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Introduction: Longan is a perennial crop and profitable export fruit well-suited to

the Mekong Delta's climate and soils. Although soil deterioration in longan

orchards has been studied, little research has addressed soil bacterial

communities and their role in soil health. This study investigated the structure

of soil bacterial communities and their associations with soil physicochemical

properties in longan orchards.

Methods: Soil samples were collected from longan orchards cultivated for 15

(N15), 20 (N20) and 30 years (N30) in Vinh Long Province, Vietnam. High-

throughput sequencing of 16S rRNA amplicons was employed to assess

bacterial diversity and community composition, followed by correlation

analyses with soil properties.

Results and Discussion: The dominant bacterial phyla identified across sites

included Acidobacteria, Proteobacteria, Chloroflexi, Actinobacteria, and

Bacteriodota. Bacterial abundance in these soils was positively correlated with

sand, pH, NO3
- and phosphate solubilizing microorganisms, and negatively

correlated with moisture, silt, clay, NH4
+, exchangeable potassium and

available manganese. Longan orchard soils from all three time periods (N15,

N20, N30) had more microbial species in common, than in unique ways.

However, time under cultivation was an important factor, with species diversity

decreasing with age. The youngest orchards (N15) exhibited the highest number

of soil bacterial diversity, followed by decreasing diversity as the orchards aged

(N20) and lowest at 30 years (N30). Soil properties exhibited complex and
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interlinked relationships with soil bacterial phyla. Overall, long-term cultivation of

longan orchard soil negatively impacted microbial diversity, potentially altering

key properties of soil, hence underscoring the necessity for sustainable soil

management to preserve soil health and production.
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Highlights
• Long-term cultivation of longan reduces soil health.

• Acidobacteria , Proteobacteria , Chloroflexi , and

Actinobacteria were dominant in longan soils.

• Long-term longan cultivation soil decreased the richness

and abundance of the soil bacterial community.

• Sand, pH, and NO3
- strongly affect soil bacterial taxonomy

in cultivated longan soils.
1 Introduction

The perennial fruit tree longan (Dimocarpus longan Lour) has

high nutritional and commodity value and is extensively grown in

the Vietnamese Mekong Delta providing livelihoods and household

food security (1–3). In 2022, Vinh Long Province had

approximately 5,853 ha of longan orchards, concentrated mainly

in Long Ho District, which grows more than 4,000 ha (4). Longans

are grown primarily in many types of soil including alluvial, sandy

soils. They need highly fertilized soils for sustained growth and

productivity of these plants (5). In the last few years, the fertility of

longan orchard soils has declined over time because of intensive

farming practices and high chemical use and long-term use of

inorganic fertilizers to replace organic fertilizer has contributed to

the loss of soil fertility (6). Furthermore, exchangeable cations are

certainly detached from the topsoil when soil is moistened by

rainwater and irrigation under tropical weather conditions,

resulting in an increase in the process of soil acidity and

compacting (7). Thus, orchard soil properties, especially soil

microbial communities, are significantly altered after long-term

cultivation (8–10).

Other studies have reported that soil exposure to several soil

degradation and erosion processes, changing in soil fertility level,

soil organic matter content, and salinization. These processes

strongly affect soil health, fruit yield, and quality (11, 12). Soils

cultivated with perennial fruit trees such as longan, and mango in

the Vietnamese Mekong River Delta region are recently

experiencing decreasing pH of the soil levels, low levels of

nutrients and soil organic carbon, unbalanced nutrition, and

declined activity of microbes as orchards grow old (3, 13). The

soil microbial community diversity is one of the important soil
02
health indicators (14). This is the principle of soil function (15, 16).

In the disciplines of soil science, microbiology, and biodiversity, soil

diversity of microbes is a freshly developed interdisciplinary topic

that has garnered more attention lately. Research on the diversity of

soil microbes is crucial for understanding natural biological

processes, adapting to climate change, reducing different forms of

pollution, preserving ecological service functions, and encouraging

the sustainable use of soil. Numerous factors, which can be broadly

categorized as natural and human causes, influence the variety and

organization of soil microbes, particularly functional diversity.

Natural factors contain vegetation type (17, 18), soil type (19),

temperature and moisture (20). Human factors include

management practices such as applied pesticides, fertilization (21)

and soil tillage methods (22). Furthermore, microbial biomass,

community metabol ic divers i ty , and the quantity of

microorganisms can all be considerably increased by leguminous

plants (23). Microbial communities’ transition from rocky, bare soil

to forest environments, and the diversity and abundance of

microorganisms in forest ecosystems highlight the importance of

plants (24). Another study found that cover cropping improves soil

characteristics, microbial communities, and microbial functions

while also reducing pesticide use, orchard maintenance expenses,

and underground carbon storage (25). Microbial biomass carbon

(MBC) showed a significant correlation with soil organic carbon

(SOC) rising from 700 mg.kg−1 MBC at 25 g.kg−1 SOC to 2240

mg.kg−1 MBC at 90 g.kg−1. Most likely, SOC promotes MBC by

releasing water-soluble organic carbon (26). A separate study

indicated that soil age exerted a more significant influence on

bacterial populations compared to fungal communities. This

study indicated that soil characteristics involving pH, organic

matter, total nitrogen, total phosphorus, and total potassium

affected alterations in soil microbiota (27).

The physicochemical characteristics of soil, in addition to the

kinds of vegetation communities, such as the size of the soil

particles, the amount of water present, the pH, the activity of the

enzymes, and the amount of organic matter, all factors affect on the

diversity of soil microbial community structure. The prior research

on the variety of soil microbes under various circumstances has

mostly concentrated on soil characteristics and human influences.

There haven’t been many studies on how the duration of raised

garden beds impacts the physical and chemical properties of fruit

plantation soil and microbial diversity. Through the examination of
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carbon dioxide and mineral composition, the correlations between

the microbial community and environmental conditions were

particularly interesting. There is a dearth of information on the

variety and composition of the bacterial population in the soils used

to grow longans in Vietnam’s Mekong Delta. To address this

knowledge gap, the present study investigates the soil bacterial

community structure and diversity, and explores the relationships

between bacterial assemblages and soil properties in longan

orchards of the Mekong Delta, with an emphasis on changes

associated with orchard age.
2 Materials and methods

2.1 Study region

The study site of our research was conducted at An Binh

commune, Long Ho district, Vinh Long Province (10°17′37.5″N
105°58′55.7″E) which is the famous place for longan cultivation.

More information about this study site please refer to (3).
2.2 Soil sampling

Following the last longan harvest, nine soil samples from three

distinct groups of longan trees were gathered from longan orchards in

July 2023 in Vinh long province, Vietnam. Based on the age of the

longan tree, the samples were divided into three groups: group 1

(N15), which was 15 years old; group 2 (N20), which was 20 years

old; and group 3 (N30), which was 30 years old. Three different soil

samples from three distinct longan tree ages within the same group

were collected, corresponding to three different replicates for each

group of longan tree age group, thus, in total there were 9 soil samples

were collected in this study from nine different longan orchards.

