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Enzymatic fermentation of rapeseed cake @

significantly improved the soil environment
of tea rhizosphere
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Abstract

Background Rapeseed cake is an important agricultural waste. After enzymatic fermentation, rapeseed cake

not only has specific microbial diversity but also contains a lot of fatty acids, organic acids, amino acids and their
derivatives, which has potential value as a high-quality organic fertilizer. However, the effects of fermented rape-
seed cake on tea rhizosphere microorganisms and soil metabolites have not been reported. In this study, we aimed
to elucidate the effect of enzymatic rapeseed cake fertilizer on the soil of tea tree, and to reveal the correlation
between rhizosphere soil microorganisms and nutrients/metabolites.

Results The results showed that: (1) The application of enzymatic rapeseed cake increased the contents of soil
organic matter (OM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), and available phosphorus
(AP); increased the activities of soil urease (S-UE), soil catalase (S-CAT), soil acid phosphatase (S-ACP) and soil sucrase
(5-SQ); (2) The application of enzymatic rapeseed cake increased the relative abundance of beneficial rhizosphere
microorganisms such as Chaetomium, Inocybe, Pseudoxanthomonas, Pseudomonas, Sphingomonas, and Stenotropho-
monas; (3) The application of enzymatic rapeseed cake increased the contents of sugar, organic acid, and fatty acid

in soil, and the key metabolic pathways were concentrated in sugar and fatty acid metabolisms; (4) The application

of enzymatic rapeseed cake promoted the metabolism of sugar, organic acid, and fatty acid in soil by key rhizosphere
microorganisms; enzymes and microorganisms jointly regulated the metabolic pathways of sugar and fatty acids

in soil.

Conclusions Enzymatic rapeseed cake fertilizer improved the nutrient status and microbial structure of tea rhizos-
phere soil, which was beneficial for enhancing soil productivity in tea plantations. These findings provide new insights
into the use of enzymatic rapeseed cake as an efficient organic fertilizer and expand its potential for application in tea
plantations.
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the soil environment of tea plantations, enhance soil
productivity, and improve tea yield and quality [5-9].
However, due to the slow effectiveness of organic ferti-
lizers, it is difficult to meet the nutrient demand of tea
tree growth on time. And at the same time, to improve
the yield and quality, the application of organic fertiliz-
ers is often increased, thus leading to the high cost of
organic fertilizer application. Therefore, from the per-
spective of nutrient effectiveness and economy, the raw
materials of organic fertilizer are applied after fermenta-
tion, which not only improves the structure and function
of soil microorganisms in a short time but also achieves
the effect of quick-acting fertilizer. This is beneficial for
improving the yield and quality of tea. Previous studies
in our laboratory have shown that fermented soybeans
as fertilizers can improve soil nutrient status, regulate
related microbial communities, and positively affect the
budding of tea [10]. This study laid the foundation for our
further application of enzymatically fermented organic
materials in tea plantations.

Rapeseed cake is an important agricultural waste con-
taining a large amount of nutrients and is one of the com-
monly used organic fertilizers in tea gardens. Previous
studies have shown that applying rapeseed cake ferti-
lizer in tea gardens could reduce the emissions of green-
house gas, promote the sequestration of soil carbon, and
increase the yields of tea [11-14]. Mixed application of
rapeseed cake fertilizer and green manure could main-
tain soil organic nutrients (total organic carbon, total
phosphorus, and available phosphorus) and increase soil
nutrients and bacterial diversity [15, 16]. Mixed appli-
cation of rapeseed cake and mineral fertilizers could
improve the soil’s physical environment, enhance root
proliferation and increase the biomass of tea [17].

However, in practice, rapeseed cake as a fertilizer is
mainly applied directly, which is difficult to exert its opti-
mal fertilizer effect. The effects of metabolites, microbial
community structure, and their interrelationships in the
rhizosphere soil after the application of rapeseed cake
fertilizer in tea plantations have not been reported.

At present, our research team has studied the physi-
cal and chemical properties, microbial community
structure, and metabolites of rapeseed cake after natu-
ral fermentation and enzymatic fermentation, and has
made important progress [18]. The research showed that
the microbial diversity of rapeseed cake fermented by
enzyme was significantly increased and had specificity.
The relative abundance of Bacillus, Lysinibacillus, Empe-
doactor, etc. was significantly higher than that of natu-
ral fermentation. Enzymatic fermentation promoted the
transformation of macromolecular substances in rape-
seed cake, and increased small molecule metabolites. The
enrichment pathways of metabolites mainly focused on
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sugar metabolism and fatty acid metabolism. This study
laid a good foundation for further development of using
rapeseed cake as organic fertilizer.

In order to further explore the effects of enzymatic
rapeseed cake on the microorganisms and metabolites in
the rhizosphere soil of tea plants, we studied the physical
and chemical properties of the soil, evaluated the com-
munity structure of the microorganisms in the rhizos-
phere soil, revealed the composition of soil metabolites
and their regulatory pathways, and provided a theoreti-
cal basis for the future application of enzymatic rapeseed
cake as organic fertilizer in tea gardens.

Results and analysis

Effects of different fertilization treatments

on microorganisms of rhizosphere soil

Effect of different fertilization treatments on the total
number of bacteria and fungi

In order to quantify the biomass of soil microorganisms
under different fertilization treatments, we cultured bac-
teria and fungi of each treatment, and counted colony-
forming units (CFUs), respectively. The results showed
that the total number of bacteria in REF was significantly
higher than the other three treatment (p<0.05), while
the total number of fungi in RNF was significantly lower
than the other three treatment groups (p <0.05) (Table 1).
As expected, the application of enzymatic rapeseed cake
increased the number of microbial communities (espe-
cially bacterial communities) in the soil, altering the
structure of microbial communities.

Effects of different fertilization treatments on microbial
community diversity

In order to annotate the bacterial and fungal communi-
ties in the soils, we used classification operations to opti-
mize the sequences. Rarefaction curve analysis showed
that all four curves ended up close to flat, indicating that
the sample size for sequencing was sufficient to obtain
reasonable sequencing data for subsequent analysis. Rank
abundance analysis showed that each curve had a large
span on the horizontal axis and eventually tended to be

Table 1 Total number of bacteria and fungi under different
fertilization treatments

Sample Count of Total Bacteria Count of Total Fungi (CFU/g)
(CFU/g)

CK (583+£1.28)x10°b (1.15+£027) x 10°a

UF (593+127)x10°b (9.90+£0.17) x 10° a

RNF (487+023)x10°b (1.08+037)x 10° b

REF (1.79+0.97) x 10°a (760+£4.98) x 10° a

Values with the same letter are not significantly different (p <0.05)
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flat, indicating that the sequenced samples were rich and
species were evenly distributed (Figure S1). With a 97%
uniformity threshold, there were 7735 and 3948 opera-
tional taxonomic units (OTUs) in bacterial and fungal
communities. In bacterial communities, the number of
OTUs in REF was slightly lower than that in other treat-
ments, but there was no significant difference. In the
fungal communities, the number of OTUs in REF was
significantly lower than that in CK, UF, and RNF (Fig. 1).
In order to estimate the diversity and richness of
microbial and fungal communities of the soils under
four treatments, we analyzed the indices of alpha diver-
sity (Shannon, Simpson, Chaol, and ACE) using the ran-
dom sampling method (Table 2). The coverage indexes of
the soil samples were greater than 0.98, indicating that
the sequencing results were usable. Analysis of variance
showed that the different fertilization treatments affected

UF
RNF
REF

CK
UF
RNF
REF
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the bacterial and fungal communities. In the bacterial
communities, the diversity index of REF was significantly
lower than CK and RNF, and slightly higher than UF, but
the richness index of the four treatments had no signifi-
cant difference. In the fungal communities, the diversity
index and richness index of REF were significantly lower
than those of other treatments, as shown in Simpson and
Chaol indexes.

