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Abstract
Microbial metabolites in rhizosphere soil are important to plant growth. In this study, microbial diversity in blueberry plant 
rhizosphere soil was characterized using high-throughput amplicon sequencing technology. There were 11 bacterial phyla 
and three fungal phyla dominating in the soil. In addition, inorganic-phosphate-solubilizing bacteria (iPSB) in the rhizosphere 
soil were isolated and evaluated by molybdenum-antimony anti-coloration method. Their silicate solubilizing, auxin pro-
duction, and nitrogen fixation capabilities were also determined. Eighteen iPSB in the rhizosphere soil strains were isolated 
and identified as Buttiauxella, Paraburkholderia and Pseudomonas. The higher phosphorus-solubilizing capacity and auxin 
production in blueberry rhizosphere belonged to genus Buttiauxella sp. The strains belong to genus Paraburkholderia had 
the same function of dissolving both phosphorus and producing auxin, as well as silicate and nitrogen fixation. The blueberry 
seeds incubated with the strains had higher germination rates. The results of this study could be helpful in developing the 
plant growth-promoting rhizobacteria (PGPR) method for enhancing soil nutrients to blueberry plant.

Introduction

Blueberry (Vaccinium Spp.) is one of the most popular fruits 
in the world and possesses many highly nutritive compounds 
including minerals, vitamins, fatty acids, antioxidant phe-
nolic compounds which have antitumor, and anti-inflamma-
tory properties [1, 2]. As most plants, blueberry plant rhizo-
sphere is inhabited by millions of parasitic, commensal, and 
mutualistic microorganisms. They coexist in the complex 
ecological communities and profoundly influence the plant 
growth [3]. For example, maize rhizosphere soil microorgan-
isms have been recognized as the main driver of soil nutri-
ents cycling and play a critical role in regulating soil fertility 
and plant health [4]. Therefore, a better understanding of 
rhizosphere microbiome is very useful to rationally exploit 
the plant–microbe interactions and establish a new perspec-
tive way to promote plant growth and improve fruit yield 

through its beneficial rhizosphere microorganisms recently 
named as plant growth-promoting rhizobacteria (PGPR) [5].

Bacillus, Pseudomonas, Enterobacter, Acinetobacter, 
Burkholderia, and Arthrobacter are the most common 
microorganisms present in rhizosphere and referred as the 
PGPR to improve soil nutritional quality for better plant 
growth [6, 7]. As an important member of PGPR, iPSB 
(inorganic-phosphate-solubilizing bacteria) is particularly 
effective in releasing phosphorus from pools of inorganic 
phosphorus and plays an important role in plant growth [8, 
9]. For chemical fertilizer, the majority of its soluble inor-
ganic phosphorus is rapidly immobilized by soil fixation and 
becomes unavailable for plant uptake, which results in low 
phosphorus-use efficiency and potentially excess phosphorus 
in rhizosphere [10]. Thus, soil phosphorus must be man-
aged to minimize its loss and immobilization and increase 
its using efficiency for plant growth. iPSB strains can solve 
the issue and improve the available phosphorus content in 
soil for plants intake at any time. Some iPSB strains have 
also been reported to have other pro-growth abilities, such as 
production of auxin and dissolution of silicate and nitrogen 
fixation [11, 12].

In this study, microbial diversity in the rhizospheres 
of three most common blueberry varieties (Vaccinium 
corymbosum, Vaccinium austral and Vaccinium ashei) 
was investigated through high-throughput sequencing 
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technology. As the nutrients requirement of soil for devel-
oping root system of blueberry plant is very demanded, 
the enrichment of nutrient contents in blueberry plant 
soil usually is the major cost for blueberry cultivation. 
In this study, the iPSBs in blueberry rhizosphere were 
identified and isolated. The growth-promoting capabili-
ties in production of auxin and dissolution of silicate and 
nitrogen fixation of these iPSB strains were evaluated as 
well. Furthermore, effects of the iPSB strains on the ger-
mination rate of blueberry seeds were studied. In general, 
the results of this study could be very useful to develop 
efficient and environmentally friendly PGPR fertilizer 
and increase the essential soil nutrients for blueberry 
plant growth.

