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The effects of Rhodopseudomonas palustris 
PSB06 and CGA009 with different agricultural 
applications on rice growth and rhizosphere 
bacterial communities
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Abstract 

In recent years, the photosynthetic bacteria have been used widely in agriculture, but the effects of different agri-
cultural applications on crop rhizosphere microorganism and crops are lack. In this study, we provide new insights 
into the structure and composition of the rice root-associated microbiomes as well as the effect on crop of the 
Rhodopseudomonas palustris(R. palustris) PSB06 and CGA009 at the rice seedling stage with seed immersion and 
root irrigation. Compare with CK group, the length of stem, the peroxidase (POD), and superoxide dismutase (SOD) 
activities in PSB06 treatment group was significantly higher, while the length of stem in CGA009 treatment group was 
significantly higher. The POD and SOD activities in CGA009 treatment groups only were higher slightly than the CK 
group. In the study, the dominant phyla were Proteobacteria (51.95–61.66%), Bacteroidetes (5.40–9.39%), Acidobacteria 
(4.50–10.52%), Actinobacteria (5.06–8.14%), Planctomycetes (2.90–4.48%), Chloroflexi (2.23–5.06%) and Firmicutes (2.38–
7.30%), accounted for 87% bacterial sequences. The principal coordinate analysis (pCoA) and mantel results showed 
the two application actions of R. palustris CGA009 and PSB06 had significant effects on rice rhizosphere bacterial com-
munities (p < 0.05). The PSB06 can significantly promote the rice growth and enhance stress resistance of rice at the 
seedling stage, while the R. palustris CGA009 has no significant effect on rice. Dissimilarity test and canonical corre-
spondence analysis (CCA) results showed that the TN and pH were the key factors affecting rice rhizosphere bacterial 
community in the seedling stage. This study will provide some guidance advices for the study of the microecological 
regulation of photosynthetic bacteria on crops.
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Introduction
The different microbial communities above and below 
the ground reflect that these microbial communities have 
plant habitat specificity, and are closely related to plant 
health. Previous studies indicated that the diversity of 
leaf communities decreased with the increasing of the 
distance from the soil to different tomato plant habitats 
(Ottesen et  al. 2013), suggesting that soil may be the 

main source of the phyllosphere microbial populations. 
Because of its important function in the Earth’s biogeo-
chemical cycles (Fierer et al. 2012; Philippot et al. 2013), 
soil microorganisms have been used as an early indica-
tors of soil health status in the soil ecosystem (Hernán-
dez-Allica et al. 2006). All plant-related habitats contain 
a high proportion of plant beneficial microorganisms, 
plant pathogens, and potential human pathogens. And 
the dynamic changes in these microorganisms may affect 
sustainable plant production and plant health (Berg 
et al. 2005; Mendes et al. 2013). In general, plants drive 
the composition and structure of rhizosphere bacterial 
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communities through root exudates (Bais et  al. 2006; 
Micallef et  al. 2009). In turn, rhizosphere microorgan-
isms can promote the overall health of plant species by 
promoting crop growth and participating root surface 
defense protection (Berg et al. 2005; Mendes et al. 2013).

The pathogenic bacteria associated with plant dis-
eases often cause great economic losses to agricultural 
production. The applications of chemical pesticides and 
biological control agents (BCAs) usually have been rec-
ommended to control disease incidence and severity 
in agriculture (Erwin and Ribeiro 1996). However, the 
excessive use of chemical pesticides often leads to envi-
ronmental and food safety problems (Sharma et al. 2012). 
Nowadays, more and more BCAs, such as Bacillus spp., 
Pseudomonas spp., Trichoderma spp. etc., being com-
mercialized for various crops as a desirable strategy for 
controlling plant diseases (Trabelsi and Mhamdi 2013; 
You et al. 2015; Cha et al. 2016). The application of these 
BCAs has greatly promoted the improvement of agricul-
tural production.

The applications of BCAs on plant have primarily 
focused on the rhizosphere, which can be obtained by 
manipulating the rhizosphere microorganisms (Janvier 
et al. 2007; Santhanam et al. 2015). Inoculation BCAs can 
change the composition of resident microbial commu-
nities in the rhizosphere, thereby affecting the soil com-
munity’s ecological and functional properties (You et al. 
2015). The BCAs could introduce beneficial microorgan-
isms resulting in reduce plant pathogen and insect dam-
age (Hadar and Papadopoulou 2012; Mehta et al. 2014), 
as well as human pathogens (Mootian et  al. 2009; Oni 
et al. 2015). Therefore, the control of plant disease could 
be more direct and effective by applying BCAs on the 
rhizosphere.

The Rhodopseudomonas palustris (R. palustris) 
PSB06(CCTCC NO:M2012518), a wild-type stains, as 
a long-time established BCA, was successfully applied 
to suppress crop disease and promote plant growth. 
In previous study, we found that the PSB06 had good 
effect on controlling various rice diseases. The R. palus-
tris CGA009 (ATCC BAA-98), was obtained from the 
American Type Culture Collection (ACTT, USA), a dif-
ferent physiological subspecies of the R. palustris, which 
is mainly used in hydrogen production research interna-
tionally at present studies (Piskorska et al. 2013; Lu et al. 
2016). In this study, we also explored the effects agent R. 
palustris CGA009 on rice growth and rhizosphere micro-
organisms. At present, the seed immersion and root irri-
gation are mainly used to treat crops at the seedling stage 
in agriculture. In the previous preliminary experiments, 
we found that seed immersion with R. palustris PSB06 
also promoted the crop growth. At the same time, the 
application of seed soaking method prevented diseases 

in the seed periods, and then reduced the application of 
BCAs during the crop growth and development. There-
fore, root irrigation and seed soaking were used in this 
experiment. However, the inoculation of exotic species 
may alter biological processes in the soil by either direct 
or indirect actions (You et al. 2015). Hence, it is necessary 
to study the effect of the R. palustris PSB06 and CGA009 
on soil micro-environment. In this experiment, the 
effects of root irrigation and seed soaking on rice growth 
and rhizosphere microorganisms were evaluated at seed-
ling stage.