To further study the effects of different fertilization
treatments on the distribution of soil microbial com-
munities, beta diversity was calculated using non-metric
multidimensional scaling (NMDS) and principal coordi-
nate analysis (PCoA) (Figure S2). The results showed that
soil microbial communities were different among the four
fertilization treatments. To further clarify the previous
separation mode of microbial community, PCoA analy-
sis was conducted based on unweighted unifrac distance.
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Fig. 1 The Venn diagram of microbial communities in soils under different fertilization treatments. a The number of bacterial OTUs in soils
under different fertilization treatments. b The number of fungal OTUs in soils under different fertilization treatments
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The results showed that the confidence intervals of the
four treatments were in four different quadrants. These
indicated that the composition of soil microbial commu-
nity was affected by different fertilization treatments.

Effects of different fertilization treatments on microbial
community composition

To analyze the composition of the rhizosphere soil micro-
bial community, the top 10 species were selected with
the highest abundance at the phylum and genus levels
according to the species annotation results. At the phy-
lum level, the advantageous bacteria were Proteobacteria,
Firmicutes, Acidobacter, and Bacteroidota; the advanta-
geous fungi were Ascomycota, Mucoromycota, Mortiere-
llomycota, and Basidiomycota. At the genus level, the
advantageous bacteria were mainly Rhodobacter, Rom-
boutsia, Sphingomonas, Chitinophaga, and Acidibacter.
The advantageous fungi were Chaetomium, Actinomucor,
Humicola, Gibberella, and Fusarium (Fig. 2).

To explore the bacterial and fungal communi-
ties that differed significantly differences in the soils
between the four treatments, we used the LEfSe tool
to analyze the microbial communities at different lev-
els (Fig. 3). Gammaproteobacteria (the class to genus),
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Alphaproteobacteria (class and the family Rhizobiaceae),
and Sordariales (the class to species) were significantly
enriched in REF. Cyanobacteriia (the phylum to order,
and the genus unidentified_Chloroplast), Trichosporo-
nales (the order to species), and Mucoromycota (the
phylum and the family Mucoraceae) were significantly
enriched in RNF. The results showed that the bacterial
and fungal communities in the soil were significantly dif-
ferent under different treatments.

To further confirm the difference of microbial com-
munity composition at the genus level, MetaStat method
was used to screen the species with significant differ-
ences and drawn a heat map (Fig. 4). The results showed
that there were significant differences between REF and
other treatments in bacterial and fungal communities.
In the bacterial communities, the relative abundance of
Rhodanobacter, Sphingomonas, Delftia, and Nitrosospira
in REF was significantly higher than CK (p <0.01); the rel-
ative abundance of Pseudoxanthomonas, Sphingomonas,
and Thermomonas was significantly higher than that of
UF (p<0.01); the relative abundance of Sphingomonas,
Delftia, Stenotrophomonas was significantly higher than
that of RNF (p<0.01) (Fig. 4A). In the fungal communi-
ties, the relative abundance of Chaetomium and Inocybe
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Fig. 2 The composition of microbial communities in soils under different fertilization treatments. a The histogram of bacterial composition in soils
under different fertilization treatments at the phylum level. b The histogram of fungal composition in soils under different fertilization treatments
at the phylum level. ¢ The histogram of bacterial composition soils under different fertilization treatments at the genus level. d The histogram

of fungal composition in soils under different fertilization treatments at the genus level
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Fig. 3 The LEfSe analysis of microbial communities in soils under different fertilization treatments. a The LEfSe analysis of bacterial communities
in soils under different fertilization treatments. b The LEfSe analysis of fungal communities in soils under different fertilization treatments

was significantly higher than CK (p<0.01); the relative
abundance of Mucor and Chaetomium was significantly
higher than UF (p<0.01); the relative abundance of Tri-
chosporon was significantly higher than RNF (p<0.01)
(Fig. 4B).

Relationship between dominant genera of microbial
communities with soil physical and chemical properties

To appraise the physical and chemical characteristics
of soil under different fertilization treatments, we ana-
lyzed the nutrient contents of soil (Table 3). The results
showed that the pH value was UF < REF < RNF < CK. The
contents of OM, TN, TP, and AN in REF and RNF were
significantly higher than those in CK and UF (p<0.05),
and slightly higher in REF than in RNF, while the differ-
ence was not significant (p>0.05). The content of AP in
REF is significantly higher than that of CK, UF, and RNF
(p<0.05). In addition, we measured the activities of four
enzymes in the soil (Table 4). The results showed that
the activities of S-UE, S-CAT, S-ACP, and S-SC in REF

were significantly higher than those in CK, UF, and RNF
(p<0.05).

To investigate the effects of enzymatic rapeseed cake on
soil bacterial and fungal communities, spearman correla-
tion was used to analyze the relationship between domi-
nant genera and major soil characteristics. Notably, AN
was appreciably associated with Aquicella, Stenotropho-
monas, Trichoderma, etc. (p<0.01). AP was appreci-
ably associated with Mesorhizobium, Stenotrophomonas,
Mucor, Stachybotrys, etc. (p<0.01). AK was appreciably
associated with Mesorhizobium, Acremonium, and mucor
(p<0.01). PH was appreciably associated with Dongia,
MNDI, Nitrosospira, and Phenylobacterium (p<0.01).
In addition, S-ACP was appreciably associated with
Allorhizobium-Neorhizobium-Pararhizobium-Rhizo-
bium, Sphingopyxis, Acremonium, etc. (p<0.01). S-SC
was appreciably associated with Pseudoxanthomonas,
Sphingopyxis, Acremonium, etc. (p<0.01). S-UE was
appreciably associated with Pseudoxanthomonas, Sphin-
gopyxis, Chaetomium, etc. (p<0.01) (Fig. 5, S3).
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Fig. 4 The MetaStat heatmap of microbial communities in soils under different fertilization treatments. a The MetaStat heatmap of bacterial
communities in soils under different fertilization treatments. b The MetaStat heatmap of fungal communities in soils under different fertilization

treatments

Table 3 The physicochemical properties of soils under different fertilization treatments

Sample pH OM g/kg TN g/kg TP g/kg TK g/kg AN mg/kg AP mg/kg AK mg/kg

CK 5.94+0.10d 41.93+2.79 1414£091b 049+0.10b 13.06+1.57a 23566+8.08c 1343+121c 38.78+10.46a
UF 463+0.03a 46.11+708b  159+0.10ab  047+0.08b 1337+055a  27766+£808b 13.09+1.03c  44.16+2.56a
RNF 551+0.12¢ 5333+220a  1.79+022a 0.64+0.23a 1268+0.28a  33600+12.12a 26.16+350b  47.11+4.70a
REF 5.15+0.29b 50.07+935%  1.79+0.15a 0.68+0.11a 1275+134a  35000£12.12a 3935+469a  51.95+5.8%

Values with the same letter are not significantly different (p <0.05)

Table 4 The activities of some enzymes in soils under different fertilization treatments

Sample S-UE (ug/d/g) S-CAT (pmol/h/g) S-ACP (nmol/h/g) S-SC (mg/d/qg)
CK 161.45+10.02¢ 299.86+29.83ab 374.19+50.64c 6.63x1.11c
UF 123.03+0.15¢ 241.27 +56.33d 624.05+90.82b 842+0.17bc
RNF 267.10+£64.99b 267.27+£33.33C 688.02+3.43ab 10.65+2.32b
REF 40847 +49.23a 306.68+29.53a 756.63+£42.83a 15.17+2.26a

Values with the same letter are not significantly different (p <0.05)
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Fig. 5 The rose diagrams of relationships between soil key properties and bacterial communities in soils with enzymatic fermented rapeseed cake.

