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Abstract

Purpose: The application of bio-control plants in the agricultural processes is one of the effective ways to solve the
traditional agricultural synthetic pesticide residues. This study will investigate the effect of bio-control plant Litsea
cubeba branch inter-row cover on soil bacterial community, soil-enriched metabolites, and soil mineral nutrition in tea
plantation, which will provide a basis for the use of bio-control plant in agroecological farming systems.

Methods: The fruit-bearing (F-Pr) and vegetative (F-Ab) branches of Litsea cubeba were inter-row covered (the use

of plants for partial coverage of soil between the rows) in the tea plantation. And we determined the soil microbial
community, soil mineral nutriment, and soil-enriched metabolites composition with the methods of 165 rRNA gene
sequencing, inductively coupled plasma-atomic emission spectroscopy (ICP-AEC), inductively coupled plasma-optical
emission spectrometry (ICP-OES), and gas chromatography-mass spectrometry (GS-MS). We also predict the function
of soil bacteria with the Tax4Fun software.

Results: Litsea cubeba inter-row cover modified the soil microbial structure and diversity; Litsea cubeba inter-row
cover significantly decreased the relative abundance of Acidobacteria, Chloroflexi, and Planctomycetes while increased
the relative abundance of Proteobacteria. Litsea cubeba inter-row cover significantly antagonized the plant pathogen
community, and its OTUs number decreased from 907 £ 81 in the control to 337 & 25 in F-Pr treatment; compared
with F-Pr treatment, F-Ab treatment had weaker effect on the abundance of nutrition metabolism and transport, car-
bohydrate utilization, and nitrate reduction A. The aluminum element in the F-Pr treatment was significantly reduced,
while phosphorus was increased. The soil-enriched metabolites of F-Pr treatment contained some antibacterial sub-
stance, including 14.2 4 3.32% citronellol, 10.38 &+ 4.79% alpha-terpineol, and 8.25 + 2.62% (+)-2-bornanone, which
was the main environment factor that affects the soil bacterial structure and diversity.

Conclusion: Litsea cubeba inter-row cover significantly affected bacterial structure and diversity, slightly increased

the soil pH, and improved soil aluminum and phosphorus status; soil-enriched metabolites were the major environ-
ment factor affecting soil bacterial community and should be considered in the application of bio-control plants;
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Litsea cubeba vegetative branch inter-row cover will be a feasible measure for integrated pest management in tea

plantation.

Keywords: Litsea cubeba, Soil bacterial community, Soil-enriched metabolites, Soil mineral nutrition, Tea plantation

Background

Nowadays, pest management in traditional agriculture
which based on the synthetic pesticides was success-
ful, but the detrimental effects such as pesticide residue,
which pose a serious threat to human and environmen-
tal health, are increasingly attracting the public attention
(Wei et al. 2017). One of the effective ways to solve the
problem of pesticide residues in traditional agricultural
is to use bio-control plant intercropping or coverage
for integrated pest management. Intercropping of Cin-
namomum hupehanum and tea significantly reduced the
incidence of disease of tea leaf spot and tea round spot
diseases (Sun et al. 2014). Brassicaceae species, as cover
crops, have been shown to control various soilborne
diseases (Larkin et al. 2010). The root, branches, flow-
ers, and seeds of Marigold L., Tagetes minuta L., Hemp,
Capsicum annuum L., and Cupressus lusitanica L. were
frequently used for pest control in field and storage crops
(Mugisha-Kamatenesi et al. 2008). The reason why bio-
control plant could be used in pest management was the
role of secondary metabolites that possess similar prop-
erties to synthetic pesticides, including toxicity, attract-
ant, and repellency and antifeedant activity (Wang et al.
2020; Pang et al. 2021).

It had been reported that the secondary metabolites
of different plant species from developmental stages or
organs had also multiple effects on soil microorganisms,
such as antimicrobial, attractant, or promoting effect,
and even the same secondary metabolite had diametri-
cally opposite effects on different bacteria (Trda et al.
2019; Pang et al. 2021). Benzoxazinoids were shown to
attract Chloroflexi and affect the abundance of the maize
microbiomes (Hu et al. 2018). The growth of soilborne
pathogens was inhibited by scopoletin, whereas the other
rhizobacteria were not affected (Stringlis et al. 2019).
Rye and white mustard use as cover crops had positive
antagonistic effect on the quantity of Bacillus spp., Pseu-
domonas spp., Clonostachys spp., Myrothecium spp.,
Penicillium spp., and Trichoderma spp. in the soil under
carrot cultivation (Patkowska et al. 2016). Ageratum
houstonianum intercropping with pear tree significantly
decreased the relative abundances of Actinomycetes,
Verrucobacterium, Gemmatimonadetes, Cyanobacteria,
Ascomycetes, and Basidiomycetes, while it increased
the relative abundances of functional groups of nitrite
ammonification, nitrate ammonification, and urea
decomposition (Zhang et al. 2021). Chen et al. (2014)

found that fruit trees intercropped with basil and mint
had a significant impact on the community of soil nitro-
gen cycling bacteria (Chen et al. 2014). In the integrated
pest management system, due to the different composi-
tion and content of its secondary metabolites, the impact
of bio-control plant on soil microbe may be significantly
different, which need in-depth research.