We hypothesize the inoculation of R. palustris PSB06 
and CGA009 can change the rhizosphere bacterial com-
munity and affect the rice seedling growth with seed 
immersion and root irrigation. To test this hypoth-
esis, we investigated the impact of the BCA R. palustris 
PSB06 on the indigenous rhizosphere bacterial commu-
nity using 16S rRNA amplicon sequencing and growth 
of seedling rice with seed immersion and root irriga-
tion. In addition, we also explore the effect of agent R. 
palustris CGA009 on rhizosphere bacterial community 
using 16S rRNA amplicon sequencing and growth of 
seedling rice by carrying out in-depth studies on the soil 
micro-environment.

Materials and methods
Greenhouse experiments
The experiment was performed in Hunan Plant Protec-
tion Institute (28°12′29.81″N, 113°5′35.83″E, Changsha, 
China) from March 5, 2018 to May 25, 2018. Experimen-
tal soils were mixed before transplanting the rice seed-
lings. The hybrid rice variety C LiangYou number 7 was 
selected as the experimental material. The seeds were 
soaked with different treatments for 3  h: Control (CK): 
sterile water; treatment A (BP): the photosynthetic bac-
teria agent R. palustris PSB06 (CCTCC NO:M2012518); 
treatment B (BC): the photosynthetic bacteria agent R. 
palustris CGA009 (ATCC BAA-98). Root irrigation with 
PSB06 and CGA009 after 15 days when transplanting the 
rice seedling: treatment C(GP): root irrigation with the 
photosynthetic bacteria agent PSB06, treatment D(GC): 
root irrigation with the photosynthetic bacteria agent R. 
palustris CGA009. After seeds were soaked with differ-
ent treatments for 3 h, and then transplanted to the flow-
erpot with mixed field paddy soil and incubated at 26 °C 
on 16 h/8 h day/night cycle, the humidity was maintained 
at 72% at the greenhouse. The root length and seedling 
height of twenty rice plants were measured on the 14th 
day after application, and rice leaves were collected. The 
rice seedlings and soil samples were collected at seed-
ling stage (day 40) with six replicates. The soil samples 
were divided into two parts, some soil samples were 
used to determine soil physicochemical properties, while 



Page 3 of 10Luo et al. AMB Expr           (2019) 9:173 

the other soil samples were stored at − 80  °C for DNA 
extraction.

Physicochemical properties of rice seedling and soils
The length of root and stalk were measured through a 
ruler. The activities of superoxide dismutase (SOD) and 
peroxidase (POD) in rice seedling leaves were deter-
mined by the NBT photoreduction method (Min et  al. 
2014). The pH of soil samples was detected in aqueous 
extract (soil: deionized water = 1:5) using a multiparam-
eter water quality monitoring instrument. The content 
of total nitrogen (TN) (modified kjeidahi method, HJ/T 
707-2014), available kalium (AK) (flame atomic absorp-
tion spectrophptprnetry method, GB 9836-1998), avail-
able phosphorus (AP) (sodium hydrogen carbonate 
solution-Mo-Sb anti spectrophotometric method, HJ/T 
704-2014), and organic matter (OM) (Method for deter-
mination of soil organic matter, GB9834-1988) were 
measured by Institute of Soil Science, Chinese Academy 
of Sciences (Nanjing, China).

PCR amplification and sequencing
Total soil genomic DNA was extracted with the Fast 
DNA spin kit for soil (MP Biomedicals LLC, USA). The 
V4 region of bacterial 16S rRNA gene was amplified as 
Lin et., al described (Lin et  al. 2017). A unique 12  bp 
barcode sequence was used to distinguish different 
samples. The PCR was performed with a 50 μL mixture 
as Lin et. al reported (Lin et  al. 2017). The PCR prod-
ucts were purified with the E.Z.N.A.® Gel Extraction 
Kit (Omega Biotek, Norcross, GA, USA), and the final 
amplicon was quantified using Qubit™ 2 Fluorometer. 
The DNA samples were sequenced with Hiseq platform 
at Puwikon, Co., Ltd (Nanjing, China). We used the in-
house pipeline (http://mem.rcees​.ac.cn:8080) to pro-
cess the raw 16S rRNA sequence data which consisted 
of mount of bioinformatics tools. In brief, the raw reads 
were assembled and assigned to separate samples with 
the 12 bp barcodes. And the low-quality sequences with 
the average quality score less than 20 and an ambiguous 
basis (N) were removed. Forward and reverse sequences 
were combined by the bioinformatics software FLASH 
(Magoc and Salzberg 2011). And then the sequences with 
length < 200  bp were deleted. Chimeras were removed 
and OTU (operational taxonomic units) table were gen-
erated by the UPARSE software at a 97% similarity level 
(Edgar 2013). The taxonomy annotation was conducted 
using the RDP Classifier database (Silva database 132 
version) to assign the microbial representative sequences 
(Abarenkov et  al. 2010). Then the resampled OTU 
table was obtained using the OTU table with the low-
est sequences for the downstream analysis (Wang et  al. 
2007). The all raw sequence data have been submitted to 

NCBI sequence Read Archive (SRA) under the accession 
number PRJNA554261.

Statistical analysis
The difference of top 30 genera between two groups was 
assessed using the STAMP software v2.1.3. The student 
t test was conducted to compare the growth properties, 
physicochemical properties, and alpha diversity indices 
between two groups using the software SPSS 21.0 (IBM 
Co., Armonk, NY, USA). Correlation analysis between 
physicochemical properties and bacterial populations 
were also analyzed with the Spearman method using the 
software SPSS 21.0 (IBM Co., Armonk, NY, USA). The 
principal coordinate analysis (pCoA) and the dissimi-
larity tests (MRPP, Adonis, and ANOSIM) were used to 
demonstrate the bacterial community differences among 
the five groups (Anderson 2010; Caporaso et  al. 2010). 
Canonical correspondence analysis (CCA) was used to 
measure the correlation between the bacterial commu-
nity and different environmental factors. FAPROTAX 
was used to establish Functional Annotation of Prokary-
otic Taxa (Louca et al. 2016).

