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Green manure intercropping is an agronomic management practice that

effectively increases soil nutrients in understory and reduces weed

population. However, the influence of different green manures on soil

properties and soil bacterial community in litchi orchards in the tropical

regions of China remains largely unknown. Here, we examined the effect of

intercropping three leguminous green manure crops in litchi orchards of

Hainan Province. No intercropping was used as the control. Different green

manures increased the contents of different soil nutrients. For example,

Desmodium ovalifolium increased the total nitrogen content by 7.93%;

Grona heterocarpos increased the ammonium nitrogen content by 558.85%;

and Stylosanthes guianensis increased the available phosphorus content by

1207.34%. However, intercropping with D. ovalifoliu and S. guianensis reduced

the content of available potassium by 47.29% and 58.48%, respectively. The

intercropping of green manure increased the abundance of several microbial

genera, including Bradyrhizobium, Serratia, and Bacillus, which are known to

facilitate soil nitrogen accumulation, plant growth, and phosphorus dissolution.

Compared with no intercropping, the three intercropping treatments

significantly improved the contents of soil ammonium nitrogen and soil

available phosphorus in the litchi orchard. Therefore, intercropping with

green manure crops in litchi orchards is an effective management measure;

however, the choice of the green manure crop should be based on the soil

conditions of litchi orchards.
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Introduction

Legumes fix atmospheric nitrogen N) and are planted as

green manure crops for improving ecosystem efficiency,

especially in chronically N-deficient cropping systems

(Zahran, 1999; Wang et al., 2022). Intercropping with green

manure crops increases land productivity while decreasing N

supplementation (Xu et al., 2020). Litchi (Litchi chinensis Sonn.)

is a traditional fruit native to South China (Li et al., 2020; Jiang

et al., 2021). Litchi fruit has an appealing colour, a refreshing

flavour, and high nutritive and market value. Orchard

intercropping plays an important role in improving soil

quality and environmental sustainability and reducing

agricultural input (Abdalla et al., 2019). Studies showed that

intercropping with greenmanure can increase soil organic matter

(SOM) and N use efficiency, reduce soil erosion, inhibit weed

growth, and improve soil microbial diversity (Vicente-Vicente

et al., 2016; Vukicevich et al., 2016).

Soil microorganisms stabilize the rhizosphere structure,

directly regulate the nutrients acquisition ability of plants and

the nutrient cycle in the soil, and are a key component of the soil

ecosystem (Bunemann et al., 2018; Zhao et al., 2022). Studying

the abundance of different functionally diverse soil microbial

populations is an effective means to understanding the effect of

intercropping on soil properties. For example, legume

intercropping increases the availability various forms of

nitrogen, which can be assessed by analyzing the abundance

of relevant microorganisms (Abdalla et al., 2019).

Most of the studies conducted to date on intercropping have

focused on crop yield and soil properties (Ma et al., 2017; Maitra

et al., 2021). Previous studies showed that green manure

intercropping in orchards significantly improved soil nutrients

and bacteria. However, intercropping green manure in litchi

orchards was rarely reported in tropical, and more excellent

green manure varieties were needed. In this study, intercropping

three legumes (D. ovalifolium, G. heterocarpos, or S. guianensis)

in the litchi orchard, and elucidate effect of intercropping on soil

properties and soil bacterial community. The purpose was to

select leguminous green manure suitable for intercropping in

young litchi orchards, and provide scientific theoretical guidance

for future research.

Materials and methods

Plant species

This research planted litchi trees in 2019 with a plant-to-

plant spacing of 4 m × 5 m. The variety was “Feizixiao”. The

following legumes were used for intercropping: Desmodium

ovalifolium Reyan variety No. 16 introduced from Australia in

1998 b y the Chinese Academy of Tropical Agricultural Sciences

(CATA), Stylosanthes guianensis Reyan variety No.

18 introduced from the Center of International Agriculture

Tropical (CIAT) in 1996 by the CATA, and Grona

heterocarpos from the CATA. Green manure crops were

planted at a distance of 1.5 m from the base of the litchi stem

in April 2021, at a density of nine seedlings per square meter.