Tea is one of the three soft drinks in the world. There
are more than two billion people around the world who
like to drink tea (Cheng et al. 2020). However, every
drinker may ask: “is the tea safe?” with the fact that pes-
ticide residue contamination is serious in tea leaves. As
a result, the demand for organic tea or pesticide-free tea
continues to grow. The effective way to meet the market
is being laid on integrated pest management with bio-
logical plants (intercropping or coverage). Litsea cubeba
is the perennial shrub of the genus Lauraceae and is a
unique aromatic plant resource in China. The essential
oils from fruits of Litsea cubeba have important insect
repellent and antibacterial activity and were widely used
in condiments, cosmetics, medicine, and other fields (Wu
et al. 2013; Pen 2014). In recent years, it was used as an
important biological control material in sporadic plant-
ing or branch coverage in tea plantation for pest manage-
ment and has achieved remarkable results (Hao 2019).
The secondary metabolites can enter the soil through
rainwater leaching, litter decomposition, and root secre-
tion and might affect the soil bacterial community. Soil
microbes are an important part of soil ecosystem and the
most active biological factors, which have the advantages
of nitrogen fixation, phosphorus release, decomposi-
tion of organic matter, and enhancement of soil moisture
(Zhou and Chen 2014); they also promote the synthesis
of more special tea aroma substance, reduce tea pests
and diseases, and significantly improve the quality of tea
leaves (Zhou and Chen 2014; Hao 2019). Therefore, it
was necessary to conduct further experiment to explore
the specific response of soil microbe to biological control
measures of Litsea cubeba cover in order to comprehen-
sively evaluate its ecological effect.

The soil bioavailability of aluminum and phosphorus is
considered to be the main constraints for plant growth
and soil microbes in acid soils. Previous studies found
that the community of Proteus, Serratia, Azotobacter, etc.
was associated with the soil phosphorous and aluminum
content (Jacoby et al. 2017; Kour et al. 2021). So, alu-
minum and phosphorus elements are also key ecological
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factors when studying the effect of biological control
measures on soil microbes in acid soil.

The present study will investigate the effects of two
type of branch — fruit-bearing and vegetative of Litsea
cubeba inter-row cover — on the structure and diversity
of soil bacterial community, soil-enriched metabolites,
and soil mineral nutrition in bio-control tea plantation,
aiming to explore the following issues: (1) soil bacterial
structure and diversity response to Litsea cubeba cover,
(2) the composition of soil-enriched metabolites in Litsea
cubeba coverage treatment, and (3) what are the key
factors affecting the soil bacterial community in Litsea
cubeba cover treatment?

Results

Litsea cubeba cover modified the diversity and structure

of bacteria community

Rarefaction analysis was performed on each soil sample,
and the rarefaction curves tended to the plateau phase,
indicating that the sequencing was almost saturated,
and the bacterial community diversity in the soil sam-
ple can be truly reflected. The sampling was reasonable
(SubFig. 1).

The linear mixed model analysis indicated that OTUs
number, Chaol, and Shannon index of soil microbes in
tea plantation were significantly affected by the cover-
ing of Litsea cubeba (Fig. 1). The number of OTUs in the
soil of tea plantation was 1470 =+ 25.53 in control plot
(Fig. 1a). Litsea cubeba cover significantly decreased the
OTUs number in soil of tea plantation. The OTUs num-
ber was decreased from 1470 £ 25.53 to 943 & 13.75 and
727 + 15.58 in the F-Ab and F-Pr treatment, respectively
(Fig. 1a). In addition, the change in bacterial diversity was
analyzed with the Shannon index, and the total species
richness was estimated by the Chaol index in the tea
plantation soil. Shannon and Chaol indices showed that
covering Litsea cubeba reduced the bacterial diversity
and the total species richness compared to control soil
(Fig. 1b and ).

Nonmetric multidimensional scaling was used to
detect variation in the community pattern. The two-
dimensional figure showed that the bacterial communi-
ties were distributed separately, exhibiting differences in
the bacterial community pattern in control, F-Ab, and
E-Pr treatment (Fig. 2). These results suggest that the
structure and diversity of bacterial community changed
with the covering treatment.