*p<0.05,*: p<0.01,** p<0.001

Effects of different fertilization treatments on soil
metabolites

Analysis of soil metabolites under different fertilization
treatments

In order to further analyze the metabolites in soil under
different fertilization treatments, we analyzed 12 soil
samples on the GC-MS platform. 135 compounds were
detected and quantified in soil samples, mainly includ-
ing lipids (20.1%), acids (19.3%), sugars (12.6%), alcohols
(12.6%), and amines (8.1%) (Figure S4A). We conducted
OPLS-DA analysis on soil metabolites after different fer-
tilization treatments to maximize the difference between
REF and other treatments (Figure S4B-D). The results
showed that REF was located on the positive or negative
sides of the x-axis with the other three treatments and
was completely separated. This indicated that the appli-
cation of enzymatic rapeseed cake could significantly

alter the metabolic profiling of soil. Fold_change value
(>1.2,<0.7) and VIP value (>1) were used to screen out
metabolites with significant differences, and a heatmap
with hierarchical clustering analysis (HCA) was used to
show metabolites differentially expressed between REF
with CK, UF, and RNF. The results showed that there
were 32, 47, and 24 different metabolites were screened
compared with CK, UF, and RNF (Table S1-S3). REF
mainly promoted the accumulation of tetracosanoic acid,
22-Hydroxydocosanoic acid, trans-13-Octadecenoic acid,
oleic acid, 2,3-dihydroxypropyl dihydrogen phosphate,
4-(2-Methylbutanoyl) Sucrose, a-Methyl-D-galactoside,
D-Allofuranose, heneicosane, succinic acid and so on
(Fig. 6, S5). It indicated that the application of enzymatic
rapeseed cake significantly stimulated the changes of
rhizosphere soil metabolism, promoted the accumu-
lation of sugar, organic acids, and lipids in the soil, and
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Fig. 6 The heatmap of the differential relative content of common metabol

provided more beneficial and small molecular substances
for the growth of tea plants.

Analysis of soil metabolic pathway under different
fertilization treatments

To further analyze the role of metabolites in rhizosphere
soil under different fertilization treatments, we enriched
the differential compounds through the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway. The
results showed that, compared REF with CK, the dif-
ferential metabolites were mainly concentrated in the
biosynthesis of unsaturated fatty acids, biosynthesis of
secondary metabolites, toluene degradation, and the bio-
synthesis of cutin, suberine and wax (Fig. 7A). Compared
REF with UF, the differential metabolites were mainly
concentrated in the benzoate degradation, degradation of
aromatic compounds, and toluene degradation (Fig. 7B).
Compared REF with RNF, the differential metabolites
were mainly concentrated in the ABC transporters,

1-(diisopropylphosphino)-3-(diisopropylphosphinyl)-Propane
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oxolo[4,5-glisoquinolin-5-yl)methyl]-Phenol

e

ites in CK vs REF

phosphotransferase system (PTS), fructose and mannose
metabolism, amino sugar, and nucleotide sugar metabo-
lism (Fig. 7C). In particular, compared with other treat-
ments, the differential enrichment pathways of REF were
sugar and fatty acid metabolisms.

Correlation between microorganisms and metabolites
under different fertilizer treatments

To study the correlation between microorganisms and
metabolites in soil, the spearman coefficient was used
for analysis. Correlation heatmap was used to show the
correlation between significantly different microbial
populations and metabolites (R*>0.64, p<0.05). In the
bacterial communities, REF compared to CK, organic
acids (trans-13-Octadecenoic acid, diethylcarbamic
acid, oleic acid, and tetracosanoic acid) were appreci-
ably positively correlated to Luteimonas, Rhodanobacter,
Nitrosospira, Delftia, Sphingopyxis, Brucella, etc. Carbo-
hydrates (D-Allofuranose and «-Methyl-D-galactoside)
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were appreciably positively correlated to Rhodanobacter,
Luteimonas, Pedobacter, Flavobacterium, and Dyadobac-
ter. Lipids (succinic acid, 3-methylbut-2-yl tetrahydrofur-
furyl ester, and 3-methyl-Tetradecane) were appreciably
positively correlated to Tahibacte, Pseudomonas, Nitros-
ospira, Micropepsis, Taibaiella, and Microbacterium
(Fig. 8A). REF compared to UF, organic acids (phytanic
Acid, 4-Hydroxyanthraquinone-2-carboxylic acid, and
tetradecanoic acid) were appreciably positively corre-
lated to Nocardia and Acidipila-Silvibacterium. Carbo-
hydrates (D-Allose 3, D-Galactose 2, D-Allofuranose,
and D-Ribose 2) were significantly positively correlated
to Nocardia. Lipids (nonadecane, methyl ester, henei-
cosane, and dibutyl phthalate) were appreciably positively
correlated to Thermosporothrix, Nocardia, and Acidip-
ila-Silvibacterium (Fig. 8B). REF compared to RNE,
a-Methyl-D-galactoside, D-Allofuranose, 9-Hexadece-
noic acid, tetradecanoic acid, and octadecanamide were
appreciably positively correlated to Jatrophihabitans,
Peredibacter, and Thioclava (Fig. 8C).

In the fungal communities, REF compared to CK,
Chaetomium was appreciably positively correlated to
a-Methyl-D-galactoside, D-Allofuranose, diethylcarba-
mic acid, PropylAmine, and 1,5-PentanediAmine. Cin-
tractia, Geopora, Lecophagus, and Pleotrichocladium

were appreciably positively correlated to N,N-dimethyl-
Carbamic acid. Byssochlamys, Pseudeurotium, and Para-
phaeosphaeria were appreciably positively associated
with Cyclotetracosene, 1,2-dimethyl- (Figure S6A). REF
compared to UE, Sagenomella and Byssochlamys were
appreciably positively correlated to lipids (heneicosane,
dibutyl phthalate, and nonadecane). Paracremonium,
Sagenomella, Byssochlamys, and Pleotrichocladium were
appreciably positively correlated to D-Galactose 2, phy-
tanic acid, and tetradecanoic acid (Figure S6B). REF
compared to RNE, Trichosporon, Setophaeosphaeria,
and Exophiala were appreciably positively correlated
to a-Methyl-D-galactoside, D-Allofuranose, 9-Hexade-
cenoic acid, tetradecanoic acid, n-Tetracosanol-1, and
octadecanamide. Trichosporon was appreciably positively
correlated to stigmasterol2 and timonacic. Exophiala was
appreciably positively correlated to D-Allose 3, stigmas-
terol2, and oleic acid (Figure S6C).

Discussion

The relative abundance of beneficial microorganisms

in the soil was increased after the application of enzymatic
rapeseed cake

The diversity and composition of soil microbial community
are crucial to the functioning of soil and the stability of the
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Fig. 8 The ellipse heatmap of relationships between bacterial communities and soil metabolites. a The relationship of bacterial communities
and soil metabolites in CK vs REF. b The relationship of bacterial communities and soil metabolites in UF vs REF. ¢ The relationship of bacterial

communities and soil metabolites in RNF vs REF

ecological environment [19, 20]. It was reported that the
bacterial diversity after applying organic fertilizer was sig-
nificantly higher than that after applying chemical fertilizer
in soil of crops [21-24]. Becker and Backer et al. found that
inoculation of the PGPR strain or synthetic community

was usually hindered by the original community in the soil,
which affected the resilience of the inoculated strain, lead-
ing to the rapid disappearance or collapse of the introduced
strain [25, 26]. In this study, it was found that the bacte-
rial diversity of tea rhizosphere soil after the application of
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fermented rapeseed cake was significantly lower than that
of the control with no fertilization but higher than that of
the urea treatment. We speculated that, on the one hand,
due to the increase of beneficial microorganisms after
the application of rapeseed cake, the survival of indig-
enous microorganisms in the soil was inhibited, and the
soil microbial diversity was reduced. On the other hand,
because rapeseed cake was rich in microbial communities
after being applied to the soil, indigenous microorganisms
hinder the vitality of the original communities in rapeseed
cake, resulting in the reduced viability of some introduced
microbial communities.