Field site description and soil material
collection

The layout of the field was shown in Figure 1. This study was

conducted at the litchi demonstration orchard station of CATA

in Danzhou, Hainan Province, China (109°57′E, 19°53′N). This
region is characterized by a tropical monsoon climate, with a

yearly sunlight period of 1,781°h, annual average rainfall of

1,823 mm, and yearly average temperature of 23.7°C. At the

study site, the maximum and lowest temperatures are 38°C and

7°C, respectively. The location is frost-free throughout the year,

and the soil type is red loam. Four treatments were conducted:

three intercropping treatments, each with a different green

manure crop (D. ovalifolium, G. heterocarpos, or S.

guianensis), and one no-intercropping treatment (grower

standard; control). All legumes planted in early 2021 and pre-

weeded. There was a total of 12 experimental plots, with each

treatment performed in triplicate. The details of soil nutrients are

summarized in Table 1.

In December 2021, soil samples with a depth of 0–20 cmwere

collected from three plots of each treatment after the removal of

impurities on the surface. Soil samples were collected at five

random points in each plot and mixed. Subsequently, 12 soil

samples were pulverised and passed through a 1 mm mesh. Each

FIGURE 1
The layout of the sample plots for orchard and greenmanure.
CK: litchi orchard with no intercropping; DO: litchi orchard
intercropped with Desmodium ovalifolium; GH: litchi orchard
intercropped with Grona heterocarpos; SG: litchi orchard
intercropped with Stylosanthes guianensis.
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of these samples was divided into two portions: one portion was

air-dried to determine the soil chemical characteristics; another

portion was frozen at −80°C for 16 S rRNA gene analysis.

Soil nutrient contents

Dichromate oxidation was used to determine the SOM

content (Gao et al., 2021; Wang T. et al., 2022), and total N

was determined using the semi-micro Kjeldahl digestion method

(Kachurina et al., 2000). After extraction with 2 mol L−1 KCl (1:

10, w/v), the concentrations of soil ammonium nitrogen (NH4
+-

N) and nitrate nitrogen (NO3
−-N) were determined by UV

spectrophotometry (Bao, 1999). Soil available potassium (AK)

and available phosphorous (AP) were measured using the

NH4OAc
−

flame photometer method and NaHCO3
−

molybdenum antimony colorimetric method (Bao, 1999),

respectively. Soil moisture content and soil pH were measured

using the ZD-1608 soil moisture meter and ZD-18 pHmeter (ZD

INSTRUMENT, Taizhou, China), respectively.

Soil DNA extraction

DNA extraction from soil samples for 16s RNA sequencing

to analyze soil bacteral communities. Briefly, total genomic DNA

was extracted from soil samples using the cetyl trimethyl

ammonium bromide (CTAB) method. Then, monitor the

DNA concentration and purity on 1% agarose gels. The V3-

V4 region of the 16 S ribosomal RNA (rRNA) genes were

amplified using the 341 F (5′-CCTAYGGGRBGCASCAG-3′)
and 806R (5′-GGACTCNNGGGTATCAAT-3′) primers with

the barcode. The PCR amplification products were

electrophoresed on a 2.0% agarose gel after being mixed with

an equal volume of 1X TAE buffer. Then, QiagenGel Extraction

Kit (Qiagen, Germany) was used to purify PCR products, and

used to construct the 16 S rDNA library.

Statistical analysis

PCR products were sequenced utilizing Illumina’s paired-end

sequencing technology (Wekemo Tech Group Corp. Shenzhen,

China). Briefly, FASTQ files containing raw data were converted

to a QIIME2 compatible format by the qiime tool and process

each sample. The amplicon sequence variant (ASV) feature table

and taxonomy table were then generated in reverse using the

QIIME2 plugin, and any contaminating mitochondrial and

chloroplast DNA sequences (Callahan et al., 2016; Bokulich

et al., 2018).