Using the Zig-Zag curve method, a coring soil auger with a diameter

of 5 cm (Seymour 21306 AU-S6, USA) was used under the canopy of

longan trees to ensure homogeneity. Refer to (3) for the method and

procedures for soil sample collection and handling of the soil samples

after collection. The selected sites of 9 different locations referred as 9
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different soil samples of this study based on the criteria of the same

local longan variety named as “Xuong com vang” using more or less

the same cultivation techniques. Information regarding the age of the

orchards and raised beds is detailly presented in Table 1.
2.3 Soil bacterial community structural
analysis

The methods for total genomic DNA extraction, amplicon

generation, library preparation, Illumina sequencing, and data

analysis followed the same procedures as described by (28).

Amplicons targeting the V3–V4 regions of the 16S rRNA gene

were generated using specific primers. The forward primer contains the

sequence ‘CCTACGGRRBGCASCAGKVRVGAAT’ and the reverse

primers contain the sequence ‘GGACTACNVGGGTWTCTAATCC’.

Next-generation sequencing was performed using the Illumina

Miseq/Novaseq platform with paired-end sequencing. Sequences

containing ambiguous ‘N’ characters were removed, retaining only

those longer than 200 base pairs.

After qualifying by filtering and removing chimera, sequences

were clustered into OTUs using VSEARCH (v1.9.6) at 97%

similarity, with taxonomic assignment based on the Silva 138

database. The RDP classifier (Bayesian algorithm) was used to

identify representative OTU sequences and analyze community

composition at various taxonomic levels.

Alpha diversity metrics (e.g., Shannon, Chao1), rarefaction

curves, and rank-abundance plots were used to assess species

richness and evenness. Beta diversity was evaluated using (un)

weighted UniFrac distances, and visualized through PCA, PCoA,

and NMDS analyses. UPGMA clustering was performed using

hierarchical clustering and average linkage methods.

Statistical tests such as ANOSIM, Metastats, LEfSE, Adonis,

STAMP, and Wilcoxon rank-sum test were used to detect

significant differences in microbial communities between groups.

Environmental factors were integrated through heatmaps,

RDA/CCA analyses, and network diagrams to explore their

influence on microbial community composition and interactions.

These approaches help identify dominant species and their
TABLE 1 Information of the nine selected longan orchards in An Binh commune, Long Ho district, Vinh Long province, Vietnam used for this study.

Group Soil sample code Longan tree age (years) Raised bed age (years) Farm area (m2)

N15

L6 15 30 7.000

L13 15 43 9.000

L17 15 50 22.000

N20

L2 20 20 2.700

L3 20 20 3.000

L5 20 25 7.000

N30

L7 30 30 4.000

L9 30 30 3.000

L16 30 50 5.000
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roles in maintaining microbial community structure and

functional stability.

The Venn graph shows the average of the three-sequence

samples analyzed in each group. The averaging was performed by

identifying the OTUs present in each sample within a group, then

aggregating and selecting representative OTUs for the entire group.

OTUs were considered “representative” if they appeared frequently

in the majority (e.g., ≥2/3) of the samples within the same group.

This approach allows the Venn diagram to more accurately reflect

the stable and typical microbial diversity of each time-based group.

Simply, we just used the data from three replicates (OTUs) for each

soil group to make the average values for the intersecting (common)

and non-intersecting (unique) parts of each soil group.
2.4 Soil physical, chemical and biological
property analysis

In this study the soil physical, chemical and biological

properties including soil porosity, soil texture, bulk density,

moisture content, pHw (pH from soil extract by water), electrical

conductivity (EC), total nitrogen (TN), soil organic matter (SOM),

total phosphorus (TP), total potassium (TK), available nitrogen

(NH4
+, NO3

-), available phosphorus (AP), exchangeable potassium

(K+), exchangeable calcium (Ca2+), available silicate (SiO2), total

boron (B), zinc (Zn), copper (Cu), manganese (Mn), silicate-

solubilizing bacteria, calcium-solubilizing bacteria, nitrogen-fixing

bacteria, phosphorpus-solubilizing bacteria, and potassium-

solubilizing bacteria, urease, b-glucosidase, phytase, and

phosphomonoesterase were measured. For all the information

regarding the method of analysis for these above properties refer

to (3). Additionally, we adopted data for the soil physical, chemical

and biological properties of nine soil samples used in this study,

namely L6, L13, L17 (group N15), L2, L3, L5 (group N20), L7, L9,

L16 (group N30) from the previous published paper (3) of our

working group. However, in our previously published paper (3) we

grouped the soil properties according to the ages of the raised beds

of longan orchards while in this study we grouped the soil

properties according to the age of the longan trees, though to

avoid the data repetition usage, we just used the data of the soil

physical, chemical and biological properties of only nine selected

soil samples according to the age of longan trees to assess the effect

of longan tree’s age on bacterial community structure rather than to

analyze the effect of the age of longan trees on soil attributes in

depth and to avoid the overlong manuscript of this study, we did

not present separately the soil physical, chemical and biological

properties, but just did focused on the analysis of soil bacterial

community structure and genetic diversity related to the longan

tree’s age.
2.5 Statistical analysis

The data was analyzed using one-way analysis of variance

(ANOVA). These statistical evaluations provided a thorough
Frontiers in Soil Science 04
understanding of how different soil characteristics interact.

Tukey’s test was computed at the 5% level to confirm significant

differences, and the results are shown as means ± standard

deviations (SDs). Minitab (version 19) was used to perform

statistical tests. The “cor” function was used to perform Pearson’s

correlation, and the “corrplot” package was used to create a

correlation matrix.
3 Results and discussion

3.1 The influence of longan trees’ age on
the bacterial diversity in longan orchard
soil

3.1.1 Distribution of bacterial taxonomy
Figure 1 presents a detailed bar chart analysis of the bacterial

taxonomic distribution in soil samples collected from longan

orchards of varying ages. The data encompass multiple taxonomic

levels, ranging from the broad classification of kingdom to the finer

resolution at the species level. A consistent gradient of taxonomic

richness is evident following the pattern: N15 > N20 > N30.

Specifically, 15-year-old orchards (N15) presented significantly

greater bacterial diversity than 20-year-old (N20) and 30-year-old

(N30) orchards did. At lower hierarchical taxonomic ranks such as

Order, Family, Genus, and Species, the reduction in bacterial counts

was approximately 20% in N20 and 40% in N30 relative to those in

the N15 group. Significant disparities among various age groups

were discovered, as indicated by the various letters above the bars

(Figure 1). Furthermore, the pronounced disparities at the genus

and Species levels underscore the sensitivity of microbial

community structures to orchard age. The inverse relationship

between orchard age and bacterial taxonomic diversity observed

in this study aligns with the finding of higher bacterial community

abundance and elevated ascomycetes richness indices in younger

orchard systems (29). This temporal pattern in microbial

community composition suggests age-dependent modifications in

the soil microbiota structure, potentially influenced by long-term

changes in rhizosphere dynamics (30) and soil physicochemical

properties (31). The greater bacterial diversity may enhance soil

health through more robust nutrient cycling and a resilient

biological network (32). Conversely, the decline in bacterial

diversity with increasing orchard age may reflect changes in soil

physicochemical properties and management practices over time

(33, 34). The quantitative resolution and statistical robustness of

taxonomic analysis facilitate comprehensive comparisons across

hierarchical levels, providing valuable insights into the temporal

dynamics of soil microbial communities under long-term orchard

management (35).

