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Abstract: Soil improvement methods can result in changes in the microbial community in blueberry
soil. However, there have been few reports on the impacts of different soil improvement methods
on the microbial function, particularly on endophytic microbe. In this study, we analyzed the
response of microbial community composition, microbial function and nitrogen (N) cycle to
different improvement methods using high throughput sequencing. We aimed to investigate the
best soil improvement method from a microbial perspective. The results showed that the highest
microbial diversity was observed in the T4 treatment (peat combined with mushroom bran),
followed by the T2 treatment (peat combined with acidified rice husk) both in the rhizosphere and
roots. The dominant phyla were Proteobacteria and Actinobacteria, which were most abundance in
the T4 and T1 (peat combined with sulfur) treatments in the rhizosphere soil, respectively, but
showed the opposite trend in the root endophytic bacterial community. Interestingly, Acidobacterium
and Paludibaculum, belonging to the Acidobacteria phylum, were found to have the highest
influence according to the correlation network analysis. And these bacteria were most abundant in
the T2 treatment in the rhizosphere soil. The rhizosphere soil microbial communities were clustered
into two categories: one for T1 and T2 treatments, and another for T3 (mushroom bran) and T4
treatments. Compared to the other treatments, the T1 treatment had the most significant impact on
microbial functional pathways in the blueberry roots. T2 treatment promoted the growth of N
fixation functional bacteria both in the rhizosphere soil and roots. At the module level, the T2
treatment increased the relative abundance of N fixation and decreased the relative abundance of
assimilating nitrate reduction reaction (ANRA), dissimilating nitrate reduction reaction (DNRA),
denitrification and completed nitrification in the blueberry rhizosphere soil. Additionally, the T2
treatment increased the abundance of root endophytic microbes involved in N fixation. Overall, our
findings suggest that the addition of peat combined with acidified rice husk is the optimal soil
improvement method for blueberry cultivation.

Keywords: soil improvement; endophytic bacteria; rhizosphere soil bacteria; metabolic pathway;
functional bacteria; nitrogen cycle

1. Introduction

Blueberries, known as the "king of berries", have rich nutritional value and medical care
functions [1-3]. The cultivation of blueberries was introduced to China in 1989 [4] and had since
experienced rapid growth in both planting area and yield [5]. However, blueberry cultivation faces
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various challenges due to its strict requirements for soil conditions [6]. Therefore, studying soil
improvement methods for blueberry cultivation is crucial for enhancing yield and quality and
promoting the development of the blueberry industry.

Blueberries require high soil organic matter to support their normal growth and development.
Additionally, maintaining a suitable pH level in the soil, typically between 4.5 and 5.5, is essential for
blueberry growth [7]. However, most of the soil in Chinese does not meet these conditions [8]. To
address these issues, many researchers conducted extensive studies on soil improvement
technologies aimed at enhancing soil physical and chemical properties, microbial environment,
fertility, and water retention capacity [5,9,10]. Currently, the common soil improvement materials
include sulfur, peat, rice husk (straw), mushroom bran [11,12]. Previous study has shown that acidic
fertilizers such as aluminum sulfate, sulfur powder and ferrous sulfate are commonly used to adjust
soil pH, with sulfur powder being the most stable and long-lasting option [13]. However, long-term
application of sulfur will lead to blueberry soil pollution, and decreases the number of soil
microorganisms [14]. Peat, containing a large amount of organic matter, provides nutrients for
blueberry growth [15]. In the process of blueberry cultivation, it can also improve the soil aggregate
structure, make the soil loose and have strong water absorption and nitrogen absorption, thus
promoting the growth and development of blueberry plants [16]. In addition, peat contains a lot of
organic acids that have lower soil pH level [17]. Rice husk powder, rich in carbohydrates, can be
metabolized by microorganisms under specific conditions, converting them into organic acid [18].
Mushroom bran, abundant in organic matter and acidic substances such as lactic acid and acetic acid,
can reduce the soil pH value after decomposition [19]. Previous studies have concluded that
mushroom bran significantly enhances the plant growth and dry matter accumulation and
production [20,21]. However, long-term application of mushroom bran may lead to nutrient
deficiency in the soil. At present, research comparing different soil improvement methods is lacking,
and the optimal method for blueberry growth has not been identified.

Bacterial communities play an important role in soil health and plant nutrient acquisition
[22].The structure and biodiversity of bacteria populations can largely reflect the status and changes
of soil fertility [23]. Particularly, the interaction between microorganisms and blueberries is vital for
the growth of blueberry plants, especially in rhizosphere soil where microbial diversity is higher
compared to other soil regions [24]. On one hand, microorganisms can promote the growth of
blueberries by improving soil structure, soil fertility and promoting plant growth; On the other hand,
blueberries also provide a habitat and nutrients for microorganisms, establishing a mutually
beneficial and symbiotic relationship [5,24,25]. Furthermore, endophytes exist in plants that coexist
with host plants without causing harm. These endophytes can enhance mineral absorption and
provide metabolites, such as hormones necessary for plant growth, thus improving the stress
resistance of plants [26,27]. Previous study have shown that Proteobacteria, Acidobacteria, and
Bacteroidetes are the dominant bacterial phyla in blueberry soil, and the soil organic matter affects
the composition of soil microbial communities and promotes the production of amino acid
metabolites in blueberry soil [28]. In recent years, extensive research has been conducted on the plant
growth-promoting rhizobacteria (PGPR), a diverse group of bacteria found in soil, renowned for their
multifaceted roles in enhancing plant growth, improving nutrient uptake, and conferring resistance
to various biotic and abiotic stresses [29,30]. A lot of studies have concluded that PGPR influence
various plant hormones such as 3-acetic acid (IAA), gibberellins, cytokinins and abscisic acid [31,32].
In addition, several bacteria involved in N cycle, including Magnetospirillum, Herbaspirillum,
Burkholderia, Azospira, Rhodopseudomonas, Bradyrhizobium Pseudomonas, Azospirillum, Klebsiella,
Pantoea, Rhizobium, Sphingomonas and Ottowia, have been identified [33-36]. Therefore, it is of great
significance to study and understand the influence mechanism of microorganisms on blueberry
growth.