SPSS (v. 26) statistical software was used to conduct an

analysis of variance on the relative abundances of different

bacterial genera and soil properties, and significant level was

set at p < .05. Linear discriminant analysis Effect Size (LEfSe),

Kruskal Wallis test, and Analysis of variance (ANOVA) were

employed to identify bacterial genera showed differences in

abundance among samples and treatments (Segata et al., 2011;

Love et al., 2014; Mandal et al., 2015). The default score screening

value for Linear Discriminant Analysis effect size is LDA >4.
Alpha diversity, including the Shannon index, Chao1 index,

Faith’s phylogenetics diversity index, and Observed OTUs was

calculated using the QIIME2 software based on the obtained

ASV. Redundancy analysis (RDA) was computed with R software

(vegan package).

Results

Soil nutrient contents

Table 2 showed the contents of soil nutrients in different

treatments. Intercropping with S. guianensis, D. ovalifolium, and

G. heterocarpos in the litchi orchard seemed to have no

significant effect on soil NO3
−-N as well as pH. The SOM

content of S. guianensis, D. ovalifolium, and G. heterocarpos

intercropping treatments was 16.55%, 22.30%, and 10.79% lower

than that of the no-intercropping (control) treatment,

respectively (p < .05). Compared to the other treatments, the

D. ovalifolium treatment significantly more TN content (p < .05).

The G. heterocarpos treatment significantly more NH4
+-N

content than the other treatments and was 558.85% higher

than the control (p < .05). The S. guianensis treatment

significantly more available phosphorous (AP) content than

the other treatments, and 1,207.34% more than the control

(p < .05). The no-intercropping and G. heterocarpos

treatments had significantly higher AK contents than the

other treatments (p < .05). The D. ovalifolium treatment

increased soil water content by 11.73% compared to the

TABLE 1 Details of soil properties at the study site.

Organic
matter (g/kg)

Total
nitrogen
(g/kg)

Ammonium
nitrogen (mg/kg)

Nitrate nitrogen
(mg/kg)

Available
phosphorus
(mg/kg)

Available
potassium
(mg/kg)

pH

9.4 ± 2.1 .56 ± .06 6.50 ± 1.76 8.92 ± 1.28 17.64 ± 5.48 69.08 ± 4.68 5.35 ±
.40
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control (p < .05). The S. guianensis treatment increased

aboveground biomass compared to the other

treatments (p < .05).

Soil bacterial diversity and richness

A total of 9,544 Operational taxonomic units (OTUs) were

obtained from all samples. Venn diagram showed that the D.

ovalifolium treatment contained the highest number of bacterial

OTUs (3,765), followed by the no-intercropping (3,623), G.

heterocarpos (3,427), and S. guianensis treatments (3,067). A

total of 699 OTUs were common to all treatments, and 1,978,

1,794, 1,827, and 1,475 OTUs were exclusive to the no-

intercropping, S. guianensis, D. ovalifolium, and G.

heterocarpos treatments, respectively (Figure 2).

Shannon and Simpson indices showed that soil bacterial

diversity was significantly lower in the S. guianensis treatment

than in the no-intercropping control (p > .05) (Figure 3). This

result was confirmed by the Chao1 richness estimator and

Observed OTUs index (Figure 3). On the other hand, D.

ovalifolium and G. heterocarpos had no significant influence

on bacterial richness compared with the no-intercropping

control (Figure 3).

Soil bacterial community

Bacterial community composition in the no-intercropping

and green manure treatments was compared at different

classification levels (phylum, class, and genus). At the phylum

level, Acidobacteriota, Chloroflexi, Proteobacteria, and

Firmicutes were the four most abundant soil bacteria across

all four treatments that were Acidobacteriota, Chloroflexi and

Proteobacteria than 1%. The relative abundance of subdominant

soil bacterial phylum level (Actinobacteriota, Crenarchaeota,

Bacteroidota, Verrucomicrobiota, GAL15, Myxococcota) was

greater than 1% in the four treatments. Acidobacteriota

(relative abundance = 32.22–41.38%) was the most abundant

phylum in four treatments, followed by Chloroflexi (relative

abundance = 18.05% and 19.83% in D. ovalifolium and G.

heterocarpos treatments, respectively), and Proteobacteria

(relative abundance = 19.08% and 17.84% in no-intercropping

and D. ovalifolium treatments, respectively). Except

Acidobacteriota, Chloroflexi, and Firmicutes, the bacterial

phyla did not differ significantly between treatments; the

relative abundance of Acidobacteriota was lowest in the S.