Results
Growth properties and physicochemical properties 
of different treatment group
The length of root and stalk were showed in the Fig. 1. The 
length of root ranges from 8.82 ± 0.15 to 9.42 ± 0.09 cm. 
The length of pepper stalk in the BC and BP groups, were 
19.30 ± 0.44 and 20.57 ± 0.49 cm, respectively. The length 
of stalk in the GC and GP groups, were 21.63 ± 0.59 and 
17.85 ± 0.16  cm, respectively. And the length of pepper 
stalk in CK group was 16.87 ± 0.22  cm. The length of 
pepper stalk in other four treatment groups were higher 
significantly than CK group while there was no signifi-
cant difference between these treatment groups (Student 
t-test, p < 0.01). The POD activitiy were from 162.85 to 
252.05 u/g and SOD activities were from 17.67 to 32.65 
u/g, respectively. The activities of POD and SOD in BC, 
BP, GP group was significantly higher than that in CK 
group. Compared to the two groups treated with PSB06, 
there was no significant difference between BP group and 
GP group (Student t-test, p < 0.05). Compared with the 
two groups treated with R. palustris CGA009, BC group 
was significantly higher than GC group (Student t-test, 
p < 0.05).

The physicochemical properties of the 30 samples are 
summarized in Fig. 2 and Additional file 1: Table S1. Soil 
pH varied from 6.99 to 7.32. The Soil pH in other four 
treatment groups was higher significantly than the CK 
group (Student t-test, p < 0.001). And there was a signifi-
cant difference between BC and BP, GC and GP, BC and 
GC, BP and GP group. The soil TN varied from 1114.16 

http://mem.rcees.ac.cn:8080
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to 1452.99 mg/kg, and other four treatment groups were 
higher significantly than the CK group (Student t-test, 
p < 0.01). The soil TP varied from 545.41 to 867.53 mg/kg 
among these soil samples, respectively. AK and AP var-
ied from 75.93 to 152.6 and 47.21 to 68.34 mg/kg, respec-
tively. The OM content among three groups varied from 
14.86 to 41.58 mg/kg, BC and BP group was higher sig-
nificantly than CK group.

Response of bacterial communities among three groups
A total of 2,182,639 high-quality 16S rRNA gene 
sequences were obtained from 18 samples by Hiseq 
sequencing. Then 15,132 OTUs were generated after 
resampling with the minimum sequences. The domi-
nant phyla and class were visualized in the Additional 
file  2: Figure S1 and the top 30 genera showed in the 
Additional file 2: Figure S2. In brief, the dominant phyla 

were Proteobacteria (51.95–61.66%), Bacteroidetes (5.40–
9.39%), Acidobacteria (4.50–10.52%), Actinobacteria 
(5.06–8.14%), Planctomycetes (2.90–4.48%), Chloroflexi 
(2.23–5.06%) and Firmicutes (2.38–7.30%), accounted for 
87% bacterial sequences. Proteobacteria and Bacteroi-
detes were the second most dominant phyla in the CK, 
BC and GP group while Proteobacteria and Acidobacte-
ria in the BP and GC group. In the class level, the relative 
abundance of Gammaproteobacteria (35.62–44.88%), 
Alphaproteobacteria (7.35–12.73%), Bacteroidia (5.32–
9.26%), Deltaproteobacteria (4.01–5.26%), Subgroup 
6 (2.30–5.85%) and Actinobacteria (2.92–4.41%) were 
observed in the three group with higher relative abun-
dance (Additional file 2: Figure S2).

The significant difference of alpha diversity between 
two groups was showed in the Table 1. The Chao1 value 
in GC group was lower significantly than CK group 
(Student t-test, p < 0.05), and there was no significant 
difference in Chao1 among other four groups (Stu-
dent t-test, p > 0.05). Shannon index, In_simpson index, 
and Observerd_richness was no significant difference 
between four treatment groups and CK group (ANOVA, 
p > 0.05). The sample of three groups exhibited clear dif-
ferences by pCoA. The pCoA result showed that CK 
group samples were clearly separated from other four 
group samples (Fig.  3). The first coordinate (pCoA1), 
showed 46.27% difference in bacterial population varia-
tion, and pCoA2 explained 20.33% dissimilarity (Fig.  3). 
In addition, it was further verified by the dissimilar-
ity tests (MRPP, ANOSIM, and PERANOVA) based on 
Bray–Curtis distance and Jaccard distance among five 
groups (Additional file 1: Table S2, p < 0.05). 

The taxonomic abundance of dominant genera
The difference genera among the top 30 genera between 
two groups were assessed and showed in the Additional 
file  2: Figures  S3, S4, S5. Among these genera, the rela-
tive abundance of Klebsiella, Methyloversatilis, Anaero-
sinus Delftia, Massilia, Flavobacterium, Pseudomonas, 
Phenylobacterium, Dechloromonas and Rhodanobacter 
have a significant difference between treatment groups 
and CK group. The relative abundance of Massilia in 
the GP group and Pseudomonas, Rhodanobacter in BP 
group was significantly lower than CK group. The relative 
abundance of Pseudomonas, Flavobacterium and Kleb-
siella in BC group was significantly higher than BP group. 
There was no significant difference in relative abundance 
between GC and GP groups. The relative abundance of 
Rhodanobacter, Lysobacter and Massilia in GP group 
was significantly lower than BP group, while Flavobacte-
rium was significantly higher than BP group. The relative 
abundance of Pseudomonas, Massilia, Flavobacterium 

Fig. 1  The length of root, stalk (a) and the activities of superoxide 
dismutase (SOD) and peroxidase (POD) in rice seedling leaves (b). 
Control (CK): sterile water; treatment BP: the photosynthetic bacteria 
agent PSB06; treatment BC: the photosynthetic bacteria agent 
CGA009; treatment GP: root irrigation with the photosynthetic 
bacteria agent PSB06; treatment GC: root irrigation with the 
photosynthetic bacteria agent CGA009
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Fig. 2  Physicochemical properties of rice soils. OM: organic matter, TN: total N, TP: total P, AK: available K, AP: available P. Control (CK): sterile water; 
treatment BP: the photosynthetic bacteria agent PSB06; treatment BC: the photosynthetic bacteria agent CGA009; treatment GP: root irrigation with 
the photosynthetic bacteria agent PSB06; treatment GC: root irrigation with the photosynthetic bacteria agent CGA009
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and Klebsiella in BC group was significantly higher than 
GC group.