Litsea cubeba cover showed opposite effects on different
bacterial communities

Analysis of the taxonomic groups detected in the
soil samples showed that the most dominant phyla
across all samples were Proteobacteria, Acidobacteria,
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Fig. 1 Estimated number of observed a OTUs counts, b Shannon
index, ¢ Chao1 index of soil microbiome of tea plantation across all
the covering Litsea cubeba plots. Values are means =+ SE (n = 4). The
star (*) indicates significant difference between treatments at 0.05
level; CK, control; F-Ab, the vegetative branches cover treatment; F-Pr,
the fruit-bearing branches cover treatment

Chloroflexi, and Planctomycetes, accounting for about
70% of the phyla (Fig. 3). In addition, Bacteroides,
Verrucomicrobia, Gemmatimonadetes, Firmicutes,
Saccharibacteria, Armatimonadetes, GALI5, Chlo-
robi, TM6-Dependentiae, and Deinococcus-thermus
were detected in all the samples with low abundance,
while the unclassified and rare phyla accounted for
about 4.12% in the samples. Litsea cubeba cover had
significant impact on the relative abundance of bac-
terial community (Fig. 3). The relative abundance of
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Fig. 2 Nonmetric multidimensional scaling (NMDS) of bacterial communities based on OTUs for all soil samples from covering Litsea cubeba plots
of tea plantation. The NMDS1 stress was 0.00024. CK, control; F-Ab, the vegetative branches cover treatment; F-Pr, the fruit-bearing branches cover
treatment
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Fig. 3 The relative abundance of phyla of soil microbiome in tea plantation across all the plots covered with Litsea cubeba plots (% of total
sequence). CK, control; F-Ab, the vegetative branches cover treatment; F-Pr, the fruit-bearing branches cover treatment
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Proteobacteria and Acidobacteria was 33.48% and cover treatment. And an obvious decrease in the rela-
33.54% in control, respectively (Fig. 3). Compared tive abundance of Acidobacteria, Chloroflexi, and
with the control, the relative abundance of Proteo- Planctomycetes was detected in the F-Pr treatment
bacteria significantly increased in both Litsea cubeba  (Fig. 3). Litsea cubeba cover had little effect on the

relative abundance of Bacteroides, Verrucomicrobia,
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Gemmatimonadetes, Firmicutes, Saccharibacteria,
Armatimonadetes, GAL1S, Chlorobi, TM6-Dependen-
tiae, and Deinococcus-Thermus (Fig. 3).

Litsea cubeba cover antagonized plant pathogens

We conducted a functional analysis of bacterial com-
munity with the software of Tax4Fun. The functions
mainly involve plant pathogens, carbon cycle and mineral
enrich, plant-derived biopolymers degradation, and so
on (Table 1). The OTUs number of plant pathogens com-
munity in the CK was 907 + 81 while in the F-Ab and

Table 1 The potential function of soil microbia (n = 4)

Potential functions OTU numbers

CcK F-Ab F-Pr
Pathogens or infectious agent 268+ 16% 153+9 17+£2
Plant pathogens 907 £81* 658+92 337+£25
Carbon cycle and mineral enrich 775+£21* 160+4 101+£20
Carbon cycle and mineral enrich 973 £306* 354417 324+£19
Nutrition metabolism and transport 850 & 79* 625 +48 165+ 37
Carbohydrate utilization 789+ 102* 532415 216+£39
Nitrate reduction A 173+£37% 98+18 2746
Plant-derived biopolymers degrada- 203 +24* 7847 0
tion
Protein degradation 573+47% 354+7 0
Organic carbon nitrate and nitrite 636+ 101* 994+ 15 4+£2

reduction

The star (*) indicates significant difference between treatment at 0.05 level

CK control, F-Ab the vegetative branches cover treatment, F-Pr the fruit-bearing
branches cover treatment
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F-Pr treatment was 658 £ 92 and 337 =+ 25, respectively
(Table 1); the OTUs number of nutrition metabolism and
transport were 850 £ 79, 625 £ 48, and 165 + 37 in CK
and F-Ab and F-Pr treatment, respectively. The change
trends of other functional group, such as carbon cycle
and mineral enrich, nitrate reduction, and carbohydrate
utilization, were similar with that of nutrition metabo-
lism and transport (Table 1).