3.1.2 Alpha diversity and beta diversity of the
microbiota in longan orchard soil

Alpha diversity indices, specifically the Chao 1 and Shannon

indices, were employed to quantitatively assess the microbial

abundance and diversity of Operational Taxonomic Units
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(OTUs) in longan orchard soils of varying ages. The Chao index

serves as a nonparametric estimator of species richness, with higher

values indicating a greater number of OTUs within the sample; this

infers that the soil supports a richer species composition. In parallel,

the Shannon index integrates both species richness and evenness,

providing an overview of community diversity. Elevated Shannon

index values therefore reflect a more complex and uniformly

distributed microbial community. Figure 2 presents these indices

as box plots showing the variation in species abundance and
Frontiers in Soil Science 05
diversity across the different orchard age cohorts. The 15-year-old

orchard (N15) exhibits the highest median Chao1 values, suggesting

that younger orchard soils harbor a more abundant microbial

community (Figure 2A). The interquartile range for N15 was

relatively narrow, indicating reduced variability in species

richness compared with that in older orchard soils. Conversely,

the 30-year-old orchard (N30) showed a substantially lower median

and broader spread, reflecting both diminished richness and higher

variability in the microbial community composition. The 20-year-
FIGURE 2

Alpha diversity boxplots of between-group species abundance and diversity comparison. (A) The left panel is the Chao1 index boxplot of each age
group. X axis indicates the years cultivated of the groups and Y axis indicates the Chao 1 index. Each box diagram shows the minimum, first quartile,
medium, third quartile and maximum values of the Chao1 index of the corresponding sample and the P value represents a significant difference. The
right graph is the Shannon index boxplot of each group, revealing similar patterns of less diversity in bacterial community species as longan orchards
age. (B) N15:15-year-old longan orchard; N20:20-year-old longan orchard; N30:30-year-old longan orchard.
FIGURE 1

Statistics of taxonomic composition. N15, 15-year-old longan orchard; N20, 20-year-old longan orchard; N30, 30-year-old longan orchard. Means
in the same group with different letters are significantly (p < 0:05) difference according to Tukey’s test.
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old orchard (N20) presented intermediate values, supporting a

progressive decline in species richness with orchard age. The

Shannon index analysis (Figure 2B) corroborated these findings,

revealing a comparable trend of higher diversity and an even

distribution of the bacterial community in younger soils (N15)

and reduced diversity in older ones (N30). The sequential reduction

in the Shannon index values from N15 to N30 suggested that

prolonged cultivation led to both species loss and increased

dominance of specific bacterial groups, resulting in less balanced

community structures. The consistent pattern observed across both

diversity metrics strengthens the evidence that orchard age has a

substantial influence on the soil bacterial community composition.

The cumulative effects of management tackles may be one of the

reasons contributing to this orchard-age-dependent drop in

microbial diversity and community complexity (33), alterations in

soil physicochemical properties (32), or evolutionary shifts in plant-

soil interactions (36) over time. Such decreases in microbial

diversity could be indicative of cumulative changes in soil

properties, nutrient availability, or long-term management

practices, all of which may cause stress in the microbial

ecosystem (37).

Supplementary Table S1 presents indices of a-diversity to better
understand and compare the species diversity of the three different

orchard soils at 15 years, 20 years, and 30 years. The community

richness of the three soil samples were significantly differed from

the Ace diversity index of the bacterial communities for N15, N20

and N30, with values of 2,504, 1704 and 1,028, respectively. The

Chao1 species richness index showed a similar pattern, with

community richness decreasing as orchard soils aged. The

Shannon index of community diversity significantly differed

among the three different aged orchard soils, with a similar

pattern of decreasing diversity in the older orchard soils. The

Simpson index was not significant. This study explored the

correlation between soil properties and alpha diversity in longan

plantation soils in Vietnam’s Mekong River Delta, with a focus on

understanding how soil characteristics influence microbial diversity

(Supplementary Table S2). Distinct patterns emerged when the

alpha diversity indices, including the Ace, Chao1, Shannon, and

Observed_OTU indices, were analyzed in relation to various soil

properties (Supplementary Table S2). Negative correlations were

evident between Ace, Chao1, and several soil properties, notably

moisture content, silt, clay, pHw (1:2.5), and exchangeable calcium.

These findings suggest that higher levels of these soil properties

correspond to reduced species richness, indicative of potential

constraints on microbial diversity within longan orchard soils

(38–40). Similarly, there were adverse correlations found among

some soil characteristics and the Shannon diversity index, such as

moisture content, silt, clay, pHw (1:2.5), exchangeable calcium, and

available manganese. This implies that these soil characteristics may

negatively impact species diversity within the microbial community

inhabiting longan orchard soil (41, 42). The analysis of the observed

OTUs also revealed negative correlations with various soil

properties, including moisture content, silt, clay, pHw (1:2.5),

exchangeable calcium, and available manganese. This suggests

that higher values of these soil properties are associated with a
Frontiers in Soil Science 06
lower number of observed OTUs, reflecting diminished microbial

diversity within longan orchard soils (43). These findings

underscore the potential limitations imposed by certain soil

properties on microbial diversity within longan orchard soils. An

elevated moisture content may suppress microbial diversity,

whereas a relatively high clay content might restrict microbial

movement and activity (44). Soil acidity, as indicated by pHw

(1:2.5), may also constrain microbial diversity, along with

nutrient availability, as reflected in the negative correlations with

exchangeable calcium and available manganese (45, 46).

Interestingly, the presence of phosphorous-solubilizing bacteria

(PSB) did not consistently correlate with alpha diversity,

suggesting a nuanced relationship between microbial community

composition and specific functional groups within the soil

microbiome (47). These results highlight the intricate interplay

between soil properties and microbial diversity in agricultural soils,

emphasizing the need for further research to elucidate the

underlying mechanisms and develop strategies for enhancing

microbial diversity and soil health within longan orchard

systems (19).

3.1.3 Phylum and genus distributions
Analysis of the top 30 microbial phyla and their abundances

(percent present) revealed the structure of the microbial

communities in the longan orchard soil samples and their variation

over time (Figure 3). The phylum Acidobacteriota was the most

abundant phylum in N15 (50%), N20 and N30 (~35%) followed by

Proteobacteria, Chloroflexi, and Actinobacteria for all 3 samples.