By dissecting the composition of rhizosphere soil micro-
bial communities at the genus level, we found that the
dominant genera of tea rhizosphere soil were mainly
Rhodanobacter, Sphingomonas, Acidibacter, Rombout-
sia, Chitinophaga, Chaetomium, Humicola, Gibberella,
Fusarium, and Actinomucor (Fig. 2C, D). Moreover, after
the application of enzymatic rapeseed cake, the relative
abundance of Pseudoxanthomonas, Pseudomonas, Sphin-
gomonas, Stenotrophomonas, Chaetomium, and Inocybe
in soil was higher than that of other treatments (Fig. 4).
Previous studies have shown that Pseudoxanthomonas,
Pseudomonas, Rhodanobacter, and Sphingomonas were
bacterial groups related to the nitrogen cycle and can par-
ticipate in nitrogen fixation, denitrification, and other pro-
cesses to promote plant growth [27-32]. Sphingomonas
was defined as an acid-dependent biomarker that could
survive and dominate in soil with pH<5 [33-35]. Steno-
trophomonas was an important contributor to the miner-
alization of organic phosphorus. It could reduce the metal
ion damage induced by low pH by secreting organic acids
and producing iron carriers [36-38]. Inocybe was usually
related to plants that form ectomycorrhizal symbionts,
which could transport water and nutrients in plants [39].
Chaetomium was a kind of fungus beneficial to plants,
which could effectively control the infection of plant patho-
gens [40—42]. In our study, the above types of microorgan-
isms were found in rhizosphere soil microorganisms after
the application of rapeseed cake. This indicated that the
application of enzymatic rapeseed cake increased the rela-
tive abundance of beneficial microbial flora, promoted the
nitrogen and phosphorus cycling in the rhizosphere of tea
plants, promoted the biochemical changes in the soil, pro-
tected the roots of tea plants, and made the soil microenvi-
ronment more suitable for the growth of tea plants.

The enzymes and microorganisms jointly promoted

the transformation of nutrients after the application

of enzymatic rapeseed cake in the soil

Soil enzyme activity is closely related to soil nutrient sta-
tus. Ge et al. found that there was a significant correla-
tion between organic carbon with soil invertase, and total

Page 12 of 17

nitrogen with soil urease respectively after long-term fer-
tilization in northern China [43]. Ning et al. found that
soil organic matter, soil catalase activity, and urease activ-
ity increased significantly after applying organic in veg-
etable fields [44]. Zhang et al. found that the activities of
soil sucrase, soil acid phosphatase, and soil urease were
significantly higher than those of inorganic fertilizer after
applying soybean fertilizer in the tea garden [10]. In this
study, it was found that after the application of enzymatic
rapeseed cake, the content of soil organic matter (OM),
total nitrogen (TN), total phosphorus (TP), available
nitrogen (AN), and available phosphorus (AP) was sig-
nificantly higher than that of the control with no fertili-
zation and urea treatment, and slightly higher than that
of the naturally fermented rapeseed cake treatment. The
activities of soil urease (S-UE), soil catalase (S-CAT), soil
acid phosphatase (S-ACP), and soil invertase (S-SC) were
also significantly higher than those of the control with no
fertilization and urea treatment, and slightly higher than
those of the naturally fermented rapeseed cake treat-
ment. This showed that the application of enzymatic
rapeseed cake could improve soil nutrients, activate soil
enzyme activity, reduce soil pH value, and thus help to
improve the quality of tea garden soil.

Microbial growth depended on soil nutrients and was
affected by changes in soil nutrients [45-47]. Zhalnina
and Naz et al. found that soil pH was the key factor of
bacterial diversity, which had a strong impact on soil
microbial community and was a strong driving force for
microbial growth and community composition [48, 49].
Li and Duff et al. found that the application of fertilizer
in soil changed of microbial functional diversity changed
with nitrogen content [50, 51]. Ding et al. found that the
application of organic manure in crop soil significantly
correlated the microbial community with soil pH, avail-
able phosphorus, and total phosphorus concentration
[52]. In this study, the spearman correlation coefficient
was used to evaluate the relationship between the physi-
cal and chemical properties of tea soil and the microbial
community at the genus level. It was found that pH, AN,
and AP were the main environmental factors affecting
tea soil microorganisms, and were significantly positively
correlated with the main beneficial microorganisms
(Fig. 5, S3). Dongia was significantly positively corre-
lated with pH. Aquicella, Pseudoxanthomonas, and Sph-
ingpopyxis were significantly positively correlated with
AN. Mesorhizobium, Sphingopyxis, and Chaetomium
were significantly positively correlated with AP (R>0.8,
p <0.01). In addition, Chaetomium was significantly posi-
tively correlated with S-UE. Chitinophaga, Pseudoxan-
thomonas, and Sphingopyxis were significantly positively
correlated with S-ACP. Sphingopyxi was significantly
positively correlated with S-SC (R>0.8, p<0.01). These
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microorganisms played an important role in the metabo-
lism of tea rhizosphere. This study is similar to our pre-
vious results in The application of enzymatic fermented
soybean effectively regulates associated microbial commu-
nities in tea soil and positively affects lipid metabolites in
tea new shoots [10]. Therefore, we inferred that it was the
enzyme and microorganism jointly promoted the trans-
formation of substances in the soil.

The soil microorganisms further stimulated

the metabolism of sugar and fatty acids

after the application of enzymatic rapeseed cake

It was found that the main metabolic pathways dur-
ing the enzymatic fermentation of rapeseed cake were
glucosinolate biosynthesis, galactose metabolism, Ami-
noacyl-tRNA biosynthesis, starch and sucrose metabo-
lism, linoleic acid metabolism, biosynthesis of secondary
metabolites, and inositol phosphate metabolism. The
metabolite enrichment pathways were specific in the pro-
cess of enzymatic fermentation, which indicated that the
metabolites of enzymatic fermentation mainly focused
on sugar metabolism and fatty acid metabolism [18].

In this study, the distribution of metabolites in soil
was obviously separated from other treatments after the
application of enzymatic rapeseed cake (Fig. S4B-D). It
was proved that the application of enzymatic rapeseed
cake could further promote the metabolism of sugars
(a-Methyl-D-galactoside, D-Allofuranose, etc.), organic
acids (tetracosanoic acid, 22-Hydroxydocosanoic acid,
trans-13-Octadecenoic acid, etc.) and lipids (Henei-
cosane, 3-methyl-Tetradecane, etc.) in soil (Fig. 6). The
differential metabolites were mainly concentrated on
the metabolic pathways of sugar and fatty acids. Sugar
and lipids were the key metabolites in soil microorgan-
isms and were crucial in the interaction between plants
and rhizosphere microorganisms [53-55]. In this study,
it was also found that after the application of enzymatic
rapeseed cake, the number of soil microorganisms closely
related to sugar and lipid substances increased signifi-
cantly, and most of them were positively correlated, espe-
cially Chaetomium, Rhodanobacter, and Luteimonas
were significantly positively correlated with sugar; Tahi-
bacte, Pseudomonas, and Nitrosospira were significantly
positively correlated with lipids (Fig. 8A). These results
showed that the enzymatic rapeseed cake applied in the
soil further stimulated the activities of microbial related
to the metabolism of sugar and fatty acids. Therefore,
we speculated that the beneficial microorganisms in the
soil further promoted the fermentation of rapeseed cake,
further increased the contents of small molecular com-
pounds in the soil, and enhanced the nutritional effects of
enzymatic rapeseed cake.
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Conclusions

In this study, the application of enzymatic rapeseed cake
improved the nutrient status of tea rhizosphere soil,
increased the relative abundance of key microorganisms,
and further increased the contents of key metabolites in
the soil, which was of great value for raising the produc-
tivity of tea garden soil. In conclusion, this study laid an
important foundation for further application of enzy-
matic rapeseed cake as organic fertilizer in tea gardens.

Materials and methods

Test processing and collection

The experiment was conducted in the scientific research
intelligent greenhouse of Qingdao Agricultural Univer-
sity, Shandong Province, China (36°18”" N, 120°07" E) in
2021. The environmental conditions in the greenhouse
were as follows: the temperature was 26 °C/20 °C (day/
night), the air humidity was 50%, and the lighting time
was 12 h a day. Two-year-old tea seedlings ‘Zhongcha
108 were used as experimental materials [10]. Plant tea
seedlings with the same growth vigor in plastic pots,
and there are 3 tea seedlings in each pot. The soil was
brown loam with a pH of 5.94, and soil organic matter of
41.95 g/kg. The fertilizer is rapeseed cake which has been
fermented before [18].