Litsea cubeba cover changed the soil-enriched metabolites
composition

The soil-enriched metabolites were obtained by ethyl-
acetate extraction from air-dried soil and subsequently
analyzed by GC-MS. The identified components with
their relative percentages were reported in Table 2. In the
F-Pr treatment, (4)-2-bornanone (8.25 + 2.62%), alpha-
terpineol (10.38 + 4.79%), citronellol (14.2 + 3.32%),
cyclohexanol (20.97 £ 5.64%), and oleamide (35.80
+ 8.99%) were the main constituents (Table 2). The
cyclohexene (0.49 £ 0.25%), nickel tetracarbonyl (0.57
=+ 0.33%), and phosphine oxide (0.84 £ 0.14%) were the
minimum oil (Table 2). The main constituents of control
and F-Ab treatment were extraction solvent-ethyl acetate
(95.97%) (Table 2).

Litsea cubeba cover reduced soil aluminum and increased
phosphorus content

Covering with Litsea cubeba plants had significant effects
on the content of aluminum and phosphorus (Fig. 4a and
b). The aluminum content in F-Pr treatment was low-
est, the content was 23.60 £ 3.54 mg/kg while in the CK
and F-Ab treatment was 48.28 + 3.32 and 26.73 &+ 2.17

Table 2 Chemical composition of soil-enriched metabolites in control and treatment (n = 4)

Peaks RT Peak areas (%) Name

CK F-Ab F-Pr CK F-Ab F-Pr
1 147 147 / 3224031 327 £1.08 / Ammonia
2 1.65 1.67 / 090 +0.14 057 £0.11 / Ethanol
3 217 2.16 / 9570 £ 18.51* 95.97 £ 24.74* / Ethyl acetate
4 / / 1.26 / / 0.57+£033 Nickel tetracarbonyl
5 / / 133 / / 437 £1.29 4-Octene-2,7-diol
6 / / 1.66 / / 35.8 + 8.99% Oleamide
7 / / 3.89 / / 413+£123 Propylene glycol
8 / / 4.61 / / 2097 + 5.64* Cyclohexanol
9 / / 6.18 / / 10.38 £ 4.79* Alpha-terpineol
10 / / 8.76 / / 049 4+ 0.25 Cyclohexene
11 / / 1042 / / 14.20 £ 3.32% Citronellol
12 / / 11.33 / / 0.84 £0.14 Phosphine oxide
13 / / 11.65 / / 825+ 2.62% (+)-2-Bornanone

The star (*) indicates significant difference between treatment at 0.05 level

CK control, F-Ab the vegetative branches cover treatment, F-Pr the fruit-bearing branches cover treatment
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Fig. 4 Effect of Litsea cubeba cover on soil mineral nutrition of tea plantation. a Aluminum. b Phosphorus. Data are means =+ SE (n = 4). The star (*)
indicates significant difference between treatments at 0.05 level; CK, control; F-Ab, the vegetative branches cover treatment; F-Pr, the fruit-bearing
branches cover treatment

mg/kg, respectively. In contrast, the phosphorus content
increased in Litsea cubeba cover treatment. In F-Pr and
E-Ab treatments, the phosphorus content was 18.41 £
2.42 mg/kg and 5.29 + 0.97 mg/kg, respectively, which
were higher than that in control plots (1.53 &+ 0.29 mg/
kg).

Litsea cubeba cover changed soil pH and aluminum forms

Litsea cubeba cover affected the soil pH and differ-
ent aluminum forms content (Table 3). Compared with
the control, Litsea cubeba cover increased the soil pH.
In the F-Ab and F-Pr treatment, the soil pH index was
4.76 £ 0.02 and 5.28 =+ 0.05, increased by 0.30 and 0.82,
respectively. For the different aluminum forms, cover-
ing with Litsea cubeba decreased the exchangeable alu-
minum content. Compare with the control, the content
of exchangeable aluminum of F-Ab treatment was 16.32
+ 3.34 mg/kg, and that of F-Pr treatment was 11.27 +
2.57 mg/kg, reduced by 45.28% and 62.21%, respectively.
The trend of aluminum humate was opposite to that of
exchangeable aluminum. The aluminum humate content
in F-Ab and F-Pr treatments increased by 68.94% and
56.51%, respectively (Table 3). The change trends of alu-
minum hydrous oxide and hydroxide were similar to that

Table 3 Different forms of aluminum content in experiment (n = 4)

of aluminum humate, while the inorganic adsorption alu-
minum content was not obviously changed (Table 3).