However, there are few reports on the changes of blueberry plant rhizosphere soil community
environment after soil improvement, especially the effect of changes in rhizosphere and endophytic
bacterial community diversity and metabolism function. Hence, we analyzed the response of
microbial community composition, microbial function and N cycle (including the functional bacteria
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and N cycle at the module level) using high throughput sequencing. We aimed to (i) explore the
effects of different soil improvement methods on bacterial community composition, structure and
function. (ii) To explore the response of N cycle to different soil improvement methods. (iii) To
investigate the best soil improvement at the microbial perspective.

2. Materials and Methods

2.1. Experimental design

Samples were collected from the soil and water conservation experimental field of Jilin
Agricultural University in 2022, located in Changchun City, Jilin Province (E 125°24'55", N 43°48'34").
The average annual temperature is 4.8 C, with an accumulated temperature of 2880°C > 10°C, the
frost-free period is 140-155 days, and the annual average rainfall is 579mm. The majority rainfall
occurs from June to September each year, accounting for about 70% of the annual precipitation. The
soil type of the experimental plot is black soil. The cultivation object is 2-year-old semi-tall cluster of
"Hokuriku" blueberries. Four treatments were implemented: peat combined with sulfur (T1), peat
combined with acidified rice husk (T2), mushroom ban(T3), peat combined with mushroom ban (T4).
Each process was repeated three times. The row spacing was 1.5 m x 2.0 m, and the planting holes
measured 35cm x 35cm x 40cm. The methods adopted for the measurements of soil properties, i.e.,
soil pH, total N (TN), available phosphorus (AP) and available potassium (AK) were described in Li
et al [37]. The soil properties are listed in Table Al.

2.2. Determination method

Total genomic DNA was isolated from 0.25g of rhizosphere soil and 5g of root samples using
PowerSoil® DNA Isolation kit (allwegene Technology Company, Beijing, China) according to the
manufacturer's instructions. The bacterial community was analyzed using 165 rDNA amplicon
sequencing. The V3-V4 region of the 165 rDNA gene was targeted for sequencing. Overlap paired
reads from paired-end sequencing were merged into a single sequence using Pandaseq Software.
Sequences with low quality (contain ambiguous base ‘N’> 3, and average base quality score < 20)
were filtered out. Finally, the length of the reads was ranged from 220 to 500 bp.

2.3. Data analysis

We used analysis of variance (ANOVA) to analyze the differences among means, followed by
least significant different (LSD) test if the difference was significant. Spearman's test method was
used to perform correlation network analysis on the top 20 genera based on absolute abundance of
all samples. A p-value greater than 0.05 or a correlation value less than 0.6 were excluded from the
analysis. The similarities and differences in bacterial community composition between berry
rhizosphere and root among the four soil improvement methods were described using a tree branch
structure. PICUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States) software was used to predict the function of 16s high-throughput sequencing data, and
information from the KEGG database was compared to obtain N cycle at the module level.

3. Results

3.1. Bacterial community diversity and composition

A total of 78225 and 8767 operational taxonomic units (OTUs) were obtained from the berry
rhizosphere soil and roots after 16s IDNA high throughput sequencing. Regardless of whether it was
in the berry rhizosphere soil or roots, the highest number of OTUs was found in the T4 treatment,
followed by the T2 treatment. In addition, we analyzed the alpha diversity of the soil bacteria
community. The results revealed that the Chao 1 index and PD whole tree were highest in the T4
treatment, followed by the T2 treatment. These findings were consistent with the results obtained
from the analysis of the root samples. On the other hand, the Shannon and Simpson indices were
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lowest in the T1 treatment in the blueberry rhizosphere soil, but there is no significantly difference
observed in the blueberry root samples (Table 1).

Table 1. OTUs number and bacteria community diversity in the blueberry rhizosphere soil and roots
under different soil improvement methods.

OTUs Chaol PD whole tree  Shannon Simpson

T1 5234.50+25.50c 5889.93+20.49c  418.114#57.77c  9.45+0.41c 0.99+0.00b

soil T2  6700.33+427.10b  7536.67+400.84b  545.94+40.10b 10.13x0.13b  1.00+0.00a
T3 6338.50£76.50b  7285.38+43.22b  501.63+6.93b  10.59+0.17a  1.00+0.00a

T4  7801.67+395.32a  8471.72+321.61a  653.56+30.22a  10.68+0.01a  1.00+0.00a

T1 544.50+42.50c 530.56+122.39¢c 61.32+9.24b 4.60+0.20a 0.90+0.03a

root T2 720.67+35.92b 830.55+39.66b 82.07+1.49a 5.56+0.52a 0.94+0.03a
T3 543.67+80.75¢ 728.38+7.68bc 64.08+0.30b 4.22+1.19a 0.90+0.04a

T4 1113.50+57.50a  1084.01+168.38a  84.40+7.60a 5.43+0.36a 0.88+0.07a

Note: a total 12 samples from 4 treatments, the lower case letters ‘a’, ‘b’, “c’, “d” indicate a significant difference

(p<0.05) among different samples for each treatment.