Materials and Methods

Collection of Soil Samples

Rhizosphere soil samples were collected from the roots 
of three blueberry species, Vaccinium corymbosum 
(Northern highbush blueberry, NHB), Vaccinium austral 
(Southern highbush blueberry, SHB) and Vaccinium ashei 
(Rabbiteye blueberry, RB) in April 2020 according to the 
method described in previous study [13]. The geographi-
cal locations of sampling sites are shown in Table 1. The 
depth of collected soil was 5 to 20 cm under the ground 
surface surrounding blueberry plant trunks. Thirty sam-
ples from each blueberry species were collected and 
mixed homogeneously. The control check (CK) soil sam-
ples were also collected at 5 to 20 cm under the ground 
surface without growing vegetation beside the blueberry 
plants area. They were also mixed homogeneously. Soil 
pH value was determined using a pH meter (PHS-3C, 
INESA Scientific Instrument Co, Ltd, Shanghai, China). 
The soil solution was prepared by dissolving soil sample 
in distilled water at a ratio of 1:5 [14]. The pH meas-
urement was repeated in triplicates, and pH value was 
expressed by mean with standard derivation.

Analysis of DNA Sequences of Microbes in Soil 
Sample Using High‑Throughput Amplicon 
Sequencing Technology

The genome of microbes were extracted using a DNA 
extraction kit (Fast DNA Spin Kit for Soil, MP Biomedicals, 
Santa Ana, CA, USA). 16S rRNA genes of the V4 regions 
were amplified by specific primers (515F/806R) (Invitrogen, 
Carlsbad, CA, USA), and ITS genes of the ITS4 regions 
were amplified by specific primers (ITS3-F/ITS4R) (Invit-
rogen, Carlsbad, CA, USA). PCR reaction solution consisted 
of 25 μL of 2 × Premix Taq (Takara Biotech, Dalian, China), 
1 μL of each primer (10 mM), 3 μL of DNA (20 ng/μL) tem-
plate and 21 μL of double distilled (dd) H2O. The reaction 
took place in BioRad S1000 instrument (Bio-Rad Labora-
tory, CA, USA) with a thermos-cycling program of 5 min 
at 94 °C for initialization, 30 cycles of 30 s denaturation at 
94 °C, 30 s annealing at 52 °C, 30 s extension at 72 °C and 
10 min final elongation at 72 °C.

Gel (1% Agarose) electrophoresis was applied to detect 
the lengths and concentrations of the PCR products. The 
products with significant concentrations at 290–310 bp 
length for 16S or 370–450 bp length for ITS, were mixed at 
the same density ratio. Then, the mixture of PCR products 
was purified by the EZNA Gel Extraction Kit (D2500-02, 
Omega, USA). The DNA libraries were set up using the 
NEBNext Ultra DNA Library Prep Kit for Illumina (New 
England Biolabs, MA, USA). After the evaluation of library 
quality, the final sequences were output by an Illumina 
HiSeq 2500 platform (Illumina, CA, USA).

The sequences sharing high similarity (> 97%) were 
assigned to the same operational taxonomic unit (OTU) 
to represent a species. The most occurring sequence was 
taken out as a representative for each OTU. The chimera 
sequence and singleton OTU were removed at the same 
time, and then statistics of Paired-end raw reads, Paired-
end clean reads, Raw Tags, Clean Tags, Length of Clean 
Tags, GC percent of Clean Tags, OTU number were carried 
out. For each representative sequence, the Silva database 
(https://​www.​arb-​silva.​de/) was used to annotate taxonomic 
information (set the confidence threshold to default to ≥ 0.5). 
After that, the pollution OTU and its Tags, which are anno-
tated as chloroplasts or mitochondria were removed. Then 

Table 1   Information of Blueberry plant species, locations of sampling sites and pH of samples

Latin name of blueberry varieties Abbreviations Longitude Latitude Altitude (m) pH

Vaccinium corymbosum Northern highbush blueberry (NHB) 106° 37′ 59″ E 33° 9′ 5″ N 551.9 4.84 ± 0.046
Vaccinium austral Southern highbush blueberry (SHB) 106° 38′ 7″ E 33° 8′ 20″ N 587.2 4.80 ± 0.095
Vaccinium ashei Rabbit eye blueberry (RB) 106° 37′ 23″ E 33° 9′ 45 ″ N 571.8 4.83 ± 0.075
Near area soil Control check (CK) 106° 37′ 3″ E 33° 8′ 5″ N 560.1 6.7 ± 0.065

https://www.arb-silva.de/
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the OTU taxonomy synthesis information table was obtained 
for the final analysis. The total number of OTU sequences 
and OTU types were counted. A normalized OTU table 
was obtained based on the sample with the least sequences. 
These Hiseq sequencing results in double-ended sequence 
data (pairwise. Fastq files) were submitted to the Sequence 
Read Archive (https://​submit.​ncbi.​nlm.​nih.​gov/​subs/​sra/), 
and the accession number was obtained. According the OTU 
table, the annotation ratio on each classification level was 
calculated to obtain the sequence composition of each sam-
ple at each classification level. The relative abundance of 
each OTU to the lowest sequence was applied for analyzing 
the alpha and beta diversity of microbes.