Soil-enriched metabolites and mineral nutrition affected
soil bacteria structure and diversity

RDA analysis results showed that the bacterial commu-
nity was affected by mineral nutrition and soil-enriched
metabolites. The first quadrant showed that the phos-
phorus distribution affected the structure and diversity of
Gemmatimonadetes, Saccharibacteria, and Deinococcus-
Thermus; the soil-enriched metabolites, such as oleamide
(Ole), cyclohexene (Cyc), and (+)-2-bornanone (Bor),
mainly distribute in the second quadrant and affected
the structure and diversity of Proteobacteria and Actino-
bacteria; in the four quadrant, the structure and diver-
sity of Firmicutes, Chloroflexi, Armatimonadetes, and
Verrucomicrobia were mainly affected by the aluminum
(Fig. 5a).

The environment factors explain showed that alu-
minum (Al), oleamide (Ole), cyclohexene (Cyc),
(4)-2-bornanone (Bor), phosphorus (P), and alpha-ter-
pineol (Alp) were the main impact factors, the value of
explains > 95%, and P < 0.05 (Table 4). The redundant
analysis of different forms of aluminum and bacterial
community showed that the exchangeable aluminum was

Treatment pH Exchangeable Inorganic adsorption Aluminum hydrous oxide and  Aluminum
aluminum (mg/kg) aluminum (mg/kg) hydroxide (mg/kg) humate (mg/
kg)
CK 446 £ 0.06 29.83 £8.12* 421 +028 140.65 4 33.69 204.46 4+ 28.25
F-Ab 4.76 +0.02 1632 +334 3621083 170.73 £27.83 34543 4+ 65.80
F-Pr 528 + 0.05* 1127 £257 208 +£0.70 160.81 4+ 32.14 320.02 £53.16

The star (*) indicates significant difference between treatment at 0.05 level

CK control, F-Ab the vegetative branches cover treatment, F-Pr the fruit-bearing branches cover treatment
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Fig. 5 Redundancy analysis of soil bacterial and environmental factors. Al, aluminum; P, phosphorus; Ole, oleamide; Cyc, cyclohexene; Bor,
(+)-2-bornanone; Alp, alpha-terpineol; Cit, citronellol; Amm, ammonia; Al-1, exchangeable aluminum; Al-2, inorganic adsorption aluminum; Al-3,
aluminum hydrous oxide and hydroxide; Al-4, aluminum humate. Note: In the plot, red hollow arrows represent environmental factors; solid arrows
stand for bacterial community structure information; cosine of the angle between the extension lines of environmental factor and bacterial species
equals to the correlation coefficient between the two in numerical value

the main form of aluminum that affects the structure and
diversity of soil bacteria (Fig. 5b).
Table 4 Redundancy analysis (RDA)

Name Explains Pseudo-F P Discussion

Soil bacterial structure and diversity were affected by a
Al 94.8 727 002  variety of factors such as management, soil nutrient, and
Oct 946 700 001 plant root exudates (Larkin et al. 2010; Patkowska et al.
Ole 94.5 68.1 003  2016). In our experiment, Litsea cubeba cover could
Bor 94.1 644 003 modify the structure and diversity of soil microbial com-
P 940 62.5 003 munity. The OTUs number, diversity, and total species
Cit 93.7 59.0 010  richness index significantly decreased in the F-Ab and
Alp 934 56.9 005  F-Pr treatment, which indicated that the bacterial com-
Amm 88.9 321 002  munity were reduced and changed (Fig. 1). But the Litsea
pH 869 266 002  cubeba cover did not change the dominant phyla — Pro-

Al aluminum, P phosphorus, Ole oleamide, Cyc cyclohexene, Bor teobacteria, Acidobacteria, Chloroflexi, Planctomycetes,

(+)-2-bornanone, Alp alpha-terpineol, Cit citronellol, Amm ammonia
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and Verrucomicrobia — in tea plantation (Jiang 2014)
(Fig. 3). For the phyla, Litsea cubeba cover showed dia-
metrically opposite effects of antagonism and enrich-
ment (Fig. 3). Compared with the control, the F-Ab and
E-Pr treatment significantly decreased the relative abun-
dance of Acidobacteria, Chloroflexi, and Planctomycetes,
while they enriched Proteobacteria (Fig. 3). For the func-
tional group, the OTUs number of plant pathogens was
decreased significantly in both Litsea cubeba cover treat-
ment (Table 1). The OTUs numbers of carbohydrate utili-
zation community, protein degradation community, were
also significantly decreased in F-Pr treatment, while their
communities were less affected in the F-Ab treatment.
The difference in the effects of F-Ab and F-Pr treatment
on soil bacterial community may be related to the differ-
ence in soil-enriched metabolites.