In terms of phyla, a total of 36 were identified in the berry rhizosphere soil. The dominant
phylum was Proteobacteria (36.02-45.38%), followed by Actinobacteria (13.01-29.42%) and
Acidobacteria (11.84-21.29%). Notably, significant changes were observed in the abundance of
Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi and Nitrospirae under the four soil
improvement methods. The relative abundance of Proteobacteria and Chloroflexi was higher in the
T4 treatment compared to the other treatment, while the lowest abundance of Actinobacteria was
found in the T4 treatment. Additionally, the T1 treatment increased the relative abundance of
Actinobacteria, but decreased Acidobacteria and Nitrospirae. Furthermore, the T2 treatment resulted
in an increase in the abundance of Acidobacteria and Elusimicrobia. In terms of blueberry root
sample, a total of 29 phyla were identified. The dominant phylum was Proteobacteria, with the
highest relative abundance observed in the T1 treatment (95.06%). This was followed by
Actinobacteriota (2.96-14.04%), which showed highest relative abundance in the T1 treatment. No
significant changes were observed in the relative abundance of other phyla under the four treatments
(Figure 1).
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Figure 1. The relative abundance of bacterial community in the blueberry rhizosphere soil and root
at the phylum level under different soil improvement methods.


https://doi.org/10.20944/preprints202311.1383.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2023 doi:10.20944/preprints202311.1383.v1

The dominant genus in the blueberry rhizosphere soil varied under the four soil improvement
methods. The highest relative abundance of Gaiella (7.21%), Acidobacterium (6.67%) was observed in
the T1 and T2 treatments, respectively. Vicinamibacter was the dominant genus in the T3 (7.11%) and
T4 (9.70%) treatments. The correlation network analysis revealed that Acidobacterium and
Paludibaculum both belong to Acidobacteria, had the strongest correlation with nine other bacteria at
the genus level. This was followed by Edaphobacter and Gaiella, which exhibited strong correlations
with eight and seven genera, respectively (Figure 2). In blueberry roots, significant changes were
observed in the relative abundance of genera under the four improvement methods. The dominant
genus in the T1 treatment was Pantoea, with a relative abundance of 37.17%. Pseudomonas was the
dominant genus in the T2, T3 and T4 treatments, with highest relative abundance found in the T4
treatment (55.27%). The correlation network analysis revealed that Mycobacterium, belong to
Proteobacteria had a significant correlation with nine other genera. In addition, Pantoea, Pseudomonas,
Streptomyces and Acidibacter exhibited significant correlations with five genera (Figure 2).

Figure 2. The network of top 20 genera in blueberry rhizosphere soil and root under different soil

improvement methods. The red line indicates positive correlation, and blue line indicates negative
correlation, and the thicker the line, the stronger the correlation.

Furthermore, we analyzed the correlation between soil physical-chemical properties and the top
20 genera. The results indicated that soil physical-chemical properties were significant correlated
with the bacterial community in blueberry rhizosphere soil (p=0.007), but only showed a weak
correlation with the bacterial community in blueberry root samples (p=0.067). Therein, pH had the
highest influence on the soil bacterial community, whereas soil organic matter (SOM) had the highest
influence on the root bacterial community (Figure Al). Cluster analysis showed that the improved
blueberry soils could be classified into two categories, T1 and T2 were grouped together, whereas T3
and T4 were grouped together. However, the classification characteristics of microorganisms in
blueberry roots were not distinct, and only the T1 and T3 treatments are divided into different
categories. The differences within the other treatments were greater than the differences observed
between groups, which further supports the findings shown in Figure 1. Interestingly, the four soil
improvement methods had no significant effects on the endophytic microbial community in
blueberry roots (Figure 3).
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soil root

Figure 3. The effect of different improvement methods on bacterial community in the blueberry
rhizosphere soil and roots using bray-curtis tree analysis.

3.2. Impact of different soil improvement methods on microbial function in the rhizosphere and root of
blueberry

In the paper, we analyzed the effects different soil improvement methods on the microbial
function in the blueberry rhizosphere soil and roots. The results showed that carbohydrate
metabolism and amino acid metabolism were the primary pathways involved in the metabolism
processes in the blueberry rhizosphere soil. Interesting, the carbohydrate metabolism significant
varied among different treatments, with the highest abundance observed in T1 treatment and the
lowest in the T4 treatment. The opposite trend was observed for the metabolism of the other amino
acids energy metabolism, which showed the highest abundance in the T4 treatment. Furthermore,
the T2 treatment showed significant improvement in energy metabolism.

Regarding genetic information processing, the highest relative abundance pathway was
replication and repair, accounting for 4.79-4.92% of the total. This pathway displayed the lowest
abundance in the T4 treatment. In terms of cellular processes, cell motility was the dominant
pathway, with higher abundance observed in the T1 and T2 treatments compared to the T3 and T4
treatments. Conversely, the relative abundance of cell growth and death pathway was lowest in the
T1 treatment. As for environmental information processes, the membrane transport pathway
exhibited the highest relative abundance, which increased under the T4 treatment. In addition, we
also analyzed the organismal systems, the dominant pathway was environmental adaptation,
accounting for 0.16%. Moreover, the T4 treatment increased the abundance of the immune system
while decreasing the endocrine system (Figure 4, Tabel A2).


https://doi.org/10.20944/preprints202311.1383.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2023 doi:10.20944/preprints202311.1383.v1

soil

Immune system b

b Organismal Systems

Endocrine system

sy

Membrane transport Environmental Information Processing

b
b

Cell growth and death

Cellular Processes
Cell motility

Replication and repair Genetic Information Processing

b
a
b

ab

b

Energy metabolism

Metabolism
Metabolism of other amino acids

Carbohydrate metabolism ab

LA BB B B B R B B R B

0 2 4 6 8 10 12 14
Abundance

root

. a
Transport and catabolism 'aﬁ Cellular Processes

Translation

Folding, sorting and degradation 5}’ Genetic Information Processing

Replication and repair

Nucleotide metabolism

Energy metabolism

Lipid metabolism

Metabolism of other amino acids
Xenobiotics biodegradation and metabolism

Metabolism of cofactors and vitamins

Abundance

Figure 4. The significantly changed metabolism pathways (p<0.05) in the blueberry soil and roots
under different soil improvement methods.