TABLE 2 Chemical properties and nutrient contents of soil in litchi orchard grown without intercropping or with Stylosanthes guianensis, Desmodium
ovalifolium, and Grona heterocarpos intercropping.

Soil properties No-intercropping Desmodium ovalifolium Grona heterocarpos Stylosanthes guianensis

Organic matter (g/kg) 13.9 ± 1.1a 10.8 ± 0.4c 12.4 ± 0.5 ab 11.6 ± 0.9bc

Total nitrogen (g/kg) .63 ± .06 b .68 ± .01a .65 ± .06 b .65 ± .06 b

Ammonium nitrogen (mg/kg) 2.09 ± .51c 5.89 ± .79 b 13.77 ± .14a 4.89 ± 1.67 b

Nitrate nitrogen (mg/kg) 6.76 ± .65a 6.69 ± .96a 6.89 ± 0.6a 6.27 ± .84a

Available phosphorus (mg/kg) 4.36 ± 1.11 d 28.76 ± .89 b 6.94 ± .19c 57.00 ± 1.61a

Available potassium (mg/kg) 86.53 ± 1.23a 45.61 ± 1.52 b 89.33 ± 4.04a 35.93 ± 1.96c

pH 5.87 ± .11a 5.70 ± .10a 5.80 ± .31a 5.71 ± .23a

Water content (%) 48.6 ± 0.1 b 54.3 ± 0.6a 49.4 ± 0.4 ab 51.2 ± 0.3 ab

Aboveground biomass (t/hm2) 23.75 ± .43c 29.46 ± .11 b 22.90 ± .93c 32.46 ± 1.24a

Different lowercase letters indicate significant differences among treatments (p < .05).

FIGURE 2
Number of observed taxonomic units (OTUs) in the soil. (A)
litchi orchard with no intercropping; (B) litchi orchard
intercropped with Desmodium ovalifolium; (C) litchi orchard
intercropped with Grona heterocarpos; (D) litchi orchard
intercropped with Stylosanthes guianensis.
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guianensis treatment (32.22%), compared to the other three

treatments (relative abundance = 41.39%, 40.16%, and 40.26%

in D. ovalifolium, G. heterocarpos treatments, and no-

intercropping, respectively), while that of Chloroflexi (relative

abundance = 18.05%, 19.83%, 11.86% and 16.57% in D.

ovalifolium, G. heterocarpos, S. guianensis treatments, and no-

intercropping, respectively) inD. ovalifolium andG. heterocarpos

treatments and of Firmicutes (relative abundance = .82%, .61%,

.66% and 16.61% in D. ovalifolium, G. heterocarpos, S. guianensis

treatments, and no-intercropping, respectively) were more

abundant in the S. guianensis treatment than that in the

remaining treatments (Figure 4A).

At the class level, Acidobacteriae, AD3, Ktedonobacteria,

Alphaproteobacteria, and Gammaproteobacteria were

frequently found in four treatments, with relative abundance

exceeding 1% (Figure 4B). Verrucomicrobiae, Bacteroidia,

GAL15, Clostridia, and Actinobacteria were the top four

subdominant bacterial classes. The top four soil bacterial

classes in the four treatments were Acidobacteriae (31.26%–

39.90%), AD3 (4.32%–9.32%), Ktedonobacteria (6.23%–

9.80%), and Alphaproteobacteria (6.69%–11.23%), and the

relative abundance of each of these classes in the S. guianensis

treatment was decreased compared to other treatments. The

relative abundance of Clostridia (.03%–9.08%) was decreased

in D. ovalifolium and G. heterocarpos treatments than in the S.

guianensis treatment.