The experiment was divided into four groups of treat-
ments: control with no fertilizer (CK), urea fertilization
(UF), naturally fermented rapeseed cake fertilization
(RNF), and enzymatic rapeseed cake fertilization (REF).
Each treatment consisted of 8 pots and 3 repeats. The
amount of fertilizer shall be applied with equal nitrogen
[56]. Soil samples were collected after 36 days of fertili-
zation treatment. Then, each sample with 3 replications
was divided into three parts, one part was stored at 4°C
to determine its nutritional properties, one part was fro-
zen at -80°C to determine its microbial composition and
metabolites, and the other part was dried with natural air
for analysis and determination.

Determination of soil nutritional indicators

Soil pH was measured using a pH meter (PHSJ-4A,
Shanghai Yidian Scientific Instrument Co., Ltd, China)
in the supernatant of 1:5 soil-water mixtures. The soil
organic matter (OM) was determined using the potas-
sium dichromate oxidation with an external heating
method [57, 58]. The total nitrogen (TN) was determined
by the Kjeldahl method, total phosphorus (TP) was deter-
mined by the AutoAnalyzer system, and total potassium
(TK) was determined by atomic absorption spectropho-
tometer [59, 60]. Soil alkaline nitrogen (AN) was deter-
mined by the alkaline diffusion method [61], soil available
phosphorus (AP) was determined using the molybdenum
blue method after extraction with sodium bicarbonate,
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and soil available potassium (AK) was determined by
flame photometry after extraction with ammonium
acetate solution [62, 63]. The activities of the soil ure-
ase (S-UE), soil catalase (S-CAT), soil acid phosphatase
(S-ACP), and soil sucrase (S-SC) were measured using
the S-UE kit (No. G0301W), S-CAT kit (No. GO303W),
S-ACP kit (No. G0304W), and S-SC kit (No. GO302W)
(Suzhou Grace Biotechnolgy Co., Ltd., Suzhou, China),
respectively.

Determination of soil microbial community quantity
Nutrient agar (NA) (HB0109, Haibo Biological, China)
and potato dextrose agar (PDA) (HB0233, Haibo Biologi-
cal, China) culture media were configured, sterilized, and
set aside. Under aseptic conditions, 1.0 g of soil sample
was weighed and 9 mL of sterilized saline was added and
mixed to make a 1:10 dilution. And sequentially diluted
into 1:100, 1:1000, 1:10,000, 1:100,000 dilution spare.
Took 1 mL of water samples of three suitable dilutions
and injected them into sterilized petri dishes, poured
about 15 mL of NA and PDA culture medium cooled to
about 45 °C, and immediately swirled the petri dishes
to mix the water samples with the culture medium well.
Allowed to cool and set, then turned the petri dishes
over so that the bottom was up. NA culture medium was
placed in a 37 °C incubator for 48 h, and PDA culture
medium was placed in a 29 °C incubator for 72 h for col-
ony counting. Two parallels were made for each dilution
of each type of petri dish and a blank control was made.
Observations were made under a microscope and colo-
nies were counted from each petri dish. The total number
of bacteria was calculated from the number of NA colo-
nies and the total number of fungi was calculated from
the number of PDA colonies.

Determination of soil microbiomes

The method of soil DNA extraction was as described in
our previous paper [18]. The DNA samples were indi-
vidually amplified in V4 hyper variable regions by poly-
merase chain reaction (PCR) using primers 515F and
806R for 16S rDNA in bacteria, and primers ITS5-1737F
and ITS2-2043R for ITS in fungi [10]. Phusion® High
fidelity PCR Master Mix with GC buffer (New England
Biolabs, United States) and high-efficiency and high-
fidelity enzyme for PCR to ensure amplification efficiency
and accuracy. PCR amplification and Illumina NovaSeq
sequencing were performed according to previous meth-
ods [18].

Split each sample data from the offline data based on
the Barcode sequence and PCR amplification primer
sequence, cut off the Barcode and primer sequences,
and used FLASH (V1.2.7, http://ccb.jhu.edu/software/
FLASH/) to splice the reads of each sample [64]. The
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resulting splicing sequence was the raw tag data (Raw
Tags); The raw tags obtained by splicing require strict fil-
tering to obtain high-quality tag data (Clean Tags) [65].
Referring to Qiime’s (V1.9.1 http://qiime.org/scripts/
split_libraries_fastq.html) tags quality control process:
performed tag interception, length filtering, and removal
of chimeric sequences to obtain the final effective tags
[66, 67]. Clustered all Effective Tags of all samples using
the Uparse (V7.0.1001, http://www.drive5.com/uparse/)
[68]. By default, the sequences were clustered with 97%
identity to become OTUs. At the same time, representa-
tive sequences of OTUs were selected, and based on their
algorithm principles, the sequence with the highest fre-
quency of occurrence among OTUs was selected as the
representative sequence of OTUs. The OTUs sequence
was annotated with species, and the Mothur method
and the SSUrRNA database of SILVA138 (http://www.
arb-silva.de/) were used for species annotation analysis
(with a threshold of 0.8 ~1) to obtain Taxonomy infor-
mation, and the community composition of each sample
was counted at each classification level: kingdom, phy-
lum, class, order, family, genus, and species [69-71]. At a
certain level of classification (phylum, order, genus, spe-
cies level, or OTUs), the relative abundance of a species/
OTU was the number of tags corresponding to a certain
species/OTU in the sample divided by the total num-
ber of OTUs corresponding to the total clustering of the
sample.

Determination of soil metabolites by GC-MS

GC-MS analysis of soil was performed on Agilent 8890
gas chromatograph coupled to a 5977B mass spectrom-
eter with a DB-5MS column (30 m lengthx0.25 mm
i.d.x0.25 pm film thickness, J&W Scientific, USA). The
GC-MS procedure was modified based on previous
studies [72, 73]. Briefly, grinded the freeze-dried soil sam-
ple into powder at room temperature, weighed 500 mg of
powder, and added 1 mL methanol: isopropanol: water
(3:3:2 V/V/V) extract, vortexed for 3 min, and ultrasound
for 20 min. The extracts were centrifuged at 12,000 r/
min under 4 °C for 3 min. Then, helium was used as car-
rier gas, at a flow rate of 1.2 mL/min. Injections were
made in the front inlet mode with a split ratio of 5:1, and
the injection volume was 1 pL. The oven temperature
was held at 40 °C for 1 min, and then raised to 100 °C
at 20 °C/min, raised to 300 °C at 15 °C/min, and held
at 300 °C for 5 min. All samples were analyzed in scan
mode. The ion source and transfer line temperature were
230 °C and 280 °C, respectively. Finally, quality control
and data annotation were performed. Soil metabonomic
analysis was conducted by MetWare Biotechnology Co.,
Ltd (Wuhan, China).
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Statistical analysis

Statistical analysis was performed using SPSS 25.0 software
(SPSS Inc., Chicago, United States). One-way analysis of
variance (ANOVA) and Duncan’s test were used to deter-
mine significant differences (»<0.05) among soil proper-
ties and enzyme activities, as well as the relative abundance
of microbial taxa. The alpha diversity index was calculated
with R (Version 1.9.1), and the beta diversity index between
groups was analyzed with R (Version 2.15.3). PCoA analy-
sis used the WGCNA, stats, and ggplot2 software pack-
ages of R (Version 2.15.3), and NMDS analysis used the
vegan software package of R (Version 2.15.3). LEfSe analy-
sis used LEfSe software, and the default screening value of
the LDA Score was set to 4. Metastats analysis performed
permutation test between groups at each classification level
using R software to obtain the P value, and then modified
the P value by Benjamini and Hochberg False Discovery
Rate method to obtain the Q value [74]. The relationship
between rhizosphere microbial community structure
and soil environmental factors, as well as the relationship
between rhizosphere microbial community structure and
soil metabolites, were analyzed by Spearman correlation
using the pheatmap software package [75].