Similar to the rhizosphere soil, the dominant pathways in the blueberry roots were also related
to carbohydrate metabolism and amino acid metabolism, with no significant changes observed
among the different treatments. However, some specific pathways showed higher activity levels in
the T1 treatment compared to the other treatments. These pathways included metabolism of cofactors
and vitamins, metabolism of other amino acids, energy metabolism and nucleotide metabolism in
metabolism processes and the replication and repair, folding, sorting and degradation and translation
pathways in genetic information processing. In addition, the T1 treatment significantly decreased the
abundance of transport and catabolism and xenobiotics biodegradation and metabolism pathways
(Figure 4, Tabel A2).
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Interestingly, the metabolism pathways were found to be significantly correlated with the soil
physical-chemical properties. In the blueberry rhizosphere soil, soil pH and total nitrogen (TN)
showed a significant negative correlation with carbohydrate metabolism and cell motility, while
exhibiting a positive correlation with metabolism of cofactors and vitamins, xenobiotics
biodegradation and metabolism, nucleotide metabolism and folding, sorting and degradation
(p<0.05). SOM showed a positive correlation with carbohydrate metabolism, cell motility and
replication and repair, negative correlation with nucleotide metabolism, folding, sorting and
degradation, translation and transcription (p<0.05). In addition, available phosphorus (AP) and
available potassium (AK) exhibited strong correlations with transport and catabolism and cellular
community-prokaryotes (p<0.05). In blueberry roots, xenobiotics biodegradation and metabolism,
energy metabolism, replication and repair, folding, sorting and degradation, translation and
nucleotide metabolism displayed significant negative correlations with soil pH and TN (p<0.05),
while showing a positive correlation with SOM (p<0.01). AP showed a negative correlation with
xenobiotics biodegradation and metabolism and lipid metabolism, but had a positive correlation with
replication and repair, glycan biosynthesis and metabolism, translation, nucleotide metabolism and
environmental adaptation (p<0.05) (Figure 5).

soil

root
g § f ] £
4 2 B 8 Y g 8 B 8 &
/o083 - 094
Carbohydrate metabolism [L# s w Carhohydiatz metioliam 1
e .
Aertioaisi melibaliim 0.65 Metabolism of cofactors and vitamins 0.76
dation and
Metabolism of cofactors and vitamins . . . 0.47 0.57
. . Lipid metabolism
and m i =
0.29 0.39
Energy metabolism
Nueleotide metabolism = -
— ." 0.11 Replication and repair 021
Cell motility | % - -
— Cell motility b
Cell growth and death - -0.07 | jrt 0.03
Folding, sorting and degradation . !igﬁ‘] .
Transport and catabolism I
0.24 Membrane transport * 0.15
Cellular community — prokaryotes = =
Glycan biosynthesis and metabolism .
i 042 | ~0.33
Replication and repair [ 2 =
& 5 Translation “;ﬂ 3
e i
SGitig adati o -0.6 S
Folding, octin 4nd degradition . — g N
Translation —078 Transport and catabolism H“"‘ 0,69
— |
Transcription £ ]ﬂ Environmental adaptation i
— | 095 ~0.87

Figure 5. The correlation between metabolism pathways and soil physical-chemical properties.
3.3. Functional bacteria and modules involved in the N cycle

3.3.1. Influences of soil improvement on functional bacteria in the blueberry rhizosphere soil and
roots

There was a total of 13 bacteria participated in N fixation pathway in the blueberry rhizosphere
soil. The dominant genus among these bacteria was Bradyrhizobium, accounting for 2.43-3.33%,
followed by Acidothermus (0.58-1.29%). These two genera showed highest abundance under the T2
treatment. Bacillus (0.24-1.07%) and Rhizobium (0.03-0.40%) exhibited the highest relative abundance
in the T4 treatment and the lowest in T2 treatment. The T2 treatment also increased the abundance of
Azospirillum. In blueberry root, we also obtained 13 bacteria related to N fixation. the dominant genus
among these bacteria was Pantoea (2.17-37.17%), which reached its highest abundance in the T1
treatment. Herbaspirillum and Bradyrhizobium also showed significant differences among the four
treatments. Interesting, both Sphingomonas and Pseudomonas participated in nitrification and
denitrification, were founded both in rhizosphere soil and root. However, Sphingomonas (1.74-4.52%)


https://doi.org/10.20944/preprints202311.1383.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2023 doi:10.20944/preprints202311.1383.v1

and Pseudomonas (28.58-55.27%) were the dominant genera in the rhizosphere soil and roots,
respectively (Table 2). Correlation analysis revealed that soil pH and TN displayed significant
positive relations with Burkholderia, Bacillus, Rhizobium and Herbaspirillum in the blueberry
rhizosphere soil, as well as Pseudomonas in the root. Moreover, pH and TN exhibited negative
associations with Pantoea and Sphingomonas in the root. In addition, SOM showed an opposite effect
compared to pH and TN. It demonstrated a significant negative influence on Burkholderia, Rhizobium,
Herbaspirillum, Magnetospirillum and Ottowia in the blueberry rhizosphere soil, but a positive effect
on Pantoea and Sphingomonas in the root. Furthermore, AP displayed a positive correlation with
Pseudomonas in the soil and Pantoea in the root, while having a negative correlation with Azospirillum
and Ottowia in the rhizosphere soil. (Figure 6, Table A3).
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Figure 6. Functional bacteria related to the N cycle in the blueberry rhizosphere soil and roots.
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3.3.2. The effect of soil improvement on N cycle at the module level in the blueberry rhizosphere
soil and roots