Relationships among dominant phyla, physicochemical 
properties and bacterial communities
Canonical correspondence analysis (CCA) was used to 
investigate the relationships between dominant phyla, 
physicochemical properties and bacterial communi-
ties. Three clusters of bacterial communities were dif-
ferentiated as the CCA result indicated (Fig.  4). CCA1 
and CCA2 accounted for 34.72% and 17.20% of the 
total variation, respectively (Fig. 4). There were also sig-
nificant positive correlations between bacterial com-
munity composition and the TN content (mantel test: 
p < 0.05, Additional file  1: Table  S3). The relative abun-
dance of dominant bacterial taxonomic groups varied 
among five groups. Significant negative correlation was 
observed between the TN and the relative abundance of 

Acidobacteria and Thaumarchaeota (p < 0.01), while the 
opposite trend was observed for the phylum Proteobac-
teria (r = 0.393, p < 0.05) (Additional file 1: Table S4). The 
pH was negative correlated with the relative abundance 
of Gemmatimonadetes (r = − 0.381, p < 0.05).

FAPROTAX analysis
All OTUs loaded 90 groups comprising 7820 mem-
bers and established 2701 assignments of records to 
groups. There were 7675 out of 8970 records could 
not be assigned to any group, other records have been 
assigned to 54 groups. There were 49 same group in 
five groups. Besides, there was a significant difference 
between the four treatment groups and CK group in the 

Table 1  Summary of α diversity index among different treatments

Control (CK): sterile water; treatment BP: the photosynthetic bacteria agent PSB06; treatment BC: the photosynthetic bacteria agent CGA009; treatment GP: root 
irrigation with the photosynthetic bacteria agent PSB06; treatment GC: root irrigation with the photosynthetic bacteria agent CGA009

Different letters indicate the statistical differences at a p value of < 0.05 for a one-way ANOVA

Group Chao1 Shannon Inv_Simpson Observed_richness

CK 6297.08 ± 185.77a 6.5 ± 0.05ab 182.12 ± 5.81a 2579.17 ± 49.18a

BC 5818.56 ± 268.11a 6.06 ± 0.15b 100.67 ± 12b 2193.67 ± 115.51b

BP 6522.76 ± 78.01a 6.58 ± 0.03a 134.13 ± 10.79ab 2645.17 ± 20.97a

GC 4393.84 ± 318.11b 6.33 ± 0.14ab 149 ± 26.98ab 2399.17 ± 93.14ab

GP 5438.62 ± 653.15a 6.29 ± 0.24ab 151.07 ± 27.9ab 2386.83 ± 184.18ab

Fig. 3  Principal coordinate analysis (weighted_PCoA) of microbial 
communities based on Bray–Curtis dissimilarity matrices. Control 
(CK): sterile water; treatment BP: the photosynthetic bacteria agent 
PSB06; treatment BC: the photosynthetic bacteria agent CGA009; 
treatment GP: root irrigation with the photosynthetic bacteria agent 
PSB06; treatment GC: root irrigation with the photosynthetic bacteria 
agent CGA009

Fig. 4  Canonical correspondence analyses (CCA) of the relative 
abundances of microbial communities with soil variables. OM: 
organic matter, TN: total N, TP: total P, AK: available K, AP: available 
P. Control (CK): sterile water; treatment BP: the photosynthetic 
bacteria agent PSB06; treatment BC: the photosynthetic bacteria 
agent CGA009; treatment GP: root irrigation with the photosynthetic 
bacteria agent PSB06; treatment GC: root irrigation with the 
photosynthetic bacteria agent CGA009
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major functional group types. And eight major functional 
groups were observed in all five groups; Compared with 
CK group, nitrogen_fixation, human_gut, and mam-
mal_gut in the BC group, aerobic_ammonia_oxidation 
in the GC group, nitrogen_fixationhuman_gut and mam-
mal_gut in the GP group was only observed as the main 
functional group (Additional file 2: Figure S6).

Discussion
In this study, we provide new insight into the structure 
and composition of the root-associated microbiomes as 
well as showed the effect of the photosynthetic bacteria 
agent R. palustris PSB06 and CGA009 at the rice seedling 
stage with different treatment of seeds or seedlings. The 
previous study indicated that habitat, climate and geo-
graphical location, can affect the growth of crop and the 
formation of rhizosphere microorganisms (Wang et  al. 
2015; Zhang et al. 2015; Yang et al. 2016). For eliminate 
the interference of other factors, we conducted a green-
house experiment, with day and night (16 h/8 h), to keep 
culture conditions at 28  °C. Sequencing of 16S rRNA 
gene amplicons provided especially a deeper look into 
the root-associated microbiomes of the rice at seedling 
stage, we were able to assess the variation of the micro-
bial composition by different treatments. In our study, we 
showed that PSB06 have not only a significant impact on 
plant growth, but also on the structure and composition 
of the root-associated microbiome. Here, the PSB06 can 
significantly improve stress resistance of rice at seedling 
stage. However, for bacterial agent R. palustris CGA009, 
only the stress resistance has been enhanced with seed 
soaking treatment.