Soil-enriched metabolites composition analysis showed
that the F-Pr treatment contained a large amount of
bactericidal or antibacterial substances, such as citron-
ello], alpha-terpineol, (4)-2-bornanone, and 4-octene-
2,7-diol (Table 2). Previous studies had proved that
citronellol had bactericidal or antibacterial effects on
the pathogens of Phoma spp. (Caio et al. 2016). Alpha-
terpineol fumigation could directly or indirectly modify
the soil microbial community by suppressing Ascomy-
cota and enriching antagonistic bacteria (Ye et al. 2021).
RDA analysis showed that citronellol, alpha-terpineol,
and (+)-2-bornanone significantly affected the bacte-
rial structure and diversity (P < 0.05) (Fig. 5, Table 4). No
bactericidal or antibacterial components were detected
in soil-enriched metabolites of control and F-Ab treat-
ments, which may be responsible for that the change
of the bacterial structure, and diversity was not as sig-
nificant as that of F-Pr treatment (Table 2). This may be
related to the difference in the content and composition
of the essential oil of the branches and fruits. The fruit
is the main extraction part of the essential oil of Litsea
cubeba, which contains strong bactericidal substance cit-
ral. Therefore, the bactericidal or antibacterial substances
in the soil-enriched metabolites may be an important
ecological factor that affects the soil bacterial structure
and diversity by covering with Litsea cubeba.

Aluminum and phosphorus were important soil min-
eral nutrition in red clay soil that affects the bacterial
structure and diversity, and their explanatory coefficients
were 94.8% and 94.0%, respectively (P < 0.05) (Table 4,
Fig. 5). The aluminum and phosphorus contents in soil
were changed with covering Litsea cubeba (Fig. 4). Pre-
vious studies also showed that there was a significant
relationship between soil bacterial community and the
content of aluminum and phosphorus (Wang et al. 2011;
Jacoby et al. 2017; Kour et al. 2021). In our experiment,
RDA analysis showed that aluminum and phosphorus
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were important ecological factors affecting soil microbes
(P < 0.05) (Table 4, Fig. 5), which may partly explain our
findings that Litsea cubeba cover significantly affected
the structure and diversity of tea plantation microbes
especially the functional community, such as pathogens
and carbohydrate utilization community (Table 1).

Aluminum is harmful to most organisms; in order
to further explain the relationship between aluminum
and soil bacteria, we measured the different forms of
aluminum. In the experiment, Litsea cubeba cover sig-
nificantly affected the content of aluminum humate and
exchangeable aluminum; for example, the aluminum
humate content in F-Pr treatment was 156.51% of that
in control (Table 3). This may be due to the increase in
soil organic matter content caused by decomposition
of the covering material (Zhang et al. 2013; Gou et al.
2020). And the decrease of exchangeable aluminum in
the Litsea cubeba cover treatment may be related to the
increase of soil pH, for microorganism could affected
the release of hydrogen ions (Chen et al. 2007; Liu
et al. 2014). RDA analysis also showed that aluminum
humate and exchangeable aluminum were important
forms that affect the structure and diversity of soil
bacteria.

The comprehensive effect of bio-control plant appli-
cation has always attracted people attention. In our
experiment, Litsea cubeba cover treatment changed
the aluminum and phosphorus content, decreased the
aluminum/phosphorus ratio, increased the soil pH,
and improved the soil nutrient status. Previous studies
showed that reduction of aluminum/phosphorus ratio
was conducive to tea growth, aroma material synthe-
sis, and improving the quality of tea leaves (Flaten 2002;
Duan 2012). Litsea cubeba cover significantly reduced
the abundance of plant pathogens community and func-
tional group in the F-Pr treatment. The effect of F-Ab
treatment on soil bacterial community was mild, which
indicates that it will be a relatively feasible method to
maintain the balance of ecology and economic benefits.
Although the growth of tea trees and tea quality had been
improved to a certain extent during our experiment (Hao
2019), the ecological effect of the application of bio-con-
trol plants was a long-term process; therefore, long-term
monitoring of soil physical and chemical properties, tea
tree growth and development, tea leaves quality, etc. is
required.

Conclusion

Litsea cubeba cover changed soil bacterial structure and
diversity, slightly increased the soil pH, and improved
soil aluminum and phosphorus status, the soil of fruit-
bearing branch cover (F-Pr) treatment has enriched
metabolites with multiple antibacterial or bacteriostatic
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components which could significantly inhibit soil micro-
bial community without distinguishing bacterial species,
and the vegetative branch cover (F-Ab) treatment had
less effect on the abundance of functional group of nutri-
tion metabolism and transport, carbohydrate utilization,
and nitrate reduction A. Therefore, Litsea cubeba vegeta-
tive branch inter-row cover may be a feasible measure
for integrated pest management in tea plantation. Our
finding suggested that the selection of inter-row covering
material in agroecological farming systems should pay
attention to the secondary metabolites that enter the soil,
especially those with bactericidal or antibacterial effects.