Among the fifty most abundant bacterial genera, AD3

(5.57%–12.86%), Acidobacterium (2.08%–4.79%), and

Bryobacter (2.47%–4.47%) were the most abundant

(Figure 4C). Nitrospira, Acidothermus, Acidibacter,

Occallatibacter, and Sphingomonas were also found at

similarly high abundance in the no-intercropping, D.

ovalifolium, and G. heterocarpos treatments. Bathyarchaeia,

Candidatus Koribacter, Bacillus, Serratia, and Faecalibacterium

showed similar abundance in the S. guianensis treatment.

Species diversity among treatments

The results of LEfSe revealed significant differences in the

abundance of 20 bacterial species among all treatments. The

most characteristic microorganisms were found in S.

guianensis treatments, but the least in no intercropping

(Figure 5). Different bacterial species showed dominance in

different intercropping treatments: Acidobacterium in the D.

ovalifolium treatment, AD3 in the G. heterocarpos treatment,

and Serratia, Christensenellaceae, Atopobium, and

Faecalibacterium in the S. guianensis treatment.

To clarify the differences in species abundance among

treatments at the genus level, the top 15 genera significant

differences were displayed. (Figure 6). Compared with the no-

intercropping control, green manure reduced the relative

FIGURE 3
Soil bacterial diversity and richness in litchi orchards intercropped with Desmodium ovalifolium, Grona heterocarpos, and Stylosanthes
guianensis. Different lowercase letters in the figure indicate significant differences between treatments (p < 0.05). (A): Simpson index; (B): Shannon
index; (C): Chao1 index; (D): Observed OTUs index.
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abundance of Acidothermus by 15.13%–52.87% (p < .05); D.

ovalifolium and G. heterocarpos increased the relative

abundance of Bradyrhizobium (p < .05); D. ovalifolium

increased the relative abundance of Acidobacterium,

Bathyarchaeia, and Acidipila by 142.9%, 468.4%, and

172.4%, respectively (p < .05); G. heterocarpos increased the

relative abundance of AD3 by 135.2% (p < .05); S. guianensis

increased the relative abundance of Bacillus, Serratia,

Faecalibacterium, Atopobium, and Christensenellaceae (p <
.05), and reduced the relative abundance of AD3,

Acidobacterium, Nitrospira, Acidothermus, Acidibacter,

Haliangium, Acidipila, and Steroidobacter (p < .05).

Correlation between soil bacterial
communities and soil properties

Redundancy analysis (RDA) was conducted to study a

correlation between soil bacterial communities and properties

(Figure 7). RDA of the phylum’s ten most abundant species at the

phylum showed that the first and second axes individually

explained 51.98% and 41.15% of the variance, respectively.

Similarly, at the genus level, the first and second axes

explained 49.46% and 33.35% of the variance, respectively.

The AP vector pointed toward Actinobacteriota and

Firmicutes, and the soil water content (SWC) vector pointed

FIGURE 4
Soil bacterial community composition in different treatments at the phylum level. (A) Top 10 relatively abundant bacterial of the treatments at
the class level (B) Top fifty relatively abundant bacterial of the treatments at the genus level (C). (A) litchi orchard with no intercropping; (B) litchi
orchard intercropped with Desmodium ovalifolium; (C) litchi orchard intercropped with Grona heterocarpos; (D) litchi orchard intercropped with
Stylosanthes guianensis.
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toward Verrucomicrobiota, Bacteroidota, and Proteobacteria,

indicating that the correlation between AP content as well as

Actinobacteriota and Firmicutes was positive, and positive

correlations were found between the SWC content as well as

Verrucomicrobiota, Bacteroidota, and Proteobacteria.