Soil microorganism is a key component of soil ecologi-
cal environment. And the diversity of the soil microor-
ganism is an important index to evaluate the status of 
microecological environment (Manching et  al. 2014). 
Previous studies indicated that we can control plant dis-
ease incidence by increasing the soil bacterial diversity 
and regulating some bacterial abundances (Van Elsas 
et al. 2012; Yang et al. 2017; Xiao et al. 2018). There was a 
remarkable difference in their overall composition, their 
dominant populations, and diversity indices among five 
treatment group in this study. Here, our study showed 
that α diversity index (Shannon index, Inv_Simpson 
index and Observed_richness) has no significant dif-
ference between the CK group and other groups that 
treated with R. palustris PSB06 agents (Table 1). At same 
time, significant differences in bacterial community com-
position were observed between two treatments based on 
the dissimilarity test and pCoA results (Additional file 1: 
Table S1, Fig. 3). The dissimilarity test and pCoA results 
also indicated that there was a significant difference with 
different treatment methods by same agent.

The application of biocontrol agents for plant pathogens 
is a promising solution for sustainable agriculture. Until 
today, the mechanisms described for biocontrol agents 
focus on direct antagonistic effects against a pathogen or 
an interaction via the plant’s immune system (Doornbos 
et al. 2012). While R. palustris PSB06 belongs to photo-
synthetic bacteria, which has been studied as an efficient 
biocontrol agent. And the R. palustris PSB06 also has 
good promotion effect on the crop (Zeng et al. 2018). In 
this study, the application patterns of seed immersion and 
root irrigation had similar effects on rice, both of which 
could effectively promote the growth of stem. Mean-
while, the POD and SOD activity in R. palustris PSB06 
treatment group were higher than the control group, 
indicated that the R. palustris PSB06 also can effectively 
enhance the stress resistance of rice at seedling stage. 
Plant–microbe interactions usually lead to changes in the 
abundance of some beneficial bacteria or pathogenic bac-
teria strains, and then may result in nonlinear changes in 
the composition of the entire microbiome. It may have a 
negative impact on plants and humans (Berg et al. 2005). 
To compare the effects of different agricultural applica-
tion patterns on rhizosphere microorganisms at seedling 
stage, we analyzed the population among different groups 
at the genus level. The genus Rhodanobacter dominate 
bacterial communities were often observed in the highly 
contaminated environment (Green et  al. 2012; Carlson 
et al. 2019). Pseudomonas is a model organism to study 
beneficial plant–microbe interactions (Haas and Défago 
2005), which related to healthy or diseased plants (Ades-
ina et  al. 2009). In our study, the relative abundance of 
Rhodanobacter, Lysobacter and Massilia in GP group was 
significantly lower than BP group, while Flavobacterium 
was significantly higher than BP group. While the relative 
abundance of Pseudomonas, Massilia, Flavobacterium 
and Klebsiella in BC group was significantly higher than 
GC group. FAPROTAX afford a simple functional predic-
tion method for Prokaryotic Taxa (Louca et al. 2016). In 
our study, the results indicated there was a significant dif-
ference between the four treatment groups and CK group 
in the major functional group types. FAPROTAX defines 
functional groups in terms of taxa (e.g. species or genera) 
affiliated with each functional group. These affiliations 
are mostly based on peer-reviewed literature, such as 
announcements of cultured representatives. For species 
and functional analysis, metagenomic and transcriptomic 
techniques are required in the future study.

The physicochemical properties of soil were consid-
ered to be one of the important factors to change plant 
rhizosphere microorganisms in previous studies (Zhou 
et al. 2017). Although the soil physicochemical properties 
were similar when seeds were first planted, the surface 
environment of rice seedlings may change greatly after a 
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long period of growth treated with the R. palustris PSB 
treatment, and then affect the rhizosphere environment. 
In this study, the relationships between physicochemi-
cal properties, dominant populations and microbial 
communities were discussed. The mantel test and CCA 
results showed that pH, TN and OM were significantly 
correlated with microbial communities (Additional file 1: 
Table S3, Fig. 4). The soil pH value has been considered as 
an important factor affecting plant rhizosphere microor-
ganisms, and plays an important role in changing micro-
bial community diversity and structure (Zhou et al. 2017). 
The results showed that the pH of the treatment group 
was significantly higher than the CK group (Fig. 2, Addi-
tional file 1: Table S1), indicating that the treated group 
consumed less soil organic matter or the crops produced 
more organic matter. The OM of the seeding group were 
higher than the CK group, and the PSB treatment group 
that soaking with seeds were higher significantly than the 
CK group (Fig. 2, Additional file 1: Table S1). This result 
indicated that the metabolism of the treated group was 
enhanced, which may be that the growth and develop-
ment of crops were promoted after the treatment. There 
was a significant difference in total nitrogen between 
the treatment group and CK group. Interestingly, the 
total nitrogen content of the GC, GP and BP group was 
lower than the CK group, while the total nitrogen con-
tent of BC group was significantly higher than the CK 
group. There was a significant difference in total nitrogen 
between two treatments of the R. palustris CGA009. And 
there was also a significant difference between two treat-
ments of the R. palustris PSB06 and CGA009, which may 
be caused by the different nutrition modes of the two 
bacteria. The R. palustris PSB06 can effectively reproduce 
under anaerobic conditions, while R. palustris CGA009 is 
more suitable for aerobic environment. We also analyzed 
the correlation between physical and chemical proper-
ties and the dominant population, and the results showed 
that TN, AK and OM were significantly correlated with 
the dominant population. The TN was negatively corre-
lated with the relative abundance of Acidobacteria and 
positively correlated with the phylum Proteobacteria 
(Additional file 1: Table S4). The pH was negatively corre-
lated with the relative abundance of Gemmatimonadetes 
(r = − 0.381, p < 0.05).

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1356​8-019-0897-z.

Additional file 1. Additional Tables.

Additional file 2. Additional Figures.

Abbreviations
POD: peroxidase; SOD: superoxide dismutase; CCA​: canonical correspondence 
analysis; BCAs: biological control agents; pCoA: the principal coordinate analy-
sis; MRPP: nonparametric multi-response permutation procedures; ANOSIM: 
analysis of similarities; ADONIS: non-parametric permutational multivariate 
analysis of variance of the Adonis function.