Notably, the phyla Proteobacteria and Actinobacteria were most

abundant in N30 (~35%), were less abundant in soil sample N20

and were least abundant in sample N15 (Figure 3A). The phylum-level

taxonomic distribution indicated that the microbial community

structure associated with the longan cultivation time, and it was

connected with several of taxa, among which the dominant taxon

was Acidobacteriota. However, the largest and most metabolically

diverse group of soil bacteria is represented by Proteobacteria (48). A

study reported Proteobacteria as the major phylum in rice (49). In

addition to Acidobacteria, the most abundant taxa included

Proteobacteria, Firmicutes, Alphaproteobacteria, Actinobacteria,

Gammaproteobacteria, and Chloroflexi (50–52). Our findings are in

agreement with these reports. In the three distinct longan farms,

the bacteria of the phyla Acidobacteriota, Proteobacteria,

Chloroflexi, Actinobacteriota, Bateroidota, Verrrucomicrobiota,

Gemmatimonadota, and Myxococcota were the most frequently

identified. The top four phyla that showed the most rises among soil

samples in N15 were Acidobacteriota, Verrrucomicrobiota,

Myxococcota, and Desulfobacterota, according to additional study.

These four phyla of soil bacteria have been proposed to be

advantageous to soil because they provide a variety of purposes for

the ecology of soil (53). Acidobacteriota have been classified as

oligotrophic bacteria due to how they primarily thrive and multiply

in nutrient-poor and acidic soil settings (54). The phylum

Verrucomicrobiota lives in soil. Methylacidiphilaceae is a family of

Verrucomicrobiota that are methanotrophic, reducing the CH4 in the

atmosphere (55), whereas the other family members function in the
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degradation of plant-derived organic matter to release nutrients (56).

Myxococcota contains a notable family, Myxococcaceae, that plays a

very important role in the soil carbon cycle (57, 58), bio-pesticide and

bio-fertilizer for plants and soil (59). Desulfobacterota is a bacterial

phylum comprising the anaerobic genus Desulfobacter, which plays an

important role in the salinized field of rice. This genus is an early

anaerobic prokaryotic microbe in the biosphere that gets exposed to

sulfate-reducing bacteria. It has considerable promise for microbial

remediation and is plays a role in the biogeochemical cycle of sulfur,

organic matter degradation, metal ion reduction, and other processes.

This mechanism can significantly decrease the levels of soluble

inorganic salts in salinized soils through the swift and efficient

adsorption and transformation of both positively and negatively

charged ions (60).

Conversely, the predominant phyla most significantly enriched

in the N20 and N30 soil samples were Proteobacteria,

Actinobacteriota, and Chloroflexi. Proteobacteria include

Rhizobium sp. and Agrobacterium sp. which are advantageous to

soil and plants (61). Actinobacteriota have specialized metabolisms

that inhabit competitive and nutrient-limited environments with

multifunctional roles in the soil (62). Numerous actinobacteria are

involved in the mobilization and solubilization of nutrients,

including iron and phosphates. They also operate as beneficial

microorganisms in biologic nitrogen fixing and mycorrhizal

symbiosis (63), whereas the Chloroflexi phylum predominates in

the soil samples of N29 and N30, indicating a relationship between

soil compaction in these two soil samples and chemical pesticide

contamination since this phylum consists of a diverse group of

organisms, including anoxygenic photoautotrophs, aerobic

chemoheterotrophs, thermophilic organisms, and anaerobic

organisms. They have been used to bioremediate soil pollution by
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reductive dehalogenation of organic chlorinated compounds as a

means to obtain energy (64).

Comparing the top 30 genera identified from the soil samples

collected at the longan orchard, Subgroup_2, f_uncultured_Unclassified

and JG30-KF-AS9 were found to be abundant in all three soil samples

(Figure 3B). Three other genera were also found to be abundant in the

N30 soil samples, namely, subgroup_3, KF_JG30_C25 and

Uncultured_Unclassified. In addition to the 30 analyzed genera, the

study soil samples contained other genus groups. N15 had the greatest

number of genera (~20%), followed by sample N20, and the lowest

number of genera was detected in sample N30 (~10%). Thus, orchard

soils that are 30 years or older have the lowest species richness. These

findings suggest the soil microorganisms that dominate and

subdominant microbiology in longan orchards change significantly

over time, with reductions or increases in the special microflora.

Moreover, N30 significantly stimulated the growth of the genus

Chujaibacter, which is aerobic, Gram-negative, rod-shaped, and free

of flagella. Phylogenetically, the genus belongs to the family

Xanthomonadaceae of the order Xanthomonadales within the class

Gammaproteobacteria. Chujabacter is a type of plant pathogenic

bacterial genus (65). This finding suggests that the cultivation time of

longan could lead to the form of a core bacterial group that causes plant

pathogens under varying conditions.

3.1.4 Venn diagram analysis of the species
Venn diagrams are used to determine the number of common

and unique species (such as OTUs) across multiple groups or

samples, and they intuitively illustrate the similarities and

overlaps of species in environmental samples. The quantity of

common and unique species OTUs is shown in Figure 4, which

are the average of the three-sequence samples analyzed in each
FIGURE 3

Stacked bar plot of phylum (A) and genus (B) distribution. X axis is the soils sampled in three age groups (15 years N15; 20 years N20; 30 years N30),
and the Y axis is the relative abundance of different species. The legend colors correspond with the species taxonomic classification. 'Other'
represents the relative abundance of all phylum/genus level classifications other than the top 30. N15:15-year-old longan orchard; N20:20-year-old
longan orchard; N30:30-year-old longan orchard.
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group. The following pattern was detected for the total OTUs: N20

with 3371 (77.69%) > N15 with 3244 (74.74%) > N30 with 2423

(56.28%) in N30. The number of shared OTUs within N15, N20,

and N30 was 1770 (40.8%). Unique individual species 479 (11.0%)

were detected in N15, 712 (16.4%) were detected in N20, and 193

(4.45%) were detected in N30. The number of shared bacterial

OTUs within N15 and N30 was 292 (6.745%), that within N20 and

N30 was 186 (4.29%), and that within N15 and N20 was 703

(16.2%). Figure 4 illustrates that the total quantity of core OTUs was

1770, while the count of different OTUs reached 1384 across three

sample groupings. This indicates that the species of bacteria in N15,

N20, and N30 demonstrated both individuality and commonality,

with the latter being more prevalent than the former. The N15 and

N20 microbial species were very comparable, while the N30

microbial species significantly differed from the other two

samples. The microbial species decreased with increasing orchard

age. These results indicate that the soil microorganisms shared by

longan farms N15, N20, and N30 were the most common and that

there were fewer distinct microbial species associated with N30 than

with the other farms. The microbial species found in longan

orchards of varying ages clearly had similarities. These results

imply that the species of microorganisms may be impacted by

prolonged cultivation times, with long-term cultivation having a
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negative influence on the formation of microorganism species. The

analysis of microbial communities in soils under longan cultivation

of varying durations revealed that 479 microorganisms were

significantly associated with the N15 group, 712 with N20, and

193 with N30. These results underscore the substantial influence of

planting years on the structure and abundance of soil bacterial

communities in longan orchards. Collectively, the findings indicate

that prolonged continuous cropping alters both the composition

and richness of soil microbiota, which may in turn affect soil quality

and plant performance. This observation is consistent with previous

studies reporting a decline in soil bacterial diversity with increasing

years of tobacco monoculture (66–68). Such shifts are likely driven

by environmental selective pressures, where long-term cultivation

fosters the emergence of microbial communities better adapted to

the altered soil environment (69, 70).