Screen and Isolation of Inorganic‑Phosphate‑ 
Solubilizing Bacteria (iPSB)

The soil sample (10) g was added in a sterilized flask and 
mixed with 100 mL of sterilized distilled water. The flask 
was incubated at 28 °C for 30 min with a shaking rate at 
150 rpm. Then the soil suspension (5 mL) was sampled to 
carry out multiple dilutions using sterilized distilled water 
until the soil suspension was diluted to a final dilution level 
of 10–4. The final diluted solution was used as a soil stock 
solution for the following experiment. The prepared soil 
stock solution (100 µL) was spread on 20 mL of sterilized 
inorganic phosphorus bacteria medium (HB8670; Hope 
BioTech, Shandong, China). After incubation at 28 °C for 
3 days, the monoclonal microbes with soluble phospho-
rus  circle on the medium were selected and inoculated 
into inorganic phosphorus bacteria medium. The selected 
bacteria were named as P1, P2, and so on. For confirm-
ing the iPSB strains, three inoculation points from each 
iPSB strain were used to cultivate on inorganic phosphorus 
medium plate at incubation temperature 28 °C for 7 days. 
The experiment for each strain was repeated in triplicates. 
Those strains, which were with soluble phosphorus circle, 
were selected for the follow-up experiments.

The 16S rRNA Sequencing of iPSB Strain

All the iPSB strains were incubated in liquid beef extract 
peptone medium at 28 °C for 24 h, then the supernatant 
of the incubated medium was removed. The cell pellets 
were collected for DNA extraction. The DNA in each iPSB 
was extracted according to the manufacturer's instruction 
(TIANamp Bacteria DNA Kit, DP302; Tiangen BioTech, 
Beijing, China). The 16S rRNA genes were amplified 
by primers of 27F (5′ -AGA GTT TGA TCC TGG CTC 
AG-3′) and 1492R (5′ -GGT TAC CTT GTT ACG ACT 
T-3′) (Invitrogen, Carlsbad, CA, USA). The PCR reac-
tion solution consisted of 25 µL of 2xPremix Taq (Takara 
Biotech, Dalian, China), 2 µL of each primer (10 mM), 

1 µL of DNA (20 ng/mL) template and 22 µL of dou-
ble distilled H2O. The solution was amplified by BioRad 
S1000 (Bio-Rad Laboratory, Hercules, CA, USA) with a 
thermos-cycling program of 5 min at 94 °C for initializa-
tion, 40 cycles of 30 s denaturation at 94 °C, 30 s anneal-
ing at 56.2 °C, and 90 s extension at 72 °C and 10 min final 
elongation at 72 °C. The PCR products were detected by 
using 0.8% agarose of gel electrophoresis method. The 
data of sequence analysis was searched in the BLAST 
(www.​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) and compared 
with the corresponding sequence in the GenBank database. 
The type strains of these strains were obtained in EZ Bio-
Cloud (https://​www.​ezbio​cloud.​net/), and compared with 
the sequences.The representative sequence of each species 
was selected, submitted to the NCBI (www.​submit.​ncbi.​
nlm.​nih.​gov/​subs/) website to obtain the GenBank acces-
sion numbers [15].

Determinations of Phosphorus and Silicate 
Solubilizing, Auxin Production and Nitrogen 
Fixation Capabilities of iPSB Strains

The isolated iPSB strains were inoculated into liquid 
inorganic phosphorus bacteria medium (HB8670-1; Hope 
BioTceh, Shandong, China) at 28  °C for 3  days. The 
inoculated medium was centrifuged at 4 °C at 6000 g for 
15 min. The supernatant was collected to determine the 
soluble phosphorus content using Molybdenum-antimony 
anti-coloration method [16].

For evaluation of silicate dissolution of the iPSB strains, 
three inoculation points from each iPSB strain were inocu-
lated into silicate bacteria agar medium (HB8548; Solar-
bio, Beijing, China). After inoculation at 28 °C for 4 days, 
the colony diameter was recorded to determine silicate-
solubilizing capability.

The iPSB strains were inoculated into liquid beef 
extract peptone medium with 100 mg/L L-Tryptophan 
(T0011; Solarbio, Beijing, China) and incubated at 28 °C 
for 3 days for evaluation of its capability of auxin produc-
tion. After incubation, the inoculated medium was centri-
fuged at 4 °C at 6000 g for 15 min. The amount of auxin in 
supernatant was determined according to the colorimetric 
method by Salkowski colorimetric method [17].

