decreased soil salinity at 
the returning green stage in the second growth year. Compared 
with FL, the FU system resulted in significant improvements in 
alfalfa plant height, yield, and quality, and decreased salt injury. 
The improved yield was due to higher soil moisture content, 
higher seedling emergence, higher contents of soil available 
nutrients and SOM, and lower salt content in the plant rows 
in spring of the second growth year. Enhanced K+ and reduced 
Na+ accumulation in shoots may be mechanisms to avoid salinity 
stress. Overall, our results show that specific cultural practices, 
such as FU, with sowing in early fall have immense potential 
for alleviating salt stress and improving alfalfa productivity and 
quality in saline fields. Additionally, FU with sowing in early 
fall with no need for mulching with plastic, it is inexpensive 
and do not pollute the soil. Therefore, FU is the effective way 
of sustaining the alfalfa productivity in saline soil.
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