Gemmatimonadota and Myxococcota were positively

correlated with the soil total nitrogen and SOM content. The

NO3
−-N and NH4

+-N contents were positively correlated with

Acidobacteriota and Chloroflexi. At the genus level, the

dominating genera, AD3, Acidothermus, Acidobacterium,

Occallatibacter, Bradyrhizobium, Acidibacter, GAL15,

Candidatus_Solibacter, and Sphingomonas, were negatively

correlated with AP and SWC but positively correlated with

NO3
−-N and AK. In addition, Serratia, Christensenellaceae,

Faecalibacterium, Candidatus_Udaeobacter, and Candidatus_

Koribacter were negatively correlated with NO3
−-N and AK

FIGURE 5
Linear discriminant analysis (LDA) score distribution histogram. (A) litchi orchard with no intercropping; (B) litchi orchard intercropped with
Desmodium ovalifolium; (C) litchi orchard intercropped with Grona heterocarpos; (D) litchi orchard intercropped with Stylosanthes guianensis.

FIGURE 6
Bacterial genera with high relative abundance and significance. Different uppercase letters above bars within the same genus indicate
significant differences among treatments (p < .05). (A) litchi orchard with no intercropping; (B) litchi orchard intercropped with Desmodium
ovalifolium; (C) litchi orchard intercropped with Grona heterocarpos; (D) litchi orchard intercropped with Stylosanthes guianensis.

Frontiers in Environmental Science frontiersin.org07

Yuan et al. 10.3389/fenvs.2022.1059800

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1059800


but positively correlated with AP and SWC. Haliangium and

Nitrospira were negatively correlated with AP and NH4
+-N but

positively correlated with TN and SOM, whereas Bacillus showed

the opposite trend.

Discussion

In this study, high-throughput sequencing was used to reveal

the effects of three green manure crops (D. ovalifolium, G.

heterocarpos, and S. guianensis) on soil microbial community

diversity and composition in litchi orchards grown in the tropical

monsoon climate of Hainan, China. The results showed that

three legumes were planted with altered soil nutrients and

bacterial diversity. Among them, it can be known from the

OTUs statistics that each treatment has many unique OTUs.

Bacterial phyla Acidobacteriota, Chloroflexi, Proteobacteria, and

Firmicutes showed higher abundance in all soil treatments.

Effect of intercropping on soil nutrient
contents

The input-output balance is a determinant of the soil nutrient

content (Christodoulou et al., 2019). Long-term growth of green

manure crops improves SOM in Mediterranean region

(Castellano-Hinojosa and Strauss, 2020; Repullo-Ruiberriz de

Torres et al., 2021). Hu et al. (2022) and Haruna (2019) also

reported similar results in the tropics and subtropics. The above

studies showed that long-term cultivation of green manure can

significantly improve SOM, but this study did not significantly

improve the SOM. In the no intercropping treatment, various

species of weeds could continuously produce litter on the soil

surface, which contributes SOM to the soil. Before the green

manure was planted, we clear the weeds on the soil surface, and

the green manure has no litter before the mature period. This

may be one of the reasons. Legumes are well-known for their

ability to establish symbiotic associations with N-fixing rhizobia,

contributing to the soil N budget via biological N fixation. Studies

have shown that legumes increase soil TN and total carbon (TC)

contents and decrease the carbon to nitrogen ratio (Leite et al.,

2021). In the present study, the TN content was significantly

increased after intercropping of D. ovalifolium, thus showed that

short-term green manure application can increase the contents of

some soil nutrients and change the soil carbon to nitrogen ratio.

The balance between N input and root N uptake forms soil

available N. The NH4
+-N content was significantly increased

after intercropping of the three green manure crops, consistent

with a previous study (Zhong et al., 2018). This may be related to

nitrogen fixation by leguminous rhizobia. In this study, the three

intercropping treatments can provide available nitrogen beyond

their own growth needs, and all of them have improvement in

soil nitrogen content. In South China, among the macronutrients

essential for plant growth, p is the most limiting element, owing

to its immobilization by high levels of aluminum (Al) and iron

(Fe) (Zhang R. Z. et al., 2020). In this study, the three green

manure crops had different effects on the soil available

phosphorus (AP) content. A previous study showed that S.