The HCA (hierarchical cluster analysis) results of sam-
ples and metabolites were presented as heatmaps with
dendrograms, while Pearson correlation coefficients (PCC)
between samples were calculated by the core function in
R and presented as only heatmaps [76]. Both HCA and
PCC were carried out by R package ComplexHeatmap. For
HCA, normalized signal intensities of metabolites (unit
variance scaling) are visualized as a color spectrum. Signif-
icantly regulated metabolites between groups were deter-
mined by VIP>1 and absolute log2FC (fold change)>1.
VIP values were extracted from OPLS-DA result, which
also contains score plots and permutation plots, and were
generated using the R package MetaboAnalystR [77, 78].
The data was log transform (log2) and mean centering
before OPLS-DA. In order to avoid overfitting, a permu-
tation test (200 permutations) was performed. Identified
metabolites were annotated using the KEGG Compound
database  (http://wwwkegg.jp/kegg/compound/), and
annotated metabolites were then mapped to the KEGG
Pathway database (http://www.kegg.jp/kegg/pathway.
html). Pathways with significantly regulated metabolites
mapped to were then fed into MSEA (metabolite sets
enrichment analysis), and their significance was deter-
mined by the hypergeometric test’s p-values [79].

Abbreviations

CK Control with no fertilizer

UF Urea fertilization

RNF Naturally fermented rapeseed cake fertilization
REF Enzymatic rapeseed cake fertilization

CFUs Colony-forming units
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OTUs Operational taxonomic units
NMDS  Non-metric multi-dimensional scaling
PCoA  Principal coordinate analysis
OM Organic matter

N Total nitrogen

TP Total phosphorus

TK Total potassium

AN Available nitrogen

AP Available phosphorus

AK Available potassium

S-UE Soil urease

S-CAT  Soil catalase

S-ACP  Soil acid phosphatase

S-SC Soil sucrase

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512866-023-02995-7.

Additional file 1: Figure S1. The Rarefaction curve and Rank abundance
of microbial communities in soils under different fertilization treatments.
Figure S2. The NMDS and PCoA analysis of microbial communities in soils
under different fertilization treatments. Figure S3. The rose diagrams of
relationships between soil key properties and fungal communities in soils
with enzymatic fermented rapeseed cake. Figure S4. (a) The pie chart

of soil metabolite composition. (b) The OPLS-DA analysis of metabolites

in CKvs REF. (c) The OPLS-DA analysis of metabolites in UF vs REF. (d) The
OPLS-DA analysis of metabolites in RNF vs REF. Figure S5. (a) The heatmap
of the differential relative content of common metabolites in UF vs REF. (b)
The heatmap of the differential relative content of common metabolites
in RNF vs REF. Figure S6. The ellipse heatmap of relationships between
fungal communities and soil metabolites.

Additional file 2: Table S1. Differential metabolite in CK vs REF. Table S2.
Differential metabolite in UF vs REF. Table S3. Differential metabolite in
RNF vs REF.

Acknowledgements
Not applicable.

Authors’ contributions

YS conducted an experiment, analyzed the data and wrote a manuscript.

SZ collected samples. ZD, YW and KF put forward hypotheses and designed
experiments. LS and HW reviewed the manuscript. YM, JZ, XH, HC, YX and KS
participated in the experimental design and guided the research. All authors
contributed to the article and approved the submission.

Funding

The research was funded by the Significant Application Projects of Agriculture
Technology Innovation in Shandong Province (SD20192Z010), the Technology
System of Modern Agricultural Industry in Shandong Province (SDAIT-19-

01), the Special Foundation for Distinguished Taishan Scholar of Shandong
Province (No.ts201712057), the Livelihood Project of Qingdao City (21-1-4-ny-
2-nsh), the Project of Agricultural Science and Technology Fund in Shandong
Province (2019LY002, 2019YQ010, 2019TSLH0802), the Scientific and Techno-
logical Innovation Project of SAAS (CXGC2022B03), the Special Talent Program
of SAAS (CXGC2022E18).

Availability of data and materials
The raw sequencing data were deposited in NCBI Sequence Read Archive (SRA)
under accession number PRINA887563 for bacteria and PRINA887678 for fungi.

Declarations

Ethics approval and consent to participate

We confirmed that all methods involving the plant and its material com-
plied with relevant institutional, national, and international guidelines and
legislation.


http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html
https://doi.org/10.1186/s12866-023-02995-7
https://doi.org/10.1186/s12866-023-02995-7

Song et al. BMC Microbiology

(2023) 23:250

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 January 2023 Accepted: 25 August 2023
Published online: 07 September 2023

References

1.

Zoysa AKN, Loganathan P, Hedley MJ. Comparison of the agronomic
effectiveness of a phosphate rock and triple superphosphate as phos-
phate fertilisers for tea (Camellia sinensis L) on a strongly acidic Ultisol.
Nutr Cycling Agroecosyst. 2001;59(2):95-105.

Qiao CL, Xu B, Han YT, Wang J, Wang X, Liu LL, Liu WX, Wan SQ, Tan H, Liu
YZ, et al. Synthetic nitrogen fertilizers alter the soil chemistry, production
and quality of tea. A meta-analysis. Agronom Sustain Dev. 2018;38(1):10.
Xi SQ, Chu HY, Zhou ZJ, Li T, Zhang SR, Xu XX, et al. Effect of potas-

sium fertilizer on tea yield and quality: a meta-analysis. Eur J Agronom.
2023;144:126767.

Tang S, Zhou JJ, Pan WK, Sun T, Liu MJ, Tang R, et al. Effects of combined
application of nitrogen, phosphorus, and potassium fertilizers on tea
(Camellia sinensis) growth and fungal community. Appl Soil Ecol.
2023;181:104661.

Ji LF, Wu ZD, You ZM, Yi XY, Ni K, Guo SW, Ruan JY. Effects of organic
substitution for synthetic N fertilizer on soil bacterial diversity and com-
munity composition: a 10-year field trial in a tea plantation. Agr Ecosyst
Environ. 2018;268:124-32.

Zhang S, Sun L, Wang Y, Fan K, Xu Q, Li'Y, Ma Q, Wang J, Ren W, Ding Z.
Cow manure application effectively regulates the soil bacterial commu-
nity in tea plantation. BMC Microbiol. 2020;20(1):190.

Sun LT, Fan K, Wang LL, Ma DX, Wang Y, Kong XJ, et al. Correlation among
metabolic changes in Tea Plant Camellia sinensis (L.) shoots, green tea
quality and the application of cow manure to tea plantation soils. Mol-
ecules. 2021;26(20):6180.

Han ZQ, Xu PS, Li ZT, Lin HY, Zhu C, Wang JY, Zou JW. Microbial diversity
and the abundance of keystone species drive the response of soil mul-
tifunctionality to organic substitution and biochar amendment in a tea
plantation. Glob Change Biol Bioenerg. 2022;14(4):481-95.

LiH, ZhouY, Mei HL, Li JL, Chen X, Huang QW, et al. Effects of long-term
application of earthworm bio-organic fertilization technology on soil quality
and organo-mineral complex in tea garden. Forests. 2023;14(2):225.

Zhang SN, Sun LT, ShiYJ, Song YJ, Wang Y, Fan K, Zong R, Li YS, Wang

LJ, Bi CH, et al. The application of enzymatic fermented soybean
effectively regulates associated microbial communities in tea soil and
positively affects lipid metabolites in tea new shoots. Front Microbiol.
2022;13:992823.

. Deng MH, Hou M, Ohkama-Ohtsu N, Yokoyama T, Tanaka H, Nakajima

K, et al. Nitrous oxide emission from organic fertilizer and controlled
release fertilizer in tea fields. Agric. 2017;7(3):29.

Yu J, Lin S, Shaaban M, Ju W, Fang L. Nitrous oxide emissions from tea
garden soil following the addition of urea and rapeseed cake. J Soils Sedi-
ments. 2020,20(9):3330-9.

Lin'S, Zhang SP, Shen GT, Shaaban M, Ju WL, Cui YX, et al. Effects of inor-
ganic and organic fertilizers on CO2 and CH4 fluxes from tea plantation
soil. Elem Sci Anth. 2021;9(1):115822.

Li GF, Li H, Yi XY, Hu ZM, Ni K, Ruan JY, Yang YY. Effects of fertilization
regimes on soil organic carbon fractions and its mineralization in tea
gardens. Agronom. 2022;12(10):2522.