In order to further analyze the influence of different improvement methods on the N cycle, we
analyzed the N metabolism at module level. This includes processes such as N fixation, degradation,
nitrification and denitrification, assimilatory nitrate reduction (ANRA) and dissimilatory nitrate
reduction (DNRA) and complete nitrification. In blueberry rhizosphere soil, the dominant
metabolism pathway in the N cycle was DNRA (0.27%), followed by denitrification (0.12%) and
ANRA (0.11%). The T2 treatment had a significant impact on the N cycle compared to other
treatments, enhancing microbial N fixation while decreasing the microbial DNRA, denitrification,
and complete nitrification. The abundance of ANRA, DNRA, denitrification and complete
nitrification was highest in the T3 treatment. The T1 treatment increased the nitrification but
decreased the N fixation, while the T4 treatment has the lowest abundance of ANRA. In blueberry
roots, DNRA was also the dominant pathway in the N cycle (0.37%), with higher abundance in the
T2 and T4 treatment and lower abundance in the T1 treatment. Denitrification (0.11%) and ANRA
(0.09%) were the next most abundance pathways, with the highest relative abundance in the T2
treatment. N fixation was more abundant in the T2 and T3 treatment than in T1 and T4 treatment
(Figure 7).
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The nitrogen metabolism pathways in the blueberry rhizosphere were significantly related to
soil properties. DNRA showed a significant positive correlation with pH, TN and AK (p<0.05). AK
also had a significant influence on nitrification and denitrification, with denitrification strongly
correlated with soil pH and TN (p<0.05). In addition, complete nitrification showed a signification
correlation with pH, SOM, TN and AK (p<0.05). The correlation between N metabolism pathway in
blueberry roots and soil properties was weaker than that observed in rhizosphere soil. However,
there were still significant correlation between DNRA and AK, as well as complete nitrification and
SOM (p<0.05). N fixation showed a strong correlation with AP (p<0.01) (Table 2).

Table 2. The correlation between soil physical-chemical properties and N metabolism pathway.

pH SOM TN AP AK
soil
Nitrogen fixation -0.14 039 -0.05 -057 -0.52
Assimilatory nitrate reduction 0.19 -0.38 028 -0.34 0.189
Dissimilatory nitrate reduction 0.69° -0.38 0.67° -0.01 0.67
Denitrification 0.61" -024 0.62° 014 0.66"
Nitrification 028 -0.08 016 005 0.59
Complete nitrification, 0.88" -0.59° 0.86" -0.08 0.62"
root
Nitrogen fixation -0.02 -048 0.03 -0.82" -045
Assimilatory nitrate reduction -0.33 -0.18 -0.18 -0.43 -0.57
Dissimilatory nitrate reduction -0.11 -0.38 -0.10 -048 -0.69
Denitrification -032 003 -043 -013 -0.22
Nitrification 0.02 -0.03 -006 018 -0.11
Complete nitrification, -040 069 -046 049 -0.02

Note: * indicates a significant difference (p<0.05) and “**" indicates a significant difference (p<0.01) among

different samples for each treatment (n=12) using the spearman method.
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4. Discussion

4.1. Differences of microbial community diversity and structure in blueberry rhizosphere and root under
different soil improvement methods

Blueberry plants thrive in moist, acidic and high soil organic matter soil with good aeration and
drainage [38]. However, most soils in China do not meet these conditions. Therefore, applying peat,
mushroom bran, rice husk, and sulfur to the soil can adjust soil pH, increase organic matter and
improve soil permeability. These applications promote the growth and development of blueberries
and increase fruit yield and quality. In this paper, peat and acidified rice husk resulted in the lowest
soil pH value (5.53), followed by peat and sulfur treatment (5.76) (Table A1l). Previous studies have
shown that blueberry prefers soil conditions with low pH (4.4-5.5), and soil pH impact on plant
growth and development including photosynthetic characteristics, root development, and fruit
quality, through affecting blueberry plant N absorption and utilization efficiency, and amino acid
synthesis [8,39]. Therefore, the T2 treatment, which resulted in the best pH value, is the most effective.
Pervious study had shown that the suitable soil organic matter content for blueberry growth is 8-
12%. And all treatments, except T3, had organic matter content higher than 85g/kg (Table Al), which
is suitable for blueberry growth [40]. Peat has an organic matter content higher than 30%, so its
application effectively increases organic matter content. In this experiment, T1 treatment had
significantly higher SOM content than other treatments (93.5 g/kg), due to the application of a larger
amount of peat. Different soil improvement methods have significant effects on soil pH and nutrient
content, so these changes in physical and chemical properties are bound to have a certain impact on
soil microorganisms.