guianensis promotes soil phosphatase activity, which may be

the higher soil available phosphorus content was enhanced by

intercropping (Zhou et al., 2019). Moreover, the promotion of p

release by legumes may be related to the secretion of organic

FIGURE 7
Redundancy analysis (RDA) of soil bacteria at the phylum and genus levels. Results of the RDA of bacteria at the phylum (A) and genus (B) levels.
SWC, soil water content; TN, soil total nitrogen content; NH4

+-N, ammonium nitrogen content; NO3
−-N, nitrate nitrogen content; AP, available

phosphorus content; AK, available potassium content; SOM, soil organic matter content.
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acids from roots. This may explain the increase in soil AP content

observed in the current study. In previous studies, intercropping

plants improved phosphorus use efficiency under low soil

phosphorus stress (Wang et al., 2017; Zhu et al., 2023). In this

experiment, phosphorus was the main limiting factor in soil

nutrients, and intercropping increased soil available phosphorus

content, which may be method to improve soil phosphorus use

efficiency. During the growth period, green manure crops and

fruit trees absorb potassium, thus decreasing the soil available

potassium content. In the present study, intercropping with D.

ovalifoliu and S. guianensis significantly reduced the soil available

potassium content, possibly due to the greater demand for

potassium than G. heterocarpos, similar to the results of Ding

et al. (2021). However, no-intercropping showed opposite results,

which may be related to different planting methods and growth

stages.

In previous studies, the cultivation of green manure was an

effective method to improve soil surface water content in orchard

(Wang et al., 2022). In the present study, the soil water content

was not significant affected by G. heterocarpos and S. guianensis,

while D. ovalifolium significantly increased the soil water

content. This phenomenon may be attributed to the

morphology and biology differences of the three plants. For

example, G. heterocarpos and S. guianensis plants have erect

stems, whereas D. ovalifolium plants produce a great many of

branches and stolons from the base of the stem, which are more

conducive to minimizing soil water loss through evaporation.

Green manure aboveground biomass is an important factor to

consider when evaluating alternative chemical fertilizers. In the

current study, the aboveground biomass ofG. heterocarpos and S.

guianensis were greater than those of the other treatments,

indicating that they were better adapted to the low-

phosphorus orchard environment than the other treatments.

By contrast, G. heterocarpos and S. guianensis may be good

choices for lychee orchard intercropping.

Effect of intercropping on soil microbiota
diversity

Bacteria play highly diverse roles in nature, ranging from

pathogenicity to plant growth promotion. Plant species alter soil

bacterial communities (Wu et al., 2021; Ablimit et al., 2022). In

our study, unlike D. ovalifolium and G. heterocarpos, S.

guianensis significantly decreased soil bacterial diversity in

litchi orchards. This may be related to the more significant

influence of S. guianensis on soil bacteria than other

treatments. Some studies have shown that S. guianensis affect

soil bacteria function, which may be related to root exudates and

soil chemical property (Zhou et al., 2019). Intercropping S.

guianensis affects soil bacteria and needs further observation.

Most previous studies showed that legume intercropping

significantly increases bacterial community diversity

(Castellano-Hinojosa and Strauss, 2020; Ding et al., 2021; Zhu

et al., 2022). These previous results from long-term trials of

orchard intercropping are inconsistent with our findings. These

studies are different from ours and may be related to different

planted regions and plant species, and may also be related to the

period of planted. Zhong et al. (2018) studied 20-year-old

legume–persimmons intercropping systems, and found that

legumes decreased diversity but did not affect microbial

richness. These studies suggest that the duration of legume

cover may affect soil bacterial community diversity. Our study

was in the tropics; warmer temperatures, more rainfall, and

vigorous plant growth may affect soil bacterial communities.

Changes in soil bacterial diversity in long-term legume green

manure cultivation may require further observations.