Acknowledgements
The authors are thankful to the Hunan Plant Protection Institute for their sup-
port in this experiment.

Authors’ contributions
ZZ and YL designed the experiments. LY L, ZZ and PW performed the experi-
ments, PS, ZY Z, DY Z analyzed the data, PW prepared figures and/or table, XQ 
T and LY L revised this manuscript language. All authors read and approved 
the final manuscript.

Funding
This work was supported by the National Key Research Development Pro-
gram of China (2016YFD0200809), the Agricultural Science and Technology 
Innovation Fund Project in Hunan Province (2019LS01), the Project of Hunan 
Agricultural Science and Technology Innovation Fund (2018ZD02-4).

Availability of data and materials
All data obtained have been included into the manuscript and its additional 
files.

Ethics approval and consent participate
Not applicable.

Consent for publication
Not applicable.

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

Author details
1 College of Bioscience & Biotechnology, Hunan Agricultural University, Chang-
sha, China. 2 Hunan Plant Protection Institute, Hunan Academy of Agricultural 
Science, Changsha, China. 

Received: 30 August 2019   Accepted: 15 October 2019

References
Abarenkov K, Nilsson RH, Larsson KH, Alexander IJ, Eberhardt U, Erland S, 

Høiland K, Kjøller R, Larsson E, Pennanen T, Sen R, Taylor AF, Tedersoo 
L, Ursing BM, Vrålstad T, Liimatainen K, Peintner U, Kõljalg U (2010) The 
UNITE database for molecular identification of fungi-recent updates and 
future perspectives. New Phytol 186:281–285. https​://doi.org/10.111
1/j.1469-8137.2009.03160​.x

Adesina MF, Grosch R, Lembke A, Vatchev TD, Smalla K (2009) In vitro 
antagonists of Rhizoctonia solani tested on lettuce: rhizosphere 
competence, biocontrol efficiency and rhizosphere microbial com-
munity response. FEMS Microbiol Ecol 69:62–74. https​://doi.org/10.111
1/j.1574-6941.2009.00685​.x

Anderson MJ (2010) A new method for non-parametric multivariate 
analysis of variance. Austral Ecol 26:32–46. https​://doi.org/10.111
1/j.1442-9993.2001.01070​.pp.x

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of root exudates 
in rhizosphere interactions with plants and other organisms. Annu Rev 
Plant Biol 57:233–266. https​://doi.org/10.1146/annur​ev.arpla​nt.57.03290​
5.10515​9

Berg G, Eberl L, Hartmann A (2005) The rhizosphere as a reservoir for oppor-
tunistic human pathogenic bacteria. Environ Microbiol 7:1673–1685. 
https​://doi.org/10.1111/j.1462-2920.2005.00891​.x

https://doi.org/10.1186/s13568-019-0897-z
https://doi.org/10.1186/s13568-019-0897-z
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1574-6941.2009.00685.x
https://doi.org/10.1111/j.1574-6941.2009.00685.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1111/j.1462-2920.2005.00891.x


Page 9 of 10Luo et al. AMB Expr           (2019) 9:173 

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, 
Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights 
D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M, 
Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko 
T, Zaneveld J, Knight R (2010) QIIME allows analysis of high-throughput 
community sequencing data. Nat Methods 7:335–336. https​://doi.
org/10.1038/nmeth​.f.303

Carlson H, Price M, Callaghan M, Aaring A, Chakraborty R, Liu H, Kuehl JV, Arkin 
AP, Deutschbauer AM (2019) The selective pressures on the microbial 
community in a metal-contaminated aquifer. ISME J 13:937–949. https​://
doi.org/10.1038/s4139​6-018-0328-1

Cha JY, Han S, Hong HJ, Cho H, Kim D, Kwon Y, Crüsemann M, Bok Lee Y, Kim JF, 
Giaever G, Nislow C, Moore BS, Thomashow LS, Weller DM, Kwak YS (2016) 
Microbial and biochemical basis of a Fusarium wilt-suppressive soil. ISME 
J 10:119–129. https​://doi.org/10.1038/ismej​.2015.95

Doornbos RF, van Loon LC, Bakker PA (2012) Impact of root exudates and 
plant defense signaling on bacterial communities in the rhizosphere. 
Rev Agron Sustain Dev 32:227–243. https​://doi.org/10.1007/s1359​
3-011-0028-y

Edgar RC (2013) UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat Methods 10:996–998. https​://doi.org/10.1093/bioin​
forma​tics/btr50​7

Erwin DC, Ribeiro OK (1996) Phytophthora diseases worldwide. APS press, New 
York

Fierer N, Leff JW, Adams BJ, Nielsen UN, Bates ST, Lauber CL, Owens S, Gilbert 
JA, Wall DH, Caporaso JG (2012) Cross-biome metagenomic analyses of 
soil microbial communities and their functional attributes. Proc Natl Acad 
Sci 109:21390–21395. https​://doi.org/10.1073/pnas.12152​10110​

Green SJ, Prakash O, Jasrotia P, Overholt WA, Cardenas E, Hubbard D, Tiedje JM, 
Watson DB, Schadt CW, Brooks SC, Kostka JE (2012) Denitrifying bacteria 
from the genus Rhodanobacter dominate bacterial communities in the 
highly contaminated subsurface of a nuclear legacy waste site. Appl 
Environ Mircob 78:1039–1047. https​://doi.org/10.1128/aem.06435​-11

Haas D, Défago G (2005) Biological control of soil-borne pathogens by 
fluorescent pseudomonads. Nat Rev Microbiol 3:307–319. https​://doi.
org/10.1038/nrmi-cro11​29

Hadar Y, Papadopoulou KK (2012) Suppressive composts: microbial ecology 
links between abiotic environments and healthy plants. Annu Rev 
Phytopathol 50:133–153. https​://doi.org/10.1146/annur​ev-phyto​-08121​
1-17291​4