For evaluation of the capability of nitrogen fixation, 
three inoculation points from each iPSB strain were also 
used into A Sugai’s medium (HB8540; Solarbio, Beijing, 
China). After the inoculated medium was incubated at 
28 °C for 4 days, the colony diameter was recorded to 
express nitrogen fixation capability. The determinations 
for each strain were repeated in triplicates.

https://submit.ncbi.nlm.nih.gov/subs/sra/
http://www.blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ezbiocloud.net/
http://www.submit.ncbi.nlm.nih.gov/subs/
http://www.submit.ncbi.nlm.nih.gov/subs/
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Evaluation of iPSB Strains on Promoting Seed 
Germination

The isolated iPSB strains were inoculated into liquid inor-
ganic phosphorus bacteria medium individually and incu-
bated at 28 °C for 3 days. Mature blueberry seeds of three 
blueberry species were selected and soaked in sterilized 
water for 24 h at 25 °C. Forty seeds of each of three blue-
berry species were mixed and soaked in the prepared liquid 
inorganic phosphorus bacteria medium at 25 °C for 24 h. 
Another forty seeds were soaked in sterilized liquid inor-
ganic phosphorus bacteria medium at 25 °C for 24 h and 
used as a control group (CK). Then, the seeds were washed 
and planted in sterilized petri dishes and incubated at 25 °C 
under continuous illumination (~ 1500 lx). Seed germina-
tion was evaluated every day for a period of 45 days and 
recorded when a sprout was appeared. Germination rate was 
expressed by percentage of the number of germinated seeds 
on the total number of inoculated seeds.

Data Analysis

All experiments were repeated in triplicates. Alpha diver-
sity was applied in analyzing the complexity of the diver-
sity through three indices: Chao1, Shannon and Simpson 
[18–20]. All the indices were calculated with QIIME (Quan-
titative Insights Into Microbial Ecology) (V1.9.1) and dis-
played with R software (V2.15.3). They were expressed by 
mean with standard derivation, tested for statistical distribu-
tion and compared by ANOVA analysis with a significant 
difference between two data at p < 0.05 or p < 0.01. The sig-
nificant differences between different species were deter-
mined by linear discriminant analysis (LDA) effect size 
(LEfSe) (https://​github.​com/​bioba​kery/​lefse) with two as the 
default setting filter value for LDA score. The dissolution 
of phosphorus and auxin production, the colony diameters, 
and the colony diameters of iPSB strains were expressed by 
mean with standard derivation. The seed germination rates 
were expressed by mean with standard derivation, tested for 
statistical distribution and compared by ANOVA analysis 
with a significant difference between two data at p < 0.05 
or p < 0.01.

Results

Microbial Diversity in Blueberry Plant Rhizosphere 
Soil

In this study, microbial diversity in the rhizosphere of blue-
berry was investigated by high-throughput sequencing tech-
nology. The results were submitted to the Sequence Read 
Archive first, and the accession number was PRJNA864869. 

There were 11 bacterial phyla (Thaumarchaeota, Acidobac-
teria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, 
Gemmatimonadetes, Planctomycetes, Proteobacteria, Verru-
comicrobia, and WPS-2) with an average relative abundance 
of above 0.1%. These 11 phyla collectively accounted for 
more than 96.4% of all sequencing reads in the rhizosphere 
samples form the three blueberry species (Fig. 1A). Mean-
while, there were ten bacterial phyla with an average relative 
abundance of above 0.1% which collectively accounted for 
more than 89.8% of all sequencing reads in the CK samples 
(Fig. 1A). Proteobacteria was the most prominent phyla with 
more than 30% relative abundance in each sample (Fig. 1A). 
The relative abundances of Actinobacteria and Acidobac-
teria were higher than other phyla in the soil samples form 
the three blueberry species, while the relative abundances 
of Acidobacteria and Bacteroidetes were the highest among 
the phyla in CK soil samples (Fig. 1A).

A total of 889 bacterial genera were identified in the 
blueberry rhizospheres. Among them, 20 genera (Nitroso-
talea, Acidipila, Granulicella, Occallatibacter, Koribacter, 
Solibacter, Actinospica, Acidothermus, Streptacidiphilus, 
Mucilaginibacter, Ruminococcaceae_UCG-005, Rumino-
coccaceae_UCG-010, Burkholderia, Acidibacter, Chujai-
bacter, Sulfuriferula, Conexibacter, Bryobacter, Rhodo-
planes, and Bradyrhizobium) had relative abundance greater 
than 1%, while Nitrosotalea, Occallatibacter, Acidothermus, 
Burkholderia and Chujaibacter were genera with relative 
abundance greater than 3% in the soil samples (Fig. 1C). 
Bradyrhizobium, Arthrobacter, Flavobacterium, Klebsiella, 
Lysobacter, Mesorhizobium, MND1, Pseudomonas, Massi-
lia, Nitrospira, Clostridium, Ellin 6067, and Flavitalea were 
the genera with relative abundance greater than 1% in the 
CK soil samples (Fig. 1C).