3.1.5 Relative abundance analysis
Figure 5 presents the findings of the proportional abundance study

of soil bacterial phyla for longan orchards across different cultivation

ages. The analysis indicated that key bacterial groups, including

Acidobacteriota, Proteobacteria, Chloroflexxi, Actinobateriota and

Bacteridota exhibited relatively high overall abundances across all

three groups of soil samples. Notably, for most phyla, there was an
FIGURE 4

Venn diagram: Numbers of species (OTUs) common or unique to each group. The circles of different colors in the Venn diagram represent the three
different time groups in the study based on years growing longan trees (N15, N20, N30). The numbers in the figure represent the numbers of species
(OTUs) unique to each group or found in common among the groups. Areas within the circles where there is no overlap among groups represent
the number of OTUs unique to that group; where all three circles overlap in the middle represent the number of OTUs shared by all groups; partial
overlaps between two circles represent shared OTUs between those two-time groups. N15:15-year-old longan orchard; N20:20-year-old longan
orchard; N30:30-year-old longan orchard.
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inverse relationship between abundance and orchard soil duration. An

exception to this trend is observed for Proteobacteria, whose

abundance does not decline as orchard age increases, suggesting that

members of this phylum might possess adaptive traits that allow them

to maintain their populations even under prolonged management or

environmental stress conditions. It was also evident that longer

cultivation of the orchard soil resulted in a lower abundance of

bacterial groups, with the exception of the phylum Proteobacteria. In

contrast, ten phyla, including Verrucomicrobiot, Gemmatimonadota,

Myxococcota, Desulfobacterota, Latescibacterota, Firmicutes, an

undefined group (k:Bacteria_Uncl), Nitrospirota, WPS-2, and

Crenarchaeota, were consistently less abundant across all the soil

samples. The relative scarcity of these phyla may reflect their

dependence on specific ecological niches or substrate availability that

are less prevalent or may indicate competitive exclusion by more

dominant bacterial groups in the studied longan orchard soil.

According to statistical analysis, the relative abundances of the

majority of phyla varied significantly between the three age groups,

underscoring that soil microbial communities are sensitive to the

duration of cultivation. However, exceptions are noted for two phyla,

Patescibacteria and RCP2-54, which do not show statistically

significant differences between soils of different ages. These results

suggest that these groupsmight bemore resilient to changes induced by

long-term cultivation (71) or that they fulfill functional roles that

remain stable despite shifts in overall community structure (72).

3.1.6 Correlation heatmap analysis
The heatmap (Figure 6) illustrates the Spearman correlation

coefficients between the soil bacterial community composition at

the phylum level and the ages of longan orchards. Hierarchical

clustering analysis of the genetic correlations of 30 common phyla
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associated with the three ages of longan orchards revealed three

distinct correlation groups. This finding demonstrated significant

variations in the bacterial community structure across the different

stages of the orchard. Species abundance differed across the three

soil age groups. Group I encompasses less abundant phyla, such as

Dadabacteria, NB1-j, and Dependentiae, which were weakly

correlated across all orchard ages. The phyla in Group II included

Acidobacteriota, Proteobacteria, Chloroflexi, Actinobateriota and

the four phyla in Group III included Gemmatimonadota,

Myxococcota, Bacteridota, and Verrucomicrobiota, which are

most common in the soil (color ranging from 0.1 to 0.5). Fewer

group III species were present (color<0) in all three soil samples

from longan orchards. In comparison, the remaining phyla in

Group 2 also had a decreasing presence in the soil samples in the

order of N15>N20>30. The dendrogram topology reflects

phylogenetic relationships among bacterial taxa, with closely

related phyla displaying similar correlation patterns. The

horizontal clustering demonstrated distinct community

composition patterns across the orchard age groups, with N15

and N20 showing greater similarity than N30. This suggests a

threshold effect on the community response to orchard aging

(73), where both deterministic processes and temporal changes in

soil conditions influence species distribution patterns (74).

3.1.7 Principal coordinate analysis
3.1.7.1 PC1–PC2

The PCoA results indicated that samples within the same group

were not tightly clustered but rather spatially dispersed, suggesting

distinct microbial community structures among the groups

(Figure 7). The first principal coordinate (PCoA1) accounted for

40.63% of the total variation, while the second (PCoA2) explained
FIGURE 5

Relative abundance of soil bacterial phylum. N15:15-year-old longan orchard; N20:20-year-old longan orchard; N30:30-year-old longan orchard.
Means in the same group with different letters are significantly (p < 0:05) difference according to Tukey’s test.
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21.05%, cumulatively capturing 61.68% of the variation in bacterial

community composition. Notably, in the PCoA1 dimension, the

bacterial communities in N15 and N20 soils were positioned in

close proximity, indicating a degree of structural similarity.

3.1.7.2 PC1–PC3

PCoA1 explained 40.63% of the total variance, whereas PCoA3

contributed an additional 13.3%. Collectively, these components

explained 53.93% of the variance within the bacterial community

datasets, indicating that more than half of the variability in

microbial composition can be attributed to these two principal

coordinates. The percentage of variation in the PCoA plot

demonstrated that samples from 15-year-old (N15) and 20-year-

old (N20) orchards were similar to each other, suggesting that their

microbial community compositions are highly similar. This close
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proximity implies that the transition in microbial community

structure between these two age groups is minimal, potentially

reflecting similar soil management practices or environmental

conditions in these relatively younger orchards. Conversely,

samples from older orchards likely exhibit distinct separation,

indicating shifts in bacterial populations with increasing soil

cultivation age. These findings are relevant for understanding the

temporal evolution of the soil microbiota and can inform strategies

for sustainable orchard soil management.

The PCoA analysis of PC1–PC2 and PC1–PC3 indicated

significant regional differentiation across soil samples, suggesting

that variations in microbial community composition were affected

by the duration of longan cultivation which is directly related to soil

property compositions. This study presents findings on

environmental influences, including nutrient availability and soil
FIGURE 6

Species distribution heat map. The columns represent samples and/or groups and the rows represent species. The dendrogram above the heatmap
is the cluster result of the samples and/or groups and the dendrogram to the left is the species cluster. The colors in the heat map represent the
relative abundance of the corresponding species in the corresponding sample or group. I: 15-year-old longan orchard; II: 20-year-old longan
orchard; III: 30-year-old longan orchard.
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physicochemical quality, which may have substantially influenced

bacterial populations. The PC1–PC2 ordination, comprising

PCoA1 and PCoA2, accounted for 61.68% of the overall

variation, underscoring significant ecological gradients affecting

microbial community composition. Samples from 15-year-old

(N15) and 20-year-old (N20) orchards were closely aligned along

the PCoA1 axis, suggesting a significant structural resemblance,

potentially influenced by analogous soil management practices.