Materials and methods

Study site

The experiment was conducted in Longnan County
(114°78’E, 24° 92'N, 600 m a.s.l), Jiangxi province, China.
The area is located in subtropical humid monsoon cli-
mate zone where the mean annual temperature is 18.9
°C, and long-term annual precipitation is 1526.3 mm. The
soil in the area land is red clay soil based on USDA soil
taxonomy (USA soil classification system). This area is
one of the main production regions of Chinese tea.

Experimental design

In July 2015, when the oil content and composition of
Litsea cubeba fruit were optimal, the fruit-bearing and
vegetative branches were collected, respectively. Accord-
ing to the principle of randomized block experiment
design, 12 plots were selected and divided evenly into 4
groups with 3 treatments in each group: control (CK),
vegetative branches cover (F-Ab), and fruit-bearing
branches cover (F-Pr). Each plots area was 3 x 4 m, the
distance between two plots was 5 m, and there is 1 buffer
tea row between 2 groups. The covering thickness of each
treatment was 5 cm, the cover material was mixed evenly
every 3 months, and the treatment continues for 1 year.
In July 2016, the soil samples were collected after the sur-
face debris were removed; sample from 0 to 30 cm was
collected.

Each soil sample was about 4-5 kg, the soils were
homogenized, and then, the stone and other debris were
removed, 0.5 kg soil of each sample was stored at —20 °C
for molecular analyses, and the other soil sample was air-
dried, ground, and sieved through a 2-mm mesh for soil
mineral nutrition, soil pH, and soil-enriched metabolites
analysis.

Soil pH determination

Air-dried soil, weighted 10 g, was then placed into a 50
ml flask, added 25 ml potassium chloride solution (1
mol/L) into the soil samples, stirred 1-2 min, stood 30
min, and measured with a pH meter.
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Soil ion content measurement

The air-dried soil sample, sieved through a 0.15 mm mesh
again, weighted 0.5 g, was placed into a polytetrafluoro-
ethylene tube, and then added 5 ml hydrofluoric acid, 10
ml mixed acid (nitric acid: perchloric acid = 1:1), put the
tube in a microwave digestion system for 90 min. Then,
the digested samples were placed on a hot plate to dry,
100 °C, 3-5 min. Transferred residues to 50 ml glass tube
and the original polytetrafluoroethylene were washed
twice with deionized water and were transferred together
and finally diluted to 10 ml in volume. The AI*" and P**
concentration was determined by an inductively coupled
plasma-atomic emission spectroscopy (ICP-AEC) (Song
et al. 2011; Hao et al. 2018).

Different forms of aluminum determination

The different forms of aluminum content were deter-
mined by using continuous extraction method (Huang
and Qu 1996; Pang et al. 1986).

1. Exchangeable aluminum: Air-dried soil 1 g; placed in
a 100 ml plastic centrifuge tube; added 10 ml potas-
sium chloride (1 mol/L); shook 30 min; centrifuged
at 2000 r/min, 15 min; and collected the supernatant.
Using deionized water washes the residue, centri-
fuged 5 min, and discarded the supernatant.

2. Inorganic adsorption aluminum: Took the residue
in 1st step, added 10 ml NH,Ac (1 mol/L), shook 8
h, centrifuged 5 min, and collected the supernatant.
Washed the residue with deionizer water, centrifuged
5 min, and discarded the supernatant.

3. Aluminum hydrated oxides and hydroxides: Took
the residue in 2nd step, added 10 ml HCI (1 mol/L),
shook 1.5 h, centrifuged 5 min, collected the super-
natant, washed the residue using deionizer water,
centrifuged 5 min, and discarded the supernatant.

4. Aluminum humate: Took the residue in 3nd step,
added 10 ml NaOH (0.5 mol/L), shook 3 h, centri-
fuged 5 min, and collected the supernatant.

The aluminum ions in the supernatant of each step
were determined by inductively coupled plasma-optical
emission spectrometry (ICP-OES).

Soil-enriched metabolites determination

Gas chromatography-mass spectrometry (GC-MS)
method was used to detect soil-enriched metabolites
(Duan et al. 2015).

+ Took 2 kg air-dried soil, placed in glass bottle, and
added 80% ethyl-acetate solution, soil: solution was
1:3, put the glass bottles in shaking incubator, 20 °C,
200 r/min, 24 h; then completely transferred to 50 ml



Hao et al. Annals of Microbiology (2022) 72:37

centrifuge tube, 5 000 r/min, 15 min; then took the
supernatant, concentrated to 1-1.5 ml with vacuum
rotary evaporator, and condition was 300 hPa, 40—45
°C; then dehydrated with anhydrous sulfuric acid;
transferred to an ampoule for storage; and the con-
centrate was the soil-enriched metabolites.