Soil microbes play a crucial role in the soil ecosystem, influencing plant life forms, community
functioning and nutrient cycling [41]. In this paper, the quantity and diversity of soil microbes were
observed to be highest in the T4 treatment and lowest in T1 (Table 1). This could be attributed to the
significant interaction between the diversity and composition of rhizosphere bacteria communities
and soil pH and SOM [42]. The physical and chemical properties in the T4 treatment favorable
conditions for most microbial activities. Whereas the T1 treatment had the highest SOM, but the pH
was not suitable for microorganisms that decompose organic matter [43]. Endophytic bacteria are
closely with plants, and reside in living plant tissue without causing symptoms of disease [44]. In this
paper, the number of endophytic bacterial community was highest in the T4 treatment, and lowest
in T1 treatment. Pervious study has confirmed that most endophytic bacteria migrate from the
rhizosphere soil [45], and the highest number of OTUs and diversity in blueberry rhizosphere soil
were observed in the T4 treatment, while the lowest were observed in the T1 treatment. There were
no significant differences in the Shannon and Simpson indices among different treatments in
blueberry roots. It might because that the diversity of endophytic bacteria communities was also
influenced by plant genotype [46].

Proteobacteria, Actinobacteria, and Acidobacteria were identified as dominant phyla in the soil
microbial community (Figure 1), consistent with major trends observed in dominant bacteria in forest
ecosystems [47,48]. The relative abundance of Proteobacteria, Actinobacteria, Acidobacteria was
highest in the T4, T1 and T2 treatments, respectively. It might because that different improvement
soil methods changed the soil properties, indirectly influenced the soil microbial community (Figure
Al). It was similarly in blueberry root endophyte bacterial community, Proteobacteria and
Actinobacteria were also the dominant phyla. And the highest relative abundance of Proteobacteria
and Actinobacteria was observed in the T1 and T4 treatments. This confirms that the endophytic
microorganisms migrate from the soil again. The community composition of bacterial community at
the genus level differed among different soil improvement methods in blueberry rhizosphere soil.
Moycobacterium, a well-known PGPR, which produces indole-3-acetic acid (IAA) to promote plant
growth and seed germination exhibited the highest relative abundance in the T4 treatment. Gaiella
and Acidobacterium were the dominant genera in the T1 and T2 treatments, respectively, while
Vicinamibacter dominated in the T3 and T4 treatments (Figure 2). These observations might because
soil pH had significant influence on the bacterial community blueberry rhizosphere soil (Figure Al).
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In addition, the network analysis resulted that Acidobacteria was the main factor, and the cluster
analysis showed that T1 and T2 treatment were clustered into one category, T3 and T4 treatment were
clustered into the other category. These results showed that pH was the main factor affecting the
microbial community in blueberry rhizosphere soil.

4.2. The function of microbial community in blueberry rhizosphere soil and root

Functional prediction indicated that bacterial metabolism in blueberry rhizosphere was found
to primarily involve carbohydrate metabolism, amino acid metabolism, replication and repair, cell
motility, membrane transport pathway and environmental adaptation (Table A2), these findings
were consistent with previous studies [38,47]. In these paper, different soil improvement methods
had varying effects on microbial metabolism. For example, carbohydrate metabolism significantly
differed among the treatments, with the highest found in the T1 treatment and the lowest in the T4
treatment. Carbohydrate metabolism was associated with Actinobacteria, Firmicutes, and
Chlorophyta, with the highest abundance in the T1 treatment and the lowest in the T4 treatment. In
addition, carbohydrate metabolism also had significant negative correlation with soil pH and TN,
and positive correlation with SOM (Figure 4, Figure A2). And the T2 treatment increased the
abundance of energy metabolism, it was because that the T2 treatment promoted the abundance of
Acidobacteria and Elusimicrobia, which were associated with energy metabolism (Figure A2). The
function of blueberry rhizosphere microbial was significantly correlated with soil properties, which
had been reported in previous study [6].

In blueberry roots, the dominant pathways were consistent with those observed in the
rhizosphere soil, and these pathways did not show significant changes among the different
treatments (Table A2). The result confirmed that different soil improvement methods did not alter
the dominant function of endophytic microbial. However, most pathways were influenced by the T1
treatment due to the significant correlation between endophytic microbial function and SOM, which
could provide carbon source for microbial development [49,50]. The SOM content in the T1 treatment
was significantly higher than that in other treatments. In addition, Proteobacteria and Actinobacteria
were involved in most pathways, and their relative abundance differed from those observed in other
treatments (Figure 1, Figure A2).

4.3. Effects of Different Soil Improvements on N Cycle

N is crucial for plant growth and development, influencing processes such as plant protein
synthesis, cell division, and photosynthesis [51-53]. Previous studies have confirmed that the PGPR
can benefit saffron growers by enhancing corm growth, increasing stigma and biomass yield, as well
as elevating the levels of secondary metabolites [29,54]. In this paper, we investigated the effects of
different soil improvement methods on N fixation functional bacteria. And the T2 treatment had a
notably positive influence on the majority of N fixation function bacteria both in the blueberry
rhizosphere soil and roots. In the blueberry rhizosphere soil, Bradyrhizobium was found to be the
dominant N fixation bacteria, and its abundance was higher in the T2 treatment compared to other
treatments. Additionally, the T2 treatment promoted the relative abundance of Conexibacter and
Acidothermus, which had been reported to contribute to the host's health and stress resistance through
sulfate shuttle and cellulolytic activity, in addition to their ability to fix N [47]. Moreover, the T2
treatment was also found to facilitate N fixation through Xanthomonas in both the blueberry
rhizosphere soil and roots. In blueberry roots, the T2 treatment exhibited the highest relative
abundance of N fixation functional bacteria including Bradyrhizobium, Arthrobacter,Erwinia,
Acidothermus, Serratia and Klebsiella (Figure 6). These bacteria also positively influenced root
development and nutrient availability through IAA and siderophore production, which promoted
root hair development and enhanced plant stress resistance [55,56]. Moreover, these bacteria played
a role in mobilizing inorganic phosphorus in the soil [57-59]. The T2 treatment stood out from the
other treatments as it also promoted the growth of PGPR, mainly because that the addition of rice
husk into blueberry soil. Previous study has confirmed that rice husk is rich in bioactive compounds
such as phenolic acids and flavonoids, which have various biological effects and can benefit plant
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growth [60]. Furthermore, the addition of rice husks improves soil aeration and promotes microbial
growth and development [61-63]. In this paper, compared to other treatments, the T2 treatment
promoted N fixation functional microbial community in both the blueberry rhizosphere soil and root
endophytes. This suggests that the acidified application of rice husks is more conducive to promoting
microbial activity during blueberry growth and development, while also enhancing microbial N
fixation ability. Besides, the acidified application of rice husks influenced the PGPR, while the
addition of mushroom chaff affected it differently. The T3 treatment increased the relative abundance
of Burholderia and Herbaspirillum, which were lowest in the T2 treatment in both blueberry
rhizosphere soil and root. That might because that Burholderia and Herbaspirillum were the
diazotrophic bacteria [64], and the TN content was highest in the T3 treatment. In blueberry roots,
Pantoea was the dominate N fixation functional bacteria, and its relative abundance was highest in
the T1 treatment, which had the highest SOM content. Pervious study has concluded that high
organic matter can promote the growth of microorganisms [65,66]. Pantoea was the main dominant
endophytic bacteria, and had significant positive correlation with soil SOM, negative correlation with
pH and TN (Table A3).