Additional research has demonstrated that variables including

pH, moisture, soil grain structure, and soil water retention

capacity affect the development and proliferation of local

microbial communities (75). The examination of PC1–PC3

corroborated these findings, with PCoA1 and PCoA3 together

representing 53.93% of the overall variation. The close proximity

of N15 and N20 samples in both ordinations indicates negligible

alterations in the microbial population throughout the initial phase

of orchard development. The increased separation noted among

older orchard samples indicates that extended soil cultivation and

aging processes result in substantial alterations in bacterial

assemblages (3). The results align with earlier studies suggesting

that prolonged land use exacerbates microbial divergence and

diminishes microbial network stability (76). The findings

underscore that temporal dynamics and management practices

significantly influence soil microbial ecology, with crucial

implications for sustainable orchard management.

3.1.8 Correlations between soil bacterial phyla in
different longan orchard soils

Supplementary Table S3 presents a comprehensive correlation

analysis of the bacterial phyla identified in the different longan

orchard soils, revealing complex interrelationships within the

microbial community structure. The Pearson correlation analysis
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revealed several significant correlations (either positive or negative)

indicating potential ecological interactions or responses to shared

environmental factors. Acidobateriota, Verrucomicrobiota, and

Desulfobacterota showed a substantial beneficial correlation

(p<0.01), while Actinobacteriota had a significant negative

correlation (p<0.05). These relationships suggest potential

synergistic interactions between Acidobacteriota and their

positively correlated counterparts, possibly reflecting shared

ecological niches or metabolic dependencies. The negative

correlation with Actinobacteriota might indicate competitive

relationships for similar resources or antagonistic interactions in

the soil environment. There was a substantial positive correlation

between Actinobacteriota and Proteobacteria (p<0.01), Firmicutes

(p<0.001) and Crenarchaeota (p<0.01). Conversely, there was a

significant negative correlation with Verrucomicrobiota (p<0.05)

and Gemmatimonadota (p<0.01). This pattern suggests potential

competitive relationships or opposing responses to environmental

conditions between these groups. The strong positive correlations

might indicate cooperative metabolic activities or similar responses

to soil conditions, whereas negative correlations could reflect niche

competition or differential responses to environmental stressors.

Chloroflexi was significantly negatively correlated with several

phyla, including Nitrospirota and Crenarchaeota (p<0.05), but

exhibited a high positive correlation with WPS_2 (p<0.001).

These relationships might indicate niche differentiation or

competitive exclusion processes within the soil ecosystem. These

correlation patterns provide insights into the complex ecological

networks within the soil bacterial communities of longan orchards.

The presence of both positive and negative correlations suggests

that these microbial communities are structured by a combination

of cooperative and competitive interactions, as well as shared

responses to environmental variables.
FIGURE 7

PCoA Plot. Samples of the same group are represented in the same color and shape. PC1_vs_PC2 is the PCoA plot obtained for the first and second
principal coordinates; the X and Y axes represent the first and second principal coordinates, respectively. The value in percentage in the axis label
represents the contribution of the corresponding coordinate to the sample variance and measures how much this principal is extracted from the
original information. The distance between the sample points indicates the similarity of the microbial community in the sample. The closer the
points, the higher the similarity. Samples clustered together are composed of similar microbial compositions. N15:15-year-old longan orchard;
N20:20-year-old longan orchard; N30:30-year-old longan orchard.
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3.1.9 Correlation between the soil properties and
the soil bacterial taxonomy

The correlation coefficients between various soil properties and

soil bacterial taxonomy are detailed in Table 2 and Figure 1. These

findings highlight systematic correlations between the

physicochemical properties of soil and bacterial community

structures across hierarchical taxonomic scales, from phylum

down to species. A consistent trend was the strong negative

correlation between the soil moisture content and bacterial

abundance at all taxonomic ranks. This finding indicates that

relatively high moisture levels are associated with reduced

bacterial diversity and abundance, potentially due to the limiting

effects of excessive water on oxygen availability and microbial

metabolism in the soil matrix. Additionally, pH measurements

(pHw,1:2.5) demonstrated negative correlations across all

taxonomic levels. The consistently low correlation coefficients,

particularly at more resolved taxonomic levels, suggest that more

acidic or alkaline soil conditions may adversely affect bacterial

proliferation, thereby potentially influencing enzymatic activities

and nutrient availability with bacterial abundance across all

taxonomic ranks. In contrast, a strong positive correlation existed

between the sand content and bacterial abundance, with the

correlation strength increasing at lower taxonomic ranks. This

finding implies that sandy soils, which typically offer better

aeration and drainage, provide microhabitats conducive to

bacterial colonization and diversity. Similarly, the silt content also

exhibited positive correlations, although the magnitude of these

relationships varied across taxonomic levels, indicating a complex

interaction between soil texture components and microbial habitat

suitability. Conversely, the clay content was significantly negatively

correlated with bacterial abundance. The high negative coefficients

suggest that soils with relatively high clay fractions might impede

microbial activity due to reduced pore space and limited oxygen

diffusion, which can constrain bacterial metabolism and growth (77,

78). Our study also revealed that nitrogen forms exhibit divergent

patterns: ammonium (N-NH4
+) is negatively correlated with

bacterial abundance, whereas nitrate (N-NO3
-) is positively

correlated with bacterial abundance. These opposing trends may

reflect differences in nitrogen availability and transformation within

the soil, with nitrate potentially serving as an electron acceptor

under anaerobic conditions and supporting certain bacterial groups
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(79, 80). Furthermore, exchangeable calcium (Ca2+) and available

manganese (Mn) are negatively associated with bacterial

abundance, although the strength of these relationships varies

slightly across taxonomic ranks. These findings suggest that

elevated levels of these cations may exert inhibitory effects on

certain microbial populations, possibly through competitive

interactions or alterations in soil pH (81). The result indicates the

increased exchanged cations (N-NH4
+, Ca2+, Mn) reveal the higher

H+ abundance in soil colloids and subsequently more acidic soil,

which is unfavorable to bacteria. Finally, the presence of

phosphorous-solubilizing bacteria (PSB) is positively correlated

with overall bacterial abundance, underscoring their potential role

in mediating soil phosphorous availability and promoting nutrient

cycling processes within longan orchard ecosystems.

The observed correlations between soil properties and soil

bacterial taxonomy provide helpful knowledge into the

environmental drivers shaping bacterial community composition

in the soil of longan orchards in Vietnam’s Mekong River Delta. Soil

chemical properties serve as critical indicators of microbial health

(82). The consistent negative correlation between moisture content

and bacterial abundance implies that higher soil moisture may

restrict oxygen diffusion and limit bacterial growth (83). In contrast,

the positive association with the sand content suggests that well-

aerated, porous soils support greater bacterial populations (84).