For fungal communities, most of the OTUs were clas-
sified as Ascomycota, Zygomycota and Basidiomycota at 
phylum level (Fig. 1B). The communities were dominated 
by Cladophialophora, Fusarium, Oidiodendron, Penicillium, 
Pseudogymnoascus, Solicoccozyma, Trichoderma, Geomy-
ces, Guehomyces, Humicola, Lecythophora, Lentinus and 
Exophiala in blueberry rhizosphere at genus level (Fig. 1D).

There were significant differences in microbial diversity 
between blueberry rhizosphere and CK soil. Ascomycota 
was the most prominent phyla in the soil samples collected 
from rhizospheres of blueberry plants with more than 40% 
relative abundance in each sample (Fig. 1B). Mortierel-
lomycota (with 45.15% relative abundance) was the most 
prominent phyla in the CK soil samples. However, the rela-
tive abundance of Mortierellomycota in the soil samples 
collected from rhizospheres of blueberry plants were lower 
than 1% (Fig. 1B). Furthermore, the relative abundance of 
Zygomycota were more than 37.13% in the soil samples 
from the three blueberry plant rhizospheres, but lower than 
1% in the CK soil samples (Fig. 1B). There were 11 genera 

https://github.com/biobakery/lefse
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(Mortierella, Tetracladium, Trichocladium, Cladosporium, 
Cystofilobasidium, Paraphoma, Sphaerulina, Spizellomyces, 
Vishniacozyma, Diversispora, and Fusarium) with relative 
abundance greater than 1% (Fig. 1D) in the CK soil sam-
ple. Fusarium was the only genus with relative abundance 
greater than 1% in both of the CK soil samples and the soil 
samples collected from rhizospheres of blueberry plants.

Alpha Diversity Index was calculated to compare the 
microbial diversity in the blueberry plant rhizosphere soil 
and CK soil. The highest number of microbe was found 
in the soil samples from SHB by the highest Chao one 
index, whereas the lowest was found in the CK soil sam-
ples (Fig. 2A). It was significantly different in Chao 1 index 
between the soil samples from the three blueberry plant 

Fig. 1   The distribution of 
microorganism with relative 
abundance greater than or 
equal to 1% in rhizospheres of 
different blueberry species. A 
Bacterial phyla; B Fungal phyla; 
C Bacterial genus; D Fungal 
genus
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rhizospheres and the CK soil samples (Fig. 2A). However, 
there was no significant difference of microbial diversity 
in the blueberry plant rhizosphere and CK soil samples 

according to the results of Shannon and Simpson (Appendix 
Fig. 6A and B). The highest number of fungus was found 
in the soil samples from RB by the highest Chao 1 index. 
It was significantly different between the soil samples from 
the three blueberry plant rhizospheres and CK samples 
(Fig. 2B), while the Shannon and Simpson indices of fungal 
communities were found no significant difference (Appendix 
Fig. 6C and D).

A total of 52 distinct bacterial biomarkers were iden-
tified by using the LDA threshold score of ≥ 2.0. Most 
of them were Proteobacteria (especially Alphaproteo-
bacteria), Chloroflexi and Actinobacteria (Fig. 3A). The 
NHB-enriched phylotypes belonged to the Proteobacteria 
(Alphaproteobacteria), Chloroflexi, Firmicutes (Bacilli), 
Cyanobacteria (Oxyphotobacteria), and Acidobacteria (Aci-
dobacteriia). The SHB rhizosphere bacteria were abundant 
by several Proteobacteria (Alphaproteobacteria and Gam-
maproteobacteria), Chloroflexi, Actinobacteria (Micro-
bacteriaceae), Firmicutes (Lachnospiraceae), Spirochaetes 
(Spirochaeta_2), Latescibacteria, Bacteroidetes (Ohtaekwan-
gia), and Planctomycetes (Pir4_lineage). The RB specific 
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phylotypes were taxonomically diverse and included mem-
bers of Actinobacteria, Proteobacteria (Nitrincolaceae) and 
Firmicutes (Clostridiales).

The analysis of fungal communities revealed 53 distinct 
biomarkers that unevenly distributed among the microorgan-
isms in rhizospheres of the blueberry species (Fig. 3B). The 
rhizosphere fungi of NHB was rich in diverse Ascomycota 
(Sordariomycetes, Eurotiomycetes, and Leotiomycetes) and 
Basidiomycota (Piskurozymaceae). In contrast, the SHB 
specific fungi included an abundance of Ascomycota (Sor-
dariomycetes, Pezizomycotina, and Dothideomycetes) and 
Basidiomycota (Sebacinales). There were 27 distinct bio-
markers which differentially distributed in the rhizosphere 
samples from RB compared with the rhizospheres of the 
other two blueberry species (Fig. 2D). These rhizosphere 
fungi were Ascomycota (Saccharomycetes, Lecanoromy-
cetes, Dothideomycetes, Sordariomycetes, Orbiliomycetes, 
Leotiomycetes, and Pezizomycotina), Basidiomycota (Usti-
laginomycetes) and Zygomycota (Mucorales).