Hernández-Allica J, Becerril J, Zárate O, Garbisu C (2006) Assessment of the 
efficiency of a metal phytoextraction process with biological indicators 
of soil health. Plant Soil 281:147–158. https​://doi.org/10.1007/s1110​
4-005-4081-7

Janvier C, Villeneuve F, Alabouvette C, Edel-Hermann V, Mateille T, Steinberg 
C (2007) Soil health through soil disease suppression: which strategy 
from descriptors to indicators? Soil Biol Biochem 39:1–23. https​://doi.
org/10.1016/j.soilb​io.2006.07.001

Lin P, Ding B, Feng C, Yin S, Zhang T, Qi X, Lv H, Guo X, Dong K, Zhu Y, Li Q 
(2017) Prevotella and Klebsiella proportions in fecal microbial com-
munities are potential characteristic parameters for patients with 
major depressive disorder. J Affect Disord 207:300–304. https​://doi.
org/10.1016/j.jad.2016.09.051

Louca S, Parfrey LW, Doebeli M (2016) Decoupling function and taxonomy 
in the global ocean microbiome. Science 353:1272–1277. https​://doi.
org/10.1126/scien​ce.aaf45​07

Lu H, Chen J, Jia Y, Cai M, Lee PKH (2016) Transcriptomic responses of the 
interactions between Clostridium cellulovorans 743B and Rhodop-
seudomonas palustris CGA009 in a cellulose-grown coculture for 
enhanced hydrogen production. Appl Environ Microbiol 82:4546–4559. 
https​://doi.org/10.1128/aem.00789​-16

Magoc T, Salzberg SL (2011) FLASH: fast length adjustment of short reads to 
improve genome assemblies. Bioinformatics 27:2957–2963. https​://doi.
org/10.1093/bioin​forma​tics/btr50​7

Manching HC, Balintkurti PJ, Stapleton AE (2014) Southern leaf blight 
disease severity is correlated with decreased maize leaf epiphytic bac-
terial species richness and the phyllosphere bacterial diversity decline 
is enhanced by nitrogen fertilization. Front Plant Sci 5:403. https​://doi.
org/10.3389/fpls.2014.00403​

Mehta CM, Palni U, Franke-Whittle IH, Sharma AK (2014) Compost: its role, 
mechanism and impact on reducing soil-borne plant diseases. Waste 
Manage 34:607–622. https​://doi.org/10.1016/j.wasma​n.2013.11.012

Mendes R, Garbeva P, Raaijmakers JM (2013) The rhizosphere microbiome: 
significance of plant beneficial, plant pathogenic, and human patho-
genic microorganisms. FEMS Microbiol Rev 37:634–663. https​://doi.
org/10.1111/1574-6976.12028​

Micallef SA, Shiaris MP, Colón-Carmona A (2009) Influence of Arabidopsis 
thaliana accessions on rhizobacterial communities and natural varia-
tion in root exudates. J Exp Bot 60:1729–1742. https​://doi.org/10.1093/
jxb/erp05​3

Min QU, Qin LN, Liu YJ, Fan HC, Zhu S, Wang JF (2014) The comparison of 
two methods of testing superoxide dismutase activity. J Food Safe 
Qual 10:3318–3323

Mootian G, Wu WH, Matthews KR (2009) Transfer of Escherichia coli O157:H7 
from soil, water, and manure contaminated with low numbers of the 
pathogen to lettuce plants. J Food Protect 72:2308–2312. https​://doi.
org/10.4315/0362-028x-72.11.2308

Oni RA, Sharma M, Buchanan RL (2015) Survival of Salmonella enterica in 
dried turkey manure and persistence on spinach leaves. J. Food Protect 
78:1791–1799. https​://doi.org/10.1016/j.trac.2011.11.005

Ottesen AR, Pena AG, White JR, Pettengill JB, Li C, Allard S, Rideout S, Allard 
M, Hill T, Evans P, Strain E, Musser S, Knight R, Brown E (2013) Baseline 
survey of the anatomical microbial ecology of an important food 
plant: Solanum lycopersicum (tomato). BMC Microbiol. https​://doi.
org/10.1186/1471-2180-13-114

Philippot L, Spor A, Hénault C, Bru D, Bizouard F, Jones CM (2013) Loss in 
microbial diversity affects nitrogen cycling in soil. ISME J 7:1609–1619. 
https​://doi.org/10.1038/ismej​.2013.34

Piskorska M, Soule T, Gosse JL, Milliken C, Flickinger MC, Smith GW, Yeager 
CM (2013) Preservation of H2 production activity in nanoporous latex 
coatings of Rhodopseudomonas palustris CGA009 during dry storage 
at ambient temperatures. Microb Biotechnol 6:515–525. https​://doi.
org/10.1111/1751-7915.12032​

Santhanam R, Van Thi L, Weinhold A, Goldberg J, Oh Y, Baldwin IT (2015) 
Native root-associated bacteria rescue a plant from a sudden-wilt 
disease that emerged during continuous cropping. Proc Natl Acad Sci 
112:E5013–E5020. https​://doi.org/10.1073/pnas.15057​65112​

Sharma PS, D’Souza F, Kutner W (2012) Molecular imprinting for selective 
chemical sensing of hazardous compounds and drugs of abuse. TrAC 
Trend Anal Chem 34:59–77. https​://doi.org/10.1016/j.trac.2011.11.005

Trabelsi D, Mhamdi R (2013) Microbial inoculants and their impact on 
soil microbial communities: a review. Biomed Res Int. https​://doi.
org/10.1155/2013/86324​

van Elsas JD, Chiurazzi M, Mallon CA, Elhottova D, Kristufek V, Salles JF 
(2012) Microbial diversity determines the invasion of soil by a bacterial 
pathogen. Proc Natl Acad Sci 109:1159–1164. https​://doi.org/10.1073/
pnas.11093​26109​