+ TR-1 silica capillary column (30 m x 0.32 mm x
0.25 pum): carrier gas: He, flow rate 1 ml/min, spitless
(split ratio 50:1), and constant pressure mode; injec-
tor temperature: 250 °C; gas flow rate is 1.0 ml min;
programmed oven temperature: initial temperature
70 °C and hold 2 min; and then, the temperature was
gradually increased to 280 °C for 20 min. frequency
10°C min™ .

+ Mass spectrometry conditions: EI source, electron
energy 70 ev, and temperature 230 °C; scanning
speed 0.2 s, scanning range (m/z) 35—-500 amu; and
solvent delay time 3 min, the standard mass spec-
trum library was used to compare the obtained data,
and the content of each component of the extract
was calculated by the area method.

Sequencing and data analysis
Total DNA was extracted from 0.5 g soil samples (0.5 g/
sample) using the SoilGen DNA Kit (CW biotech Corpo-
ration, China) following the manufacturer’s instructions.
The 515f/806r primer set (GTGCCAGCMGCCGCG
GTAA/GGACTACHVGGGTWTCTAAT) was used
to amplify the V4 region of the 16S rRNA gene (Peiffer
et al. 2013). The reverse primer contained a 6-bp error-
correcting barcode unique to each sample. The PCR reac-
tion (30 pL) mixture was composed of 15 uL of Phusion
High-Fidelity PCR Master Mix (New England Biolabs),
0.2 uM of each forward and reverse primer, and about 10
ng DNA templates. Thermal cycling conditions were as
follows: initial denaturation at 98 °C for 1 min followed
by 30 cycles of 98 °C for 10 s, 50 °C for 30 s, 72 °C for
1 min, and a final extension with 72 °C for 5 min. PCR
products were purified with GeneJET Gel Extraction
Kit (Thermo Scientific). NEBNext Ultra DNA library
Prep Kit for Illumina (NEB, USA) was used to generate
sequencing libraries following manufacturer’s recom-
mendations, and index codes were added. The library
quality was evaluated with the Qubit @ 2.0 Fluorometer
(Thermo Scientific) and Agilent Bioanalyzer 2100 system.
Finally, sequencing was performed on an Illumina MiSeq
platform, and 300 bp paired-end reads were generated.
Paired-end reads from the original DNA fragments
were merged with FLASH software (Magoc and Salz-
berg 2011). The paired-end reads were assigned to sam-
ples according to their unique barcode and UPARSE
pipeline. The reads were first filtered with the QIIME
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software package (Quantitative Insights into Microbial
Ecology) with the default settings. Then, the opera-
tional taxonomic units (OTUg) picking was performed
with UPARSE pipeline (Edgar 2013). Sequences with
greater than or equal to 97% similarity were assigned to
the same OTUs. A representative sequence was picked
for each OTUs and was assigned with taxonomic data
using the version 2.2 RDP classifier with a confidence
threshold of 0.8 (Wang et al. 2007). Singleton OTUs
could be potential sequencing errors. The alpha diver-
sity was analyzed by calculating three metrics: Chaol,
the observed species, and Shannon index. QIIME
was used to do nonmetric multidimensional scaling
(NMDS).

Statistical analysis
We conducted separate ANOVA and Dunnett’s tests to
determine the bacterial diversity and relative abundance
of phyla between CK and treatments (SPSS 16.0). Square
root transformation of the OTUs data and arcsine square
root transformation of relative abundance of phyla were
done before proceeding with ANOVA and post hoc test.
The assumptions of normality and homogeneity of vari-
ance were checked prior to conduct the statistical tests.
Canoco 5 software, which was the programs for statisti-
cal analysis using ordination methods in the field of ecol-
ogy and related fields, was used to conduct multivariate
analysis to study the effects of soil-enriched metabolites
and mineral nutrition factors on soil bacterial commu-
nity using redundant analysis (RDA). Tax4Fun which
was a R package that predicts the functional capabilities
of bacterial community based on 16 s datasets, was used
to predict the soil bacterial community function. It was
regarded as significant differences when P-value was less
than 0.05.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/513213-022-01696-2.

Additional file 1: SubFig. 1. Rarefaction curves of all samples were
generated for bacterial OTUs which contained unique sequences and
were defined at 97% sequence similarities. CK: Control; F-Ab: The vegeta-
tive branches cover treatment; F-Pr: The fruit-bearing branches cover
treatment.
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