At the module level, similar results were obtained, with the relative abundance of the fixation N
module being highest in the T2 treatment in the blueberry rhizosphere soil. Additionally, the T2
treatment led to a decrease in the microbial DNRA, denitrification, and complete nitrification (Figure
7). This suggests that the addition of acidified rice husk can increase the content of nitrogen in soil
and reduce nitrate leaching loss and N2O emission. These findings are consistent with previous
studies [67-69]. In contrast, the single application of mushroom bran promoted ANRA, DNRA,
denitrification and complete nitrification. These metabolic processes were significantly positive
correlated with soil pH and AK, which were highest in the T3 treatment. Furthermore, the T1
treatment promoted the nitrification, and significantly increased nitrate content. This could be
attributed to the presence of Sphingomonas and Pseudonocardia, which are involved in nitrification and
exhibited the highest relative abundance in the T1 treatment. In blueberry roots, the T2 treatment had
a greater impact on the N cycle compared with other treatments, including N fixation, ANRA, DNRA,
denitrification and completed nitrification. It indicates that the addition of acidified rice husk can
promote N metabolism in blueberry root endophytic microorganism. In addition, the T3 treatment
exerted different effect on the N cycle in rhizosphere compared to the root. In the blueberry root, the
T3 treatment decreased the relative abundance of denitrification and complete nitrification. Although
both rice husk and mushroom bran could increase microbial activity, they had different effects on the
N cycle. These two soil improvement methods could induce changes in soil properties and plant
secondary metabolism. Therefore, we conclude that the addition of acidified rice husk can promote
microbial N fixation and reduce the greenhouse emission in the blueberry rhizosphere soil. In
blueberry roots, the addition of acidified rice husk enhances N metabolism.

5. Conclusions

In this paper, the application of different substances was found to have varying effects on the
number and diversity of microorganisms in the blueberry rhizosphere soil and root. Specifically, the
T4 treatment resulted in the highest number and diversity of microorganisms, followed by the T2
treatment. On the other hand, the T1 treatment had the lowest impact on the microbial populations.
Although the dominant phyla remained unchanged across all treatment, their relative abundance
were altered. In the rhizosphere soil, the dominant phyla were identified as Proteobacteria and
Actinobacteria. It was observed that the relative abundance of Proteobacteria was highest in the T4
treatment, while Actinobacteria showed the highest abundance in the T1 treatment. Interestingly, this
trend was reversed when examining the roots. The T2 treatment had a significant impact on
Acidobacteria in the rhizosphere soil, where its relative abundance was higher compared to other
treatments. This finding suggests that the T2 treatment could be beneficial for the growth of blueberry
plants. Additionally, the correlation network analysis resulted that Acidobacterium and Paludibaculum,
both belonging to the Acidobacteria phylum, had the highest influence on the microbial community
structure in the rhizosphere soil. Again, the T2 treatment exhibited the highest influence in this
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regard. In the blueberry root, the dominant influential genera were Mycobacterium, and its highest
relative abundance observed in the T4 treatment. Furthermore, the pH and SOM were found to have
the highest influence on the bacterial communities in the rhizosphere soil and roots, respectively. The
microbial community structure of blueberry rhizosphere soil was divided into two distinct categories:
one class wasT1 and T2 treatments, and other was T3 and T4 treatments.

Different soil improvement methods have not changed the main functions of microbes, but have
altered the relative abundance of most functions. In the rhizosphere soil, carbohydrate metabolism
was highest in the T1 treatment, while it was lowest in the T4 treatment. The T2 treatment promoted
the energy metabolism, cell motility and cell growth and death. In the blueberry root, the most
changes were observed in the T1 treatment. The dominant N fixation functional bacteria were
Bradyrhizobium and Acidothermus, with the highest relative abundance observed in the T2 treatment
in the rhizosphere soil. Moreover, the T2 treatment also had the highest number and relative
abundance of N fixation functional bacteria in the blueberry root. Additionally, The T2 treatment
increased the relative abundance of N fixation module and decreased the ANRA, DNRA,
denitrification and completed nitrification in blueberry rhizosphere soil. However, it promoted the
ANRA in blueberry root. Overall, the addition of acidified rice husk could promote microbial N
metabolism, especially N fixation. Although the T2 treatment did not exhibit the highest microbial
diversity, it enhanced energy metabolism and increased microbial N fixation function. Based on the
effects of four improvement methods on soil pH, it is recommended to use a combination of peat and
acidified rice husk for the optimal improvement of blueberry soil. However, this paper only
compared the effects of different soil improvement on the blueberry rhizosphere soil and root
endophytic microbial communities. The effects on the above-ground plant changes and yield under
these four improvement methods need further analysis.
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Appendix A