Although the negative correlation between clay content and

bacterial abundance indicates potential physical constraints, some

studies have reported that clay-rich soils can foster greater

bacterial diversity than silt or sand fractions can (85, 86). Soil pH,

measured as pHw (1:2.5), has emerged as a strong predictor of

bacterial abundance, highlighting the pivotal role of pH in

microbial community structuring (87, 88). Additionally, the

relationships between nitrogen levels, exchangeable calcium,

available manganese, and bacterial abundance highlight the

influential role of soil nutrients on microbial dynamics.

The positive correlation between the presence of PSB and

bacterial abundance suggests a potential role of PSB in enhancing

soil fertility and nutrient availability in longan orchard soils.

These findings align with the work, which reported that the

soil pH, total nitrogen, available nitrogen (NH4
+ and NO3

-),

and clay content significantly affect the soil bacterial community

(p < 0.05) (89).
TABLE 2 Correlation between soil properties and soil bacterial taxonomy of different longan orchard soils in the Mekong River Delta of Vietnam.

Taxonomy
Moisture
content

Sand Silt Clay
pHWater

(1:2.5)
N

- NH4
+

N
- NO3

-
Exchange

Ca2+
Available

Mn
PSB

Phylum -0.763* 0.835** -0.808** -0.959*** 0.679* -0.763** 0.835* -0.808*** -0.959* 0.679*

Class -0.787* 0.896** -0.847** -0.981*** 0.752* -0.787*** 0.896** -0.847*** -0.981** 0.752*

Order -0.788* 0.878** -0.841** -0.975*** 0.762* -0.788*** 0.878** -0.841*** -0.975** 0.762*

Family -0.788* 0.863** -0.841** -0.970*** 0.772* -0.788*** 0.863** -0.841*** -0.970** 0.772*

Genus -0.775* 0.873** -0.859** -0.973*** 0.773* -0.775*** 0.873** -0.859*** -0.973** 0.773*

Species -0.740* 0.885** -0.865** -0.965*** 0.759* -0.740*** 0.885** -0.865*** -0.965** 0.759*
PSB, phosphorus solubilizing bacteria; *, ** and *** indicate the correlation coefficients and represent significant differences at p<0.05, p<0.01 and p<0.001, respectively.
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3.2 Correlations between physical,
chemical, and biological parameters in
different longan orchard soils

3.2.1 Physical parameters and soil bacteria of
different longan orchard soils

Supplementary Tables S4A, B present the correlations between

the physical parameters and the soil bacterial phyla of the different

longan orchards. There was a strong positive correlation between

moisture content and Actinobacteriota (p<0.01). However,

Acidobacteriota, Desulfobacterota, and Latescibacterota presented

strong negative correlations with moisture content (p<0.01),

whereas Verrucomicrobiota presented a very strong negative

correlation (p<0.001). Among the bacterial phyla investigated,

their correlations with the sand and clay contents differed. The

abundances of Actinobacteriota, Firmicutes, and Crenarchaeota

were strongly negatively correlated with the sand content and

strongly positively correlated with the clay content. In contrast,

Gemmatimonadota has a very strong positive correlation with sand,

whereas Chloroflexi, Verrucomicrobiota, and the WPS-2 phylum

have strong positive correlations with sand and negative

correlations with clay content.

Soil moisture content is a crucial determinant of soil microbial

biodiversity, as it influences oxygen diffusion and nutrient

conductance within the soil environment. In longan orchards,

bacterial growth and community structure are affected by varying

soil compaction levels, creating aerated, saturated, and moist soil

conditions as the orchard beds age. The relationship between soil

moisture and soil particle size distribution explains the presence of

different bacterial phyla. A study demonstrated that the abundance

of Actinobacteriota was highest under saturated soil moisture

conditions (90). Another study reported that the optimal

abundance of actinobacteria occurred at 40% of the soil’s

maximum moisture capacity, highlighting the complexity of the

impact of moisture on the microbial community composition

owing to inconsistencies in the soil moisture content and the

immediate responses of microorganisms to these changes (91).

However, in our study, a strong negative correlation between

moisture and clay content significantly reduced the abundance of

the Acidobacteriota, Desulfobacterota, Latescibacterota, and

Verrucomicrobiota phyla. This suggests that coarse soil texture,

which promotes aeration, enhances the growth and activity of these

phyla, whereas clay content, which constrains aeration, has the

opposite effect (92).

3.2.2 Chemical parameters and soil bacterial
phyla of different longan orchard soils

The correlations between chemical parameters and soil bacterial

phyla in different longan orchard soils are presented in Supplementary

Tables S5A, B. Different phyla have different correlations with the

chemical components that seem to influence the soil bacteria present.

These findings suggest that orchard soil management, which alters soil

chemical properties, could influence specific groups of bacteria or the

whole bacterial community in the soil for longan growth. For pH and

EC, the phyla Desulfobacterota, Latescibacterota and Acidobacteriota
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had a beneficial correlation (p<0.01), whereas Actinomicest had an

inverse correlation. In addition, Proteobacteria, Firmicutes, RCP2-54,

k:Bacteria_Uncl and Crenarchaeota were negatively correlated with the

two pH and EC parameters, whereas the remaining groups were

positively correlated. A study examining the impact of soil pH on

the bacterial community composition in red soils grown with pomelo

in Pinghe County, Fujian Province, China, demonstrated that the

relative abundances of Proteobacteria, Actinobacteria, Crenarchaeota,

and Firmicutes had a negative correlation with soil pH. Conversely, soil

pH was shown a positive association with the relative abundances of

Acidobacteria, Chloroflexi, Bacteroidetes, Planctomycetes, and

Gemmatimonadetes (93). The other research showed that soil pH

and electrical conductivity significantly influenced the overall microbial

diversity in the soil. Elevating soil pH directly reduced the total

Shannon diversity of the soil. Conversely, an increase in soil electrical

conductivity directly enhanced the total Shannon diversity of the soil.

Soil pH had a negative correlation with bacterial diversity in

comparison to soil electrical conductivity in the structural equation

models (94). A negative link exists between the relative abundance of

Proteobacteria and soil pH (94), while a positive correlation is shown

between Acidobacteria and soil pH (95).

For NH4
+ and NO3

- nitrogen, the strongest positive correlation

was found for the phyla Actinobacteriota and Firmicutes, with high

significance (p<0.001), whereas the strongest negative correlation

was found for the phyla Verrucomicrobiot and Gemmatimonadota.

Similarly, the phyla Proteobacteria and Crenarchaeota were

positively correlated at p<0.01, whereas the phyla Myxococcota,

Desulfobacterota, and Latescibacterota were negatively correlated at

p<0.01. Notably, the phylum Acidobacteriota was negatively

correlated with ammonium but positively correlated with nitrate.

There is a lack of study about the available nitrogen content in

relation to the relative abundances of various bacterial phyla;

however, certain studies indicate that available nitrogen influences

the bacterial community structure in soil (93, 96). Furthermore,

research on a 20% reduction in nitrogen markedly enhanced the

relative abundances of Proteobacteria, Bacteroidetes, Firmicutes,

and Deinococcus-Thermus (97).

The available macronutrients P and K presented the strongest

positive correlations with the phyla Nitrospirota and k:

Bacteria_Uncl, followed by the phylum Crenarchaeota.