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive bayesian classifier for rapid 
assignment of rRNA sequences into the new bacterial taxonomy. Appl 
Environ Microbiol 73:5261–5267. https​://doi.org/10.1128/aem.00062​-07

Wang XB, Van Nostrand JD, Deng Y, Lü XT, Wang C, Zhou JZ, Han XG (2015) 
Scale-dependent effects of climate and geographic distance on bacterial 
diversity patterns across northern china’s grasslands. FEMS Microbiol Ecol 
91:fiv133. https​://doi.org/10.1093/femse​c/fiv13​3

Xiao Y, Liu X, Meng D, Tao J, Gu Y, Yin H, Li J (2018) The role of soil bacterial 
community during winter fallow period in the incidence of tobacco 
bacterial wilt disease. Appl Microbiol Biotechnol 102:2399–2412. https​://
doi.org/10.1007/s0025​3-018-8757-3

Yang T, Sun HB, Shen CC, Chu HY (2016) Fungal assemblages in different 
habitats in an erman’s birch forest. Front Microbiol 7:1368. https​://doi.
org/10.3389/fmicb​.2016.01368​

Yang H, Li J, Xiao Y, Gu Y, Liu H, Liang Y, Liu X, Hu J, Meng D, Yin H (2017) An 
integrated insight into the relationship between soil microbial com-
munity and tobacco bacterial wilt disease. Front Microbiol 8:2179. https​
://doi.org/10.3389/fmicb​.2017.02179​

You C, Zhang C, Feng C, Wang J, Kong F (2015) Myroides odoratimimus, a bio-
control agent from the rhizosphere of tobacco with potential to control 
Alternaria alternata. Biocontrol 60:555–564. https​://doi.org/10.1007/s1052​
6-015-9654-7525

https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/s41396-018-0328-1
https://doi.org/10.1038/s41396-018-0328-1
https://doi.org/10.1038/ismej.2015.95
https://doi.org/10.1007/s13593-011-0028-y
https://doi.org/10.1007/s13593-011-0028-y
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1073/pnas.1215210110
https://doi.org/10.1128/aem.06435-11
https://doi.org/10.1038/nrmi-cro1129
https://doi.org/10.1038/nrmi-cro1129
https://doi.org/10.1146/annurev-phyto-081211-172914
https://doi.org/10.1146/annurev-phyto-081211-172914
https://doi.org/10.1007/s11104-005-4081-7
https://doi.org/10.1007/s11104-005-4081-7
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.soilbio.2006.07.001
https://doi.org/10.1016/j.jad.2016.09.051
https://doi.org/10.1016/j.jad.2016.09.051
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1128/aem.00789-16
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.3389/fpls.2014.00403
https://doi.org/10.3389/fpls.2014.00403
https://doi.org/10.1016/j.wasman.2013.11.012
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1093/jxb/erp053
https://doi.org/10.1093/jxb/erp053
https://doi.org/10.4315/0362-028x-72.11.2308
https://doi.org/10.4315/0362-028x-72.11.2308
https://doi.org/10.1016/j.trac.2011.11.005
https://doi.org/10.1186/1471-2180-13-114
https://doi.org/10.1186/1471-2180-13-114
https://doi.org/10.1038/ismej.2013.34
https://doi.org/10.1111/1751-7915.12032
https://doi.org/10.1111/1751-7915.12032
https://doi.org/10.1073/pnas.1505765112
https://doi.org/10.1016/j.trac.2011.11.005
https://doi.org/10.1155/2013/86324
https://doi.org/10.1155/2013/86324
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1073/pnas.1109326109
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1093/femsec/fiv133
https://doi.org/10.1007/s00253-018-8757-3
https://doi.org/10.1007/s00253-018-8757-3
https://doi.org/10.3389/fmicb.2016.01368
https://doi.org/10.3389/fmicb.2016.01368
https://doi.org/10.3389/fmicb.2017.02179
https://doi.org/10.3389/fmicb.2017.02179
https://doi.org/10.1007/s10526-015-9654-7525
https://doi.org/10.1007/s10526-015-9654-7525


Page 10 of 10Luo et al. AMB Expr           (2019) 9:173 

Zeng YB, Liu J, Zhao GS, Wu XY, Cheng Y, Su P (2018) Promoting effects of 
soaking seed with photosynthetic bacterium PSB06 on rice growth. 
Hybrid Rice 33:50–53. https​://doi.org/10.16267​/j.cnki.1005-3956.20180​
102.003.528

Zhang Y, Cong J, Lu H, Li G, Xue Y, Deng Y, Li H, Zhou JZ, Li AQ (2015) Soil 
bacterial diversity patterns and drivers along an elevational gradient on 
Shennongjia Mountain, China. Microb Biotechnol 8:739–746. https​://doi.
org/10.1111/1751-7915.12288​

Zhou X, Guo ZY, Chen CR, Jia ZJ (2017) Soil microbial community structure 
and diversity are largely influenced by soil ph and nutrient quality in 

78-year-old tree plantations. Biogeosciences 14:2101–2111. https​://doi.
org/10.5194/bg-14-2101-2017

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

https://doi.org/10.16267/j.cnki.1005-3956.20180102.003.528
https://doi.org/10.16267/j.cnki.1005-3956.20180102.003.528
https://doi.org/10.1111/1751-7915.12288
https://doi.org/10.1111/1751-7915.12288
https://doi.org/10.5194/bg-14-2101-2017
https://doi.org/10.5194/bg-14-2101-2017

	The effects of Rhodopseudomonas palustris PSB06 and CGA009 with different agricultural applications on rice growth and rhizosphere bacterial communities
	Abstract 
	Introduction
	Materials and methods
	Greenhouse experiments
	Physicochemical properties of rice seedling and soils
	PCR amplification and sequencing
	Statistical analysis

	Results
	Growth properties and physicochemical properties of different treatment group
	Response of bacterial communities among three groups
	The taxonomic abundance of dominant genera
	Relationships among dominant phyla, physicochemical properties and bacterial communities
	FAPROTAX analysis


	Discussion
	Acknowledgements
	References