Table A1. Soil properties under different improvement methods.

pH SOMg/kg TN g/kg AP g/kg AK g/kg
5.73+0.01c  93.5+3.80a  3.99+0.11bc 33.60+4.90a 152.53+3.00a
5.53+0.01d 87.73+1.33b  3.89+0.05c  23.33+2.02b 118.80+6.45c
6.15£0.00a 78.70+0.60c  4.32+0.01a  23.07+3.05b 154.27+6.72a
6.13+0.00b 86.12+0.13b  4.12+0.11b  24.20+2.10b  139.00+3.00b

(p<0.05) among different samples for each treatment.

Note: a total 12 samples from 4 treatments, the lower case letters ‘a’, ‘b’, “c’, “d” indicate a significant difference
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Table A2. The top metabolism pathway in blueberry rhizosphere soil and root.

soil root
T1 T2 T3 T4 T1 T2 T3 T4

Carbohydrate 515,013, 12.9340.10bc 12.98:0.06ab  12.8040.06c 13.22+0.36a 13.11:0.27a 12.7140.27a 12.81+0.24a
metabolism

Amino acid 13.01+0.14a  12.90+0.09a  12.96:0.08a  12.92+0.02a 13.3120.39a 13.53+0.33a 13.88:0.33a 13.19+0.24a

metabolism

i?’ali‘:ahon and 9610032 49240030 49110032  479:004b 4.48:0.0da 429+0.06a 4.12¢0.06a 4.46:0.04a
Cell motility 2.88:0.06a 2.87:0.04a  259:0.05b  2.52:0.10b 3.99+0.46a 3.59+0.15a 3.53:0.15a 3.83+0.41a
Membrane 157+0.03b  154+0.01c  157+0.00b  1.61:0.01a 2.76:027a 2.36:0.11a 2.38+0.11a 2.50+0.16a
transport

Environmental - c 000 016:000a  016£0.00a  016:000a 019:00la 016:0.02a 0.15:0.02a 0.29+0.00a
adaptation

Note: a total 12 samples from 4 treatments, the lower case letters ‘a’, ‘b’, ‘c’ indicate a significant difference
(p<0.05) among different samples for each treatment.

Table A3. The correlation between soil physical-chemical properties and bacterial community in
blueberry rhizosphere soil and root.

pH SOM TN AP AK
soil
Bradyrhizobium -0.58 0.15 -0.54 -0.29 -0.54
Burkholderia 0.81™ -0.76™ 0.82™ -0.20 0.20
Bacillus 0.63 -0.34 0.51 0.01 0.22
Azospirillum -0.20 -0.39 -0.13 -0.63" -0.54
Rhizobium 0.77 -0.59" 0.68 -0.09 0.29
Herbaspirillum 0.88 -0.81" 0.88" -0.31 0.34
Rhodopseudomonas 0.24 0.18 0.17 0.54 0.44
Magnetospirillum 0.48 -0.72" 0.56 -0.37 -0.02
Enterobacter 0.33 -0.32 0.18 -0.28 0.30
Arthrobacter -0.50 0.62" -0.46 0.30 0.11
Xanthomonas -0.57 0.25 -0.44 -0.16 -0.41
Klebsiella 0.11 0.18 -0.05 0.50 0.71*
Conexibacter -0.72" 0.57 -0.63" 0.17 -0.20
Acidothermus -0.69" 0.60" -0.54 0.34 -0.24
Sphingomonas 0.26 0.27 0.19 0.48 0.74~
Pseudomonas -0.02 0.50 0.06 0.87" 0.55
Ottowia 0.37 -0.63" 0.50 -0.63" -0.13
root

Pantoea -0.78™ 0.97" -0.77" 0.59° -0.13
Burkholderia 0.40 -0.17 0.42 0.08 0.66"
Bradyrhizobium -0.39 -0.01 -0.32 -0.46 -0.30
Herbaspirillum -0.03 0.27 -0.05 0.34 0.37
Bacillus 0.01 -0.16 0.07 -0.26 -0.56
Enterobacter -0.53 0.31 -0.54 -0.26 -0.82™
Erwinia -0.98™ 0.77 -0.95™ 0.10 -0.59°

Serratia -0.55 0.22 -.058" -0.45 -0.38
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Arthrobacter -0.25 -0.34 -0.21 -0.55 -0.59°
Xanthomonas -0.29 -0.01 -0.17 -0.46 -0.76™
Klebsiella -0.36 0.25 -0.37 -0.32 -0.49
Conexibacter 0.08 0.42 0.03 0.23 0.40
Acidothermus -0.57 0.19 -0.55 0.05 -0.36
Pseudomonas 0.72 -0.55 0.69 -0.10 0.11
Sphingomonas -0.87" 0.83" -0.76™ 0.29 -0.51

Note: “*" indicate a significant difference (p < 0.05) and “** indicate a significant difference (p < 0.01) among
different samples for each treatment (n=12) using spearman method.
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Figure Al. The correlation between soil physical-chemical properties and microbial communities in
blueberry rhizosphere soil and root using redundancy analysis.
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Figure A2. The correlation between metabolism pathways and bacterial phyla. ** indicates a
significant difference (p<0.05) and “**" indicates a significant difference (p<0.01) among different
samples for each treatment (n=12) using the spearman method.
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