Phylogenetic Identification of iPSB Strains and Their 
Effects on Phosphorus‑ and Potassium‑ Solubilizing, 
Auxin Production, Nitrogen Fixation and Seed 
Germination

A total of 18 iPSB strains were isolated from the blueberry 
plant rhizosphere samples. The typical phosphorus decom-
position halos for iPSB strains are showed in Appendix 
Fig. 7A–C. Based on their sequences, they were phyla 
Proteobacteria and classified into Buttiauxella, Parabur-
kholderia, and Pseudomonas (Table 2). The representa-
tive sequence of each inorganic-phosphate-solubilizing 
microbes was submitted (Table 2).

Based on the concentration of soluble phosphorus in the 
culture mediums, different strains had different inorganic 

phosphate-solubilizing activity. The concentrations of 
phosphorus in the supernatant collected from liquid 
medium were 0.03–4.99 mg/L, (Fig. 4A). The concentra-
tions of phosphorus extracted from isolates P6, P7, P8, 
P37, P40 and P42 strain culture mediums were higher than 
3 mg/L. Other strains were less than 1 mg/L (Fig. 4A). The 
strains P6, P7, P37, P40 and P42 were all Buttiauxella sp., 
while P8 belonged to the genus Pseudomonas sp.

The levels of auxin produced by the strains are shown in 
Fig. 4A. Isolate P7 (Buttiauxella brennerae) had the highest 
level at 58.07 mg/L, whilst the isolate P17 (Paraburkholde-
ria insulsa) produced the lowest level at 5.53 mg/L amongst 
the selected isolates (Fig. 3A). The other strains that pro-
duced auxin more than 50 mg/L were P40 (Buttiauxella sp.) 
and P42 (Buttiauxella gaviniae), while auxin produced by 
other strains were lower than 25 mg/L (Fig. 4A).

After inoculation and incubation at 28 °C for 4 days, 
the visible colonies were observed in the silicate bacteria 
mediums inoculated with P10, P11, P17, P21 and P26. 
P17 strain had the largest diameter (4.25 mm) with a sil-
icate-decomposition halo around colonies appeared on the 
medium (Fig. 4B). Visible colonies were also observed on 
the A Sugai’s medium inoculated with P12, P17 and P22 
strains. P17 had the largest colony diameters (3.67 mm) in 
all the three strains (Fig. 4C).

The seed incubated with the isolate strains had better 
germination, compared with the control treatment (CK), 
although their germination rates varied with different strains 
(Fig. 5). Among all the iPSB strains, the best germination 
was found in P42 strain inoculation with germination rate 
at 44.37% and followed by P40 and P7 strain inoculations 
(Fig. 5). The seed germination with inoculation of the iso-
lated iPSB strains were significantly improved. The best 
germination rate was found in the seed with P42 inoculation.

Table 2   Classifications of identified inorganic-phosphate-solubilizing microbes

Sample Name Accession number Sequence 
Length (bp)

Related type strain Type Strain name Type Strain 
Accession Numbe

Similarity to 
Type Strain 
(%)

P7 MW407042 986 Buttiauxella brennerae DSM 9396 T AJ233401 99%
P40 MW407041 976 Buttiauxella sp. – – -
P42 MW407043 995 Buttiauxella gaviniae ATCC 51,604 T LXEP01000074 99%
P17 MW407035 982 Burkholderia ambifaria AMMD T CP000442
P11 MW407036 980 Pseudomonas sp. – – -
P21 MW407037 984 Pseudomonas extremorientalis KMM 3447 T AF405328 100%
P22 MW407038 981 Pseudomonas koreensis Ps 9–14 T AF468452 99%
P24 MW407039 941 Pseudomonas reinekei Mt-1 T AM293565 100%
P41 MW407039 994 Pseudomonas umsongensis DSM 16,611 T NIWU01000003 99%
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Discussion

Microbial Diversity in Blueberry Plant Rhizosphere 
Soil

Blueberries encompass several wild species of shrubs of the 
genus Vaccinium L. that are native to eastern North Amer-
ica and now are widely cultivated all over the world [21]. 
Blueberry rhizosphere microenvironment is very important 

for its growing, especially in germinating, because of high 
nutrient requirements and underdeveloped root system of 
blueberry plant. Bacterial and fungal communities play 
important roles in rhizosphere for plant nutrient acquisition 
[22]. In this study, microbial diversity in the rhizosphere of 
blueberry was investigated by high-throughput sequencing 
technology. There were 11 prominent bacterial phyla found 
in the collected rhizosphere samples. It was in agreement 
with previous studies on the rhizosphere microbial diversity 
of different blueberry species [23–25]. In addition, these 
were common phyla in other plant rhizosphere microorgan-
isms [14].