Fu HP, Li H, Yin P, Mei HL, Li JJ, Zhou PQ, Wang YJ, Ma QP, Jeyaraj A,
Thangaraj K, et al. Integrated application of rapeseed cake and green
manure enhances soil nutrients and microbial communities in tea garden
soil. Sustainability. 2021;13(5):2967.

Xie SW, Yang F, Feng HX, Yu ZZ, Liu CS, Wei CY, Liang T. Organic fertilizer
reduced carbon and nitrogen in runoff and buffered soil acidification in
tea plantations: evidence in nutrient contents and isotope fractionations.
SciTotal Environ. 2021;762:143059.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 16 of 17

Manzoor, Ma LF, Ni K, Ruan JY. Effect of integrated use of rapeseed cake,
biochar and chemical fertilizers on root growth, nutrients use efficiency
and productivity of tea. Agronom. 2022;12(8):1823.

Song, Sun L, Zhang S, Fan K, Wang H, ShiY, Shen Y, Wang W, Zhang J,
Han X, et al. Enzymes and microorganisms jointly promote the fermenta-
tion of rapeseed cake. Front Nutr. 2022,9:989410.

Nikitin DA, Semenov MV, Chernov Tl, Ksenofontova NA, Zhelezova AD,
Ivanova EA, Khitrov NB, Stepanov AL. Microbiological indicators of soil
ecological functions: a review. Eurasian Soil Sci. 2022;55(2):221-34.
Graham EB, Knelman JE. Implications of soil microbial community assem-
bly for ecosystem restoration: patterns, process, and potential. Microb
Ecol. 2023;85(3):809-19.

Chaudhry V, Rehman A, Mishra A, Chauhan PS, Nautiyal CS. Changes

in bacterial community structure of agricultural land due to long-term
organic and chemical amendments. Microb Ecol. 2012;64(2):450-60.

Li'Y, Liu XM, Zhang L, Xie YH, Cai XL, Wang SJ, Lian B. Effects of short-term
application of chemical and organic fertilizers on bacterial diversity of
cornfield soil in a Karst Area. J Soil Sci Plant Nutr. 2020;20(4):2048-58.

Xu F, Sun GF, Du WG, Ai FX, Yin'Y, Guo HY. Impacts of chemical and
organic fertilizers on the bacterial communities, sulfonamides and sul-
fonamide resistance genes in paddy soil under rice-wheat rotation. Bull
Environ Contam Toxicol. 2023;110(1):20.

JinL, Jin N, Wang SY, Li JW, Meng X, Xie YD, et al. Changes in the microbial
structure of the root soil and the yield of chinese baby cabbage by chem-
ical fertilizer reduction with bio-organic fertilizer application. Microbiol
Spectrum. 2022;10(6):e0121522.

Backer R, Rokem JS, llangumaran G, Lamont J, Praslickova D, Ricci E, et al.
Plant growth-promoting rhizobacteria: context, mechanisms of action,
and roadmap to commercialization of biostimulants for sustainable
agriculture. Front Plant Sci. 2018;9:1473.

Becker J, Eisenhauer N, Scheu S, Jousset A. Increasing antagonistic inter-
actions cause bacterial communities to collapse at high diversity. Ecol
Lett. 2012;15(5):468-74.

Prakash O, Green SJ, Jasrotia P Overholt WA, Canion A, Watson DB, Brooks

SC, Kostka JE. Rhodanobacter denitrificans sp nov, isolated from nitrate-rich
zones of a contaminated aquifer. Int J Syst Evol Microbiol. 2012,62:2457-2462.
Arat S, Bullerjahn GS, Laubenbacher R. A network biology approach to den-
itrification in Pseudomonas aeruginosa. PLoS ONE. 2015;10(2): e0118235.
Meng XZ, Niu GL, Yang WM, Cao XS. Di(2-ethylhexyl) phthalate biodeg-
radation and denitrification by a Pseudoxanthomonas sp strain. Biores
Technol. 2015;180:356-9.

Xu L, Chen L, Chen G, Wang M. Hot deformation behavior and micro-
structure analysis of 25Cr3Mo3NiNb steel during hot compression tests.
Vacuum. 2018;147:8-17.

LiuY, Ding L, Wang B, He Q, Wan D. Using the modified pine wood as a
novel recyclable bulking agent for sewage sludge composting: Effect

on nitrogen conversion and microbial community structures. Bioresour
Technol. 2020;309: 123357.

Wu X, Sun, Deng L, Meng Q, Jiang X, Bello A, Sheng S, Han Y, Zhu H, Xu
X. Insight to key diazotrophic community during composting of dairy
manure with biochar and its role in nitrogen transformation. Waste Man-
age (New York, NY). 2020;105:190-7.

Shi 'S, Bending GD. Changes to the structure of Sphingomonas spp. com-
munities associated with biodegradation of the herbicide isoproturon in
soil. FEMS Microbiol Lett. 2007; 269(1):110-116.

Shen J, Luo YL, Tao Q White PJ, Sun G, Li M, Luo JP, He YT, Li B, Li QQ, et al.
The exacerbation of soil acidification correlates with structural and func-
tional succession of the soil microbiome upon agricultural intensification.
SciTotal Environ. 2022;828:154524.

Yang X, Wang WQ, Chen XX, Sardans J, Wang C, Vancov T, Fang YY, Wang
SJ,Yuan XZ, Llusia J, et al. Effects of N-enriched biochar on ecosystem
greenhouse gas emissions, rice yield, and bacterial community diversity in
subtropical rice paddy soils. Eur J Soil Biol. 2022;113:103440.

Mora MD, Demanet R, Acuna JJ, Viscardi S, Jorquera M, Rengel Z, Duran P.
Aluminum-tolerant bacteria improve the plant growth and phosphorus
content in ryegrass grown in a volcanic soil amended with cattle dung
manure. Appl Soil Ecol. 2017;115:19-26.

Zheng MM, Wang C, Li WX, Song WF, Shen RF. Soil nutrients drive function
and composition of phoc-harboring bacterial community in acidic soils of
Southern China. Front Microbiol. 2019;10:2654.



Song et al. BMC Microbiology

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 23:250

Zhu XB, Gong WH, Li W, Bai XY, Zhang CX. Reclamation of waste coal
gangue activated by Stenotrophomonas maltophilia for mine soil improve-
ment: Solubilizing behavior of bacteria on nutrient elements. J Environ
Manage. 2022;320:115865.

Kropp BR, Albee-Scott S. Inocybe tauensis, a new species from the Samoan
Archipelago with biogeographic evidence for a Paleotropical origin. Fungal
Biol. 2010;114(9):790-6.

Heye CC. Antagonism of Athelia bombacina and Chaetomium globo-

sum to the apple scab pathogen Venturia inaequalis. Phytopathology.
1983;73(5):650-4.

Park J-H, Choi GJ, Jang KS, Lim HK, Kim HT, Cho KY, Kim J-C. Antifungal
activity against plant pathogenic fungi of chaetoviridins isolated from
Chaetomium globosum. FEMS Microbiol Lett. 2005;252(2):309-13.

Sonbol H, Mohammed AE, Korany SM. Sail fungi as biomediator in silver nano-
particles formation and antimicrobial efficacy. Int J Nanomed. 2022;17:2843-63.
GeY. Zhang J-b, Zhang L-m, Yang M, He J-z: Long-term fertilization regimes
affect bacterial community structure and diversity of an agricultural soil in
northern China. J Soils Sediments. 2008;8(1):43-50.

Ning C-c, Gao P-d, Wang B-g, Lin W-p, Jiang N-h, Cai K-z. Impacts of chemical
fertilizer reduction and organic amendments supplementation on soil nutrient,
enzyme activity and heavy metal content. J Integr Agric. 2017;16(8):1819-31.
Wu YT, Gutknecht J, Nadrowski K, Geissler C, Kuhn P, Scholten T, Both S,
Erfmeier A, Bohnke M, Bruelheide H, et al. Relationships between soil
microorganisms, plant communities, and soil characteristics in chinese
subtropical forests. Ecosystems. 2012;15(4):624-36.