Chloroflexi, RCP2–54 and WPS-2 were negatively correlated with

available phosphorus and available potassium. The remaining nine

phyla had positive correlations with these two elements. For

exchangeable calcium, bacterial groups presented a more

pronounced correlation, with five phyla having strong negative

correlations with this factor, including the phyla Chloroflexi,

Actinobacteriota, Firmicutes k:Bacteria_Uncl, and Crenarchaeota,

with correlation coefficients ranging from (-0.947) to (-0.754). Six

phyla had positive correlations with the exchangeable calcium

factor, with correlation coefficients ranging from 0.608 - 0.842.

Most bacterial groups were negatively correlated with silicon

availability, with the phylum Nitrospirota showing the strongest

correlation with this element (p<0.001). The phyla Chloroflexi,

RCP2–54 and WPS-2 were positively correlated, with positive

correlation coefficients ranging from 0.650-0.743. Significant
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positive correlations were detected between phyla and the

availability of the minerals zinc (Zn) and manganese (Mn). Four

phyla, Acidobacteriota, Verrucomicrobiot, Desulfobacterota, and

Latescibacterota, were significantly positively correlated with Zn,

and five phyla, Proteobacteria Firmicutes, k:Bacteria_Uncl,

Nitrospirota, and Cenarchaeota, were strongly positively

correlated with Mn.

The phylum Nitrospirota has been reported to increase

significantly in the soil rhizosphere under low to moderate

phosphorus levels, likely due to its role in nitrite oxidation and

complete ammonia oxidation (comammox) processes (98).

Similarly, a study conducted on red paddy soils in Vietnam

demonstrated a positive correlation between acid phosphatase

(AcP) activity and both total phosphorus (TP) and the relative

abundance of several phyla including Chloroflexi, Proteobacteria,

and Actinobacteria (99). These results align with our study, in

which these same phyla showed positive associations with

phosphorus availability. A study in Brazil found that six bacterial

phyla were positively correlated with soil chemical properties such

as pH, base saturation (V%), K+, Ca²+, Mg²+, cation exchange

capacity (CEC), and total organic carbon (TOC). Among them,

Bacteroidetes and Proteobacteria showed the strongest positive

associations with pH, V%, Ca²+, Mg²+, CEC, and TOC. The

phylum Chloroflexi was also significantly and positively correlated

with all these variables except Ca²+. Particularly relevant to our

findings, Nitrospira (now classified under Nitrospirota) and

Candidatus Rokubacteria were the only phyla to exhibit positive

and significant correlations with K+. In addition, Nitrospira was

uniquely associated with phosphorus (P) and nitrogen content in

pasture leaves (Ngrass), suggesting its role in nutrient cycling (100).

These patterns further support the positive relationship observed in

our study between available potassium and Nitrospirota.

3.2.3 Biological parameters and soil bacteria of
different longan orchard soils

The correlations between the relative abundances of specific

bacterial phyla and beneficial bacteria and the soil enzyme activities

of longan orchards are presented in Supplementary Tables S6A–C.

These relationships exhibit notable directionality and magnitude

variations depending on the phylum. With respect to nitrogen-

fixing bacteria, three phyla, Chloroflexi, RCP2-54, and WPS-2,

demonstrated significant positive correlations. These findings

suggest that these taxa may be functionally linked to nitrogen

fixation processes, either through direct nitrogen-fixing

capabilities or by fostering an environment conducive to these

processes. In contrast, the remaining nine phyla exhibited

significant negative correlations with nitrogen-fixing bacteria

(p<0.01). This inverse relationship could indicate competitive

interactions or different ecological niches where these groups

suppress or are not favorably associated with nitrogen fixation.

Four phyla, Proteobacteria, Actinobacteriota, Firmicutes, and

Crenarchaeota, showed strong and positive correlations with

phosphate solubilization, implying a role in increasing the

availability of phosphorus to plants by solubilization mechanisms.

In contrast, the other eleven phyla were negatively correlated with
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phosphorous-solubilizing bacteria (p<0.05), suggesting that they

may either be less involved in phosphorous turnover or may be

indirectly affected by competitive dynamics in the rhizosphere. Soil

enzyme activities further delineated these functional associations.

Chloroflexi, RCP2-54, and WPS-2 demonstrated robust and

statistically significant positive correlations with key enzymes,

including b-glucosidase, urease, phosphomonoester, and phytase.

These enzymes are crucial for the decomposition of organic matter

and the cycling of nutrients. The strong positive associations imply

that these phyla may contribute directly to increased enzymatic

activities, potentially facilitating carbon, nitrogen, and phosphorous

cycling in longan orchard soils. In contrast, the remaining phyla

either had negative correlations or weak positive correlations with

these enzymatic activities, suggesting a lesser or inhibitory role in

soil biochemical processes. Overall, these correlation patterns

underscore the complexity of soil microbial community

interactions, where specific phyla appear to be intimately linked

to beneficial biochemical processes. A study indicated that the

enzymatic activity of paddy soil was associated with both bacterial

diversity and composition. The variations in soil enzyme activity

were strongly associated with predominant optimum taxonomic

units (OTUs), the majority of which were phylogenetically

connected to enzyme producers from Planctomycetes,

Proteobacteria, and Chloroflexi, exhibiting differing levels of 16S

rRNA gene sequence similarity (101).
4 Conclusions

In conclusion, there was a decrease in the number of soil

bacteria according to the soil cultivation time, revealing the

following pattern: N15>N20>N30. Furthermore, the OTUs index

demonstrated that their shared characteristics outnumbered the

differences among them. The variety and abundance of the

community of bacteria were high for N15, which was less

impacted by the longan cultivation period, implying that

cultivation time had an important effect on the microbiome.

Acidobacteria, Proteobacteria, Chloroflexi, Actinobacteria, and

Bacteriodota constituted the most common microbes in longan

cultivation soils. The microbial community in longan growing soil

was positively correlated with sand, pH, NO3
- and phosphorous-

solubilizing microorganisms, and negatively correlated with soil

moisture, silt, clay, NH4
+, exchange of calcium and available Mn.

Physical, chemical or biological factors in the soil have complex

relationships (positive or negative correlations) with different

bacterial phyla. The results of this study are important for

managing longan orchard soils over time to retain and increase

tree productivity. Understanding the relationships among microbial

communities and soil physical, chemical and biological properties;

and recognizing that they change as the orchard ages is critical for

improving orchard management. This suggests that the depletion of

some soil nutrients over time as the orchard ages could affect

microbial community species and their richness and abundance.

Routine soil testing and management methods, including the

incorporation of organic materials, micronutrients, cultivation of
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cover crops, and earthworms, can stimulate and supplement

beneficial bacteria such as the nitrogen-fixing bacteria,

phosphorous-solubilizing microbes, and potassium-dissolving

bacteria, as well as the nutrient-related activity of enzymes.

Future research should explore the relationships of specific

microbial communities in longan orchard soils and these types of

management practices to understand their impacts on tree health,

fruit yields, and disease pressure.
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