Thaumarchaeota was found as one of prominent phyla 
in rhizosphere of SHB (6.45%) and RB (2.25%) blueberry 
species. Thaumarchaeota is mainly present in acidic soils, 
such as ocean and plankton sediment [26]. In addition, 
the relative abundance of bacteroidetes in the rhizosphere 
was significantly higher than that in the CK soil. It may 
be due to many bacteroidetes play a key role in carbohy-
drate turnover in plant rhizosphere, for example, identified 
Chitinophaga pinensis could participate in the stability of 
plant rhizosphere microecological environment and inter-
actions with plants [26]. Although the relative abundance 
of WPS-2 in the rhizosphere was significantly lower than 
that in the CK soil, WPS-2 bacteria was reported to involv-
ing in carbon-dioxide fixation and encoding the Calvin 

Fig. 4   Capabilities of phospho-
rus- and silicate- solubilizing, 
auxin production and nitrogen 
fixation analysis of isolated 
iPSB strains. A The dissolu-
tion of phosphorus and auxin 
production of iPSB strains; B 
The colony diameters of iPSB 
strains in silicate bacteria medi-
ums; C The colony diameters 
of iPSB strains in A Sugai’s 
medium
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cycle [27–30]. It may explain why the relative abundance 
of WPS-2 was higher in the CK soil area where there was 
no green on the soil surface.

For fungal communities, most of the OTUs were clas-
sified as Ascomycota, Zygomycota and Basidiomycota at 
phylum level (Fig. 1B), and was consistent with previous 
studies [25]. Ascomycota, Basidiomycota and Mortierel-
lomycota were commonly in the rhizosphere of other agri-
cultural crops, such as chives, tea, jujube, etc. [7, 31, 32]. 
This might be due to the low pH environment and interac-
tion between blueberry plant and rhizosphere.

The Chao Index was used to estimate the number of 
OTUs. The larger value of index reflects the high degree 
of community richness. The Shannon Index and the Simp-
son Index were used to estimate microbial diversity. There 
were significant differences in Chao 1 indices among the 
samples from the rhizosphere of three blueberry species 
and CK soils (Fig. 2A and B). However, the microbial 
diversities in these soil samples were not different (Appen-
dix Fig. 1A–D). It was suggested that the blueberry plants 
could change soil microbial abundance, but had no signifi-
cant effect on the microbial diversity, compared with the 
CK soil samples [33, 34]. The greater number of micro-
organisms in blueberry rhizosphere was also important 
in participating in the interaction between the plants and 
rhizosphere microbes.

The results of LEfSe analysis indicated the difference in 
the composition of rhizosphere microorganisms (Fig. 3A, 
B). It was found that different blueberry species had a simi-
lar core rhizobiome with slight difference in microbial diver-
sity. The slight differences might be attributed to the fact 
that these blueberry species were domesticated from wild 
blueberry species. For example, highbush blueberries were 
developed by hybridizing V. corymbosum with several other 
Vaccinium species [35]. In addition, the domestication may 
affect on the root-associated microorganisms. Many other 
factors, including the plant-growing environment, may 
affect rhizosphere microbial diversity as well. Several stud-
ies reported that the plant domestication is associated with 
compositional changes in the rhizosphere microbiome [36]. 
A meta-analysis on microbiome in barley, lettuce, common 
bean, and Arabidopsis revealed that the members of Bacte-
roidetes were more abundant in the roots of wild plant rela-
tives, while Proteobacteria and Actinobacteria consistently 
decreased with the rhizosphere of corresponding domesti-
cated accessions [37].

It was found that different blueberry species had a similar 
core rhizobiome with slight difference in microbial diver-
sity. The slight differences might be attributed to the fact 
that these blueberry species were domesticated from wild 
blueberry species. For example, highbush blueberries were 
developed by hybridizing V. corymbosum with several other 
Vaccinium species [35]. In addition, the domestication may 

affect on the root-associated microorganisms. Many other 
factors, including the plant-growing environment, may 
affect rhizosphere microbial diversity as well. Several stud-
ies reported that the plant domestication is associated with 
compositional changes in the rhizosphere microbiome [36]. 
A meta-analysis on microbiome in barley, lettuce, common 
bean, and Arabidopsis revealed that the members of Bacte-
roidetes were more abundant in the roots of wild plant rela-
tives, while Proteobacteria and Actinobacteria consistently 
decreased with the rhizosphere of corresponding domesti-
cated accessions [37].