Chen H, Li DJ, Mao QG, Xiao KC, Wang KL. Resource limitation of soil
microbes in karst ecosystems. Sci Total Environ. 2019,650:241-8.

Guo AN, Zhao ZQ, Zhang PF, Yang Q, Li YF, Wang GY. Linkage between soil
nutrient and microbial characteristic in an opencast mine China. Sci Total
Environ. 2019,671:905-13.

Zhalnina K, Dias R, de Quadros PD, Davis-Richardson A, Camargo FAQ,

Clark IM, McGrath SP, Hirsch PR, Triplett EW. Soil pH determines microbial
diversity and composition in the park grass experiment. Microb Ecol.
2015;69(2):395-406.

Naz M, Dai ZC, Hussain S, Tarig M, Danish S, Khan IU, et al. The soil pH and
heavy metals revealed their impact on soil microbial community. J Environ
Manage. 2022;321:115770.

Li FL, Liu M, Li ZP, Jiang CY, Han FX, Che YP. Changes in soil microbial bio-
mass and functional diversity with a nitrogen gradient in soil columns. Appl
Soil Ecol. 2013;64:1-6.

Duff AM, Forrestal P, Ikoyi |, Brennan F. Assessing the long-term impact of
urease and nitrification inhibitor use on microbial community composition,
diversity and function in grassland soil. Soil Biol Biochem. 2022;170:108709.
Ding JL, Jiang X, Ma MC, Zhou BK, Guan DW, Zhao BS, Zhou J, Cao FM, Li L, Li
J. Effect of 35 years inorganic fertilizer and manure amendment on structure
of bacterial and archaeal communities in black soil of northeast China. Appl
Soil Ecol. 2016;105:187-95.

Goetz M, Godt DE, Guivarc’h A, Kahmann U, Chriqui D, Roitsch T. Induction
of male sterility in plants by metabolic engineering of the carbohydrate
supply. Proc Natl Acad Sci. 2001,98(11):6522-7.

Reardon PN, Walter ED, Marean-Reardon CL, Lawrence CW, Kleber M,
Washton NM. Carbohydrates protect protein against abiotic fragmentation
by soil minerals. Sci Rep. 2018;8(1):813.

Hauschild P, Rottig A, Madkour MH, Al-Ansari AM, Almakishah NH, Stein-
buchel A. Lipid accumulation in prokaryotic microorganisms from arid
habitats. Appl Microbiol Biotechnol. 2017;101(6):2203-16.

Yang XD, Ni K, ShiYZ, Yi XY, Zhang QF, Fang L, Ma LF, Ruan JY. Effects of long-
term nitrogen application on soil acidification and solution chemistry of a
tea plantation in China. Agr Ecosyst Environ. 2018;252:74-82.

Nelson DW, Sommers LE. Total carbon, organic carbon, and organic matter.
1982; p. 539-579.

Chen DG, Yu XZ, Song C, Pang XL, Huang J, Li YJ. Effect of pyrolysis tempera-
ture on the chemical oxidation stability of bamboo biochar. Biores Technol.
2016;218:1303-6.

Thomas RL, Sheard RW, Moyer JR. Comparison of conventional and
automated procedures for nitrogen, phosphorus, and potassium analysis of
plant material using a single digestion. Agron J. 1967;59(3):240-3.
Saez-Plaza P, Navas MJ, Wybraniec S, Michatowski T, Asuero AG. An overview
of the kjeldahl method of nitrogen determination. Part Il. Sample prepara-
tion, working scale, instrumental finish, and quality control. Crit Rev Anal
Chem. 2013;43(4):224-272.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 17 of 17

Liu Z,Yuan D, Qin X, He P, Fu Y. Effect of Mg-modified waste straw biochar
on the chemical and biological properties of acidic soils. Molecules.
2023;28(13):5225.

Saber MSM, Guirguis MA, Zanati MR. Biological and Chemical Determination
of Available Phosphorus in Soil. Zentralblatt fir Bakteriologie, Parasiten-
kunde, Infektionskrankheiten und Hygiene Zweite Naturwissenschaftliche
Abteilung: Allgemeine, Landwirtschaftliche und Technische Mikrobiol.
1973;128(5):566-71.

Silva CSD, Koralage ISA, Weerasinghe P, Silva NRN. The determination of
available phosphorus in soil: a quick and simple method. OUSL Journal.
20158:1-17.

Mago¢ T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957-63.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, Mills
DA, Caporaso JG. Quality-filtering vastly improves diversity estimates from
lllumina amplicon sequencing. Nat Methods. 2013;10(1):57-9.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,

Costello EK, Fierer N, Pefia AG, Goodrich JK, Gordon JI, et al. QIME allows
analysis of high-throughput community sequencing data. Nat Methods.
2010;7(5):335-6.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open
source tool for metagenomics. PeerJ. 2016;4: €2584.

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, Ciulla D,
Tabbaa D, Highlander SK, Sodergren E, et al. Chimeric 16S rRNA sequence
formation and detection in Sanger and 454-pyrosequenced PCR amplicons.
Genome Res. 2011;21(3):494-504.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nat Methods. 2013;10(10):996-8.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73(16):5261-7.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner
FO.The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res. 2013;41(Database
issue):D590-596.

Huang W, Gfeller V, Erb M. Root volatiles in plant-plant interactions II: root
volatiles alter root chemistry and plant-herbivore interactions of neighbour-
ing plants. Plant, Cell Environ. 2019,42(6):1964-73.

Swenson TL, Jenkins S, Bowen BP, Northen TR. Untargeted soil metabo-
lomics methods for analysis of extractable organic matter. Soil Biol Biochem.
2015;80:189-98.

Eriksson L, Johansson E, Kettaneh-Wold N, Trygg J, Wikstr C, Wold S. Multi-
and megavariate data analysis. Part | basic principles and applications.
Second revised and enlarged edition. Ume Sweden. MKS Umetrics AB.
2006;16:1-103.

Liu K, Ding X, Wang J. Soil metabolome correlates with bacterial diversity
and co-occurrence patterns in root-associated soils on the Tibetan Plateau.
SciTotal Environ. 2020;735: 139572.

Team R. R:a language and environment for statistical computing. R Founda-
tion for Statistical Computing:Vienna, Austria. Computing. 2009;14:12-21.
Chong J, Xia J. MetaboAnalystR: an R package for flexible and reproducible
analysis of metabolomics data. Bioinformatics. 2018;34(24):4313-4.
Thévenot EA, Roux A, Xu Y, Ezan E, Junot C. Analysis of the human adult
urinary metabolome variations with age, body mass index, and gender by
implementing a comprehensive workflow for univariate and OPLS statistical
analyses. J Proteome Res. 2015;14(8):3322-35.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Enzymatic fermentation of rapeseed cake significantly improved the soil environment of tea rhizosphere
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Results and analysis
	Effects of different fertilization treatments on microorganisms of rhizosphere soil
	Effect of different fertilization treatments on the total number of bacteria and fungi
	Effects of different fertilization treatments on microbial community diversity
	Effects of different fertilization treatments on microbial community composition
	Relationship between dominant genera of microbial communities with soil physical and chemical properties

	Effects of different fertilization treatments on soil metabolites
	Analysis of soil metabolites under different fertilization treatments
	Analysis of soil metabolic pathway under different fertilization treatments

	Correlation between microorganisms and metabolites under different fertilizer treatments

	Discussion
	The relative abundance of beneficial microorganisms in the soil was increased after the application of enzymatic rapeseed cake
	The enzymes and microorganisms jointly promoted the transformation of nutrients after the application of enzymatic rapeseed cake in the soil
	The soil microorganisms further stimulated the metabolism of sugar and fatty acids after the application of enzymatic rapeseed cake

	Conclusions
	Materials and methods
	Test processing and collection
	Determination of soil nutritional indicators
	Determination of soil microbial community quantity
	Determination of soil microbiomes
	Determination of soil metabolites by GC–MS
	Statistical analysis

	Anchor 29
	Acknowledgements
	References