Effect of soil bacterial communities

Plants can affect bacterial communities and function through

many aspects, such as root exudates, soil nutrients, soil

temperature, and soil moisture (Wang X. et al., 2021). At the

phylum level, the relative abundance of Firmicutes increased

more than others. Firmicutes are one of the most common

among the different bacterial clades found in soil. Multiple

genera within the phylum Firmicutes are associated with

properties related to plant growth promotion, biocontrol, and

bioremediation (Chauhan et al., 2017; Naureen et al., 2017). S.

guianensis significantly increased the relative abundance of

Firmicutes, which has been shown to promote plant growth

and inhibit soil pathogens, which may be one of the reasons for

the significant increase in soil available phosphorus (Hashmi

et al., 2020; Wu et al., 2020). The above discussion results showed

that intercropping S. guianensis may be way to improve plant

growth and soil phosphorus content, but to consider that it

reduces soil bacterial diversity, which requires further

observation.

In the no intercropping treatment, significantly increased the

abundance of Acidothermus. Acidothermus promotes the

breakdown of cellulose and facilitates soil C cycling (Nie

et al., 2021), which may be responsible for the increase in

SOM content in the no-intercropping control.

Bradyrhizobium, a beneficial bacterial genus, promotes

nodulation, plant growth, and N fixation in legumes (Favero

et al., 2022). Intercropping with D. ovalifolium and G.

heterocarpos significantly increased the abundance of

Bradyrhizobium, which promotes N accumulation in the soil.

Bacillus can dissolve insoluble phosphates and produced

phytohormones and antifungal compounds in the soil, while

being able to promote plant growth. (Omeiri et al., 2022; James

et al., 2023). Serratia exhibits significant plant-beneficial

potential in dissolving inorganic phosphates (Shahid et al.,

2019). Intercropping with S. guianensis significantly increased

the abundance of Bacillus and Serratia, which may boost plant
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growth by enhancing nutrient acquisition. Taking the above

results into consideration, intercropping with different plant

species has different effects on soil nutrient contents and

microbial communities, consistent with previous findings

(Wang et al., 2022). The intercropping of the three legumes

can improve some soil nutrients and the abundance of beneficial

bacterial communities, but the selection of orchards may need to

consider the actual soil conditions.

Interactions between green manure, soil
nutrients and soil bacteria

In previous studies, soil N and pH were reported as the most

important factors affecting plant growth and soil microbiota

(Zhang J. et al., 2020; Ding et al., 2021). In this experiment, the

content of soil available phosphorus was very low, and became a

key factor affected plant growth. AP showed a negative

correlation with Acidobacteria, which is an indicator of

nutrient-poor soil environment (Kim et al., 2021). This

showed that soil nutrients and soil bacteria have mutual

influence. AP showed a strong positive correlation with

Serratia, Christensenellaceae, Faecalibacterium, and Bacillus.

The relative abundance of these bacteria was higher in the

intercropping S. guianensis treatment, which may be one of

the reasons for the increase of soil available phosphorus

(Shahid et al., 2019). In addition, TN, and soil water content

positively correlated with Candidatus_Solibacter, Nitrospira, and

Haliangium. The relative abundance of these bacteria was higher

in the intercropped D. ovalifolium treatments, which may be the

result of soil environment and nutrient interactions. Overall, it

appeared that soil bacterial communities were sensitive to

variations in plant and environmental factors. The effects of

different intercropping treatments on the bacterial community

were different, which may be related to the root exudates,

morphology and biology of the plants. The specific

influencing factors in this experiment need our further study.

Intercropping green manures is a way to sustainably develop

agriculture. In this experiment, Different treatments had

different effects on soil nutrient and bacterial abundance. For

example, D. ovalifolium and G. heterocarpos increased the

abundance of N-fixing bacteria such as Bradyrhizobium,

which enhance soil N accumulation and plant growth, while

S. guianensis increased the abundance of multiple beneficial

bacteria such as Serratia and Bacillus, which increased soil

phosphorus content. Short-term intercropping of all three

legumes reduced bacterial diversity, which requires further

observation. From the results, Intercropping D. ovalifolium

and S. guianensis treatments improved soil nitrogen and

phosphorus content in litchi orchards and increased the

abundance of beneficial soil bacteria. Intercropping D.

ovalifolium and S. guianensis may be a choice for

intercropping in litchi orchards, but long-term observation is

required.
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