Promoting Effects of Isolated iPSB Strains 
on Blueberry Plant Growth and Seed Germination

The stability of rhizosphere microenvironment is important 
for plant growth [38]. The microbial diversity and micro-
environment of rhizosphere could be affected by addition 
of exogenous microbial strains [5]. In addition, the origi-
nal rhizosphere microbes which are PGPR (plant growth-
promoting rhizobacteria) can be enhanced as microbial fer-
tilizer without affecting the stability of the original plant 
rhizosphere microorganism system. The PGPR from plant 
rhizosphere soil could not only support plant growth, but 
also minimize the impact of exogenous microbial strains on 
the original microbial system in plant rhizosphere. iPSBs, as 
an important part of PGPR, play an essential role in releas-
ing and preserving P in rhizosphere systems for plant uptake 
and growth [39].

A total of 18 iPSB strains were isolated from the blue-
berry plant rhizosphere samples. They were phyla Proteo-
bacteria and classified into Buttiauxella, Paraburkholde-
ria, and Pseudomonas (Table 2). Paraburkholderia and 
Pseudomonas were reported as the common genre in iPSB 
[40, 41]. Genus Buttiauxella, a member of the Enterobac-
teriaceae family isolated from mollusks (slugs and snails), 
annelids (earthworms), soil and drinking water, was reported 
as iPSB in 1996 [42, 43].

Different strains had different inorganic phosphate-solubi-
lizing activity. Our results showed that the higher phospho-
rus-solubilizing capacity and auxin production in blueberry 
rhizosphere belonged to genus Buttiauxella sp. with labeled 
as P6, P7, P37, P40 and P42 strains in this study.

The genus Paraburkholderia, identified as a member of 
the family Burkholderiaceae [44], has been received increas-
ing attention due to their great plant growth-promoting 
effects on solubilizing insoluble phosphates and nitrogen-
fixation [41]. The strains (P12 and P17) belong to genus 
Paraburkholderia in this study had the same function of 
dissolving both phosphorus and producing auxin, as well as 
silicate and nitrogen fixation.

Genus Pseudomonas is an important member of PGPRs 
with phosphorus- and silicate-solubilizing capacity, auxin 
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production and nitrogen fixation functions [45–48]. Among 
the strains isolated in this study, the strains in this genus 
were P8 with good phosphorous solubilizing capability, P32 
with good auxin production capability, P10, P11, P21 and 
P26 with silicate solubilizing capability, and P22 with good 
nitrogen fixation capability.

Effects of different iPSB strains on seed germination 
were studied to identity the best PGPR strains for blueberry 
plants. Blueberry seeds are usually difficult to germinate 
under natural condition due to their dormancy characteristics 
and small seed size. Also the traditional cultivation method 
to maintain blueberry plant growth is a labour-intensive and 
time consuming process [49]. The seed incubated with the 
isolate strains had better germination, compared with the 
control treatment (CK). The seed germination with inocula-
tion of the isolated iPSB strains were significantly improved. 
Therefore, the isolated iPSB strains in this study could be 
used as microbial fertilizer to increase the seed germination 
rate of blueberry.

Soil nutrients are significantly different in different types 
of soils, while different plants have different requirements 
for soil nutrients [50, 51]. Using the PGPRs with differ-
ent growth promoting effects to supplement and fortify soil 
nutrients can not only promote plant growth, but also avoid 
the negative effects of artificial fertilizer to soil. In general, 
the isolated microbes in our results could be used as a natu-
ral microbial fertilizer instead of traditional chemical ferti-
lizer to promoting blueberry seed germination and growth 
method. The information of these microbes will also be sub-
mitted to culture bank after more plant growth promotion 
functions are evaluated.

Conclusions

The microbial diversities of the rhizospheres of three dif-
ferent blueberry plant species were analyzed in this study. 
The genotype-level variations in the distribution of specific 
microbial taxa were observed. Eighteen iPSB strains were 
isolated and identified. They could effectively solubilize 
inorganic phosphorus in the medium and have capability 
of auxin production. Some of them could also solubilize 
inorganic silicate and fix nitrogen. According to the results, 
strain P7, P40, and P42 could be used as the bacterial ferti-
lizer with function of phosphorus solubilization and auxin 
production. Strain P17 could be added into the bacterial 
fertilizer for improving the available nitrogen content and 
soluble silicate in soil. Blueberry seed germinations in 

the medium inoculated the iPSB strains were significantly 
enhanced. The results of this study are very helpful for 
understanding the microbial phyla and genera in the rhizos-
phere of blueberry plant and developing the PGPR fertilizer 
for promoting blueberry plant growth.

Appendix

See Figs. 6 and 7
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