
agronomy

Article

The Dynamics of Endophytic Bacterial Community
Structure in Rice Roots under Different Field
Management Systems

Guan-Ying Lin 1,2, Chia-Yu Lin 3, Su-Jein Chang 3 and Wei-Yi Lin 1,*
1 Department of Agronomy, National Taiwan University, Taipei 10617, Taiwan; louises@tfri.gov.tw
2 Silviculture Division, Taiwan Forestry Research Institute, Taipei 10066, Taiwan
3 Miaoli District Agricultural Research and Extension Station, Council of Agriculture, Gungguan,

Miaoli 36346, Taiwan; 328@mdais.gov.tw (C.-Y.L.); sujein@mdais.gov.tw (S.-J.C.)
* Correspondence: weiyilin@ntu.edu.tw

Received: 22 September 2020; Accepted: 20 October 2020; Published: 22 October 2020
����������
�������

Abstract: The structure of endophytic bacteria is important to plant health and stress tolerance,
but little is known about the impacts of farming systems on temporal changes in diversity of
endophytic bacteria. In this study, we investigated the endophytic microbiome in rice roots under
organic and conventional farming systems at the seedling and tillering stages over two consecutive
cropping seasons using 16S rRNA gene sequencing. Although the composition of the microbiome
was significantly influenced by a field management system, growth stage, and interaction between
the two factors, the growth stage alone explained more than 40% of variance. Soil pH and organic
matter content also partially influenced the endophytic bacterial community composition. In addition,
through indicator species analysis and the functional profiles predicted by phylogenetic analysis,
we revealed the selection force of rice roots at the tillering stage to recruit endophytes, which are
beneficial to plant growth. In summary, our data show that the dynamics of rice root bacterial
composition are mainly influenced by the plant growth stage. Our findings offer new insights
regarding the control of the root microbiome by host plants and the influence of farming systems.
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1. Introduction

The development of the conventional farming system, which relies heavily on chemical fertilizers
and control agents, such as pesticides and herbicides, has helped double crop yields and improve food
security in the past decades [1]. However, this system also has a high impact on agricultural and natural
ecosystems [1–4]. Thus, the organic farming system, which has been practiced for thousands of years
in human history, is once again attracting attention. This kind of field practice increases soil and water
conservation and reduces greenhouse gas emissions, supporting ecosystems [4–6].

The effects of agricultural practices, such as fertilizer application and mowing frequency, as well as
the cropping system on the soil, or rhizosphere, microbiome have been reported. Tillage strength
and the management of crop residue significantly affect the composition of soil bacterial communities
and, to a lesser extent, fungal communities [7–9]. The crop rotation system increases the sustainability
of the agriculture ecosystem, and affects the composition of fungal communities more than the bacterial
communities [10]. In addition, soil fungal communities are more sensitive to the cropping system than
bacterial communities [8,11,12]. Plant endophytes are defined as microbes isolated or extracted from
surface-sterilized tissue [13]. Of those microbes that do not cause visible harm, most are commensals but
a few are mutualists and have positive effects on plant growth or stress tolerance [14]. Several mutualists
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are commercially produced and used in the agriculture system as biofertilizers or biocontrol agents.
However, little is known about the response of plant endophytes to cropping systems. Xia et al. [15]
isolated culturable endophytes from four crops either under conventional or organic farming systems
and found that organic farming increased the abundance and diversity of endophytes. A later study
provided supporting evidence regarding the higher α-diversity of root bacterial communities under
an organic farming system and the impact was more significant on endophytes than soil microbes [8].
Although endophytes are affected by agricultural practices, the effects vary by host plant species [16].
These observations suggest that mechanical practices that interfere with the structure of soil have
a greater impact on soil microbes, while the field management practices that change soil properties
influence endophyte communities.

It is believed that endophytic bacteria are derived from seeds, recruited from the rhizosphere or
phylloplane, or disseminated from stomata and wounds and then colonize plant tissue [14,17–19]. Root
exudates, including sugars, organic acids, fatty acids, and secondary metabolites, are attractants of
microorganisms which support the diversity of the rhizosphere microbiome [20,21]. The composition
of root exudates varies with environmental conditions, plant species, and plant growth stages [22–25],
suggesting that the structure of microorganism communities in the rhizosphere also differs by these
factors. The influence of plant growth stage on rhizosphere microbial communities has been reported in
several plant species [26–28]. Chaparro et al. [29,30] and Zhalnina et al. [25] demonstrated the variation
of metabolite preferences of microorganisms and dynamics of root exudate composition over the process
of plant development, leading to modifications of the rhizosphere’s microbial community structure
over time. The effects of growth stage on root endophyte composition have been investigated using
PCR-denaturing gradient gel electrophoresis and restriction fragment length polymorphism (RFLP)
analysis of the 16S rRNA gene [27,31–34] however, due to the limited resolution of these techniques,
a comprehensive analysis of the root endophyte microbiota is still required to unravel the detail of
plant growth stage effects.

Evidence has revealed the benefits of endophytes and their versatile functions in crop production.
To program and manage the endophytic microbiome, it is important to understand the influence of
agricultural practices and growth stages on the endophyte community structure and diversity. In this
study, we investigated the rice root endophytic bacterial microbiome either under conventional or
organic farming systems at seedling and tillering stages by using 16S rRNA gene sequencing over two
consecutive cropping seasons. We hypothesized that without chemical disturbance, the diversity of
root endophytes and beneficial bacterial communities would increase during rice plant growth.

2. Materials and Methods

2.1. Experimental Sites

The conventional and organic paddy fields were located in the town of Miaoli county, Taiwan.
The soil texture of all the experimental sites are silty clay loam. Rice plants have been planted in
these fields continuously for many years. The experiments were conducted over two consecutive
cropping seasons in 2019. The monthly precipitation, temperature, and the cropping season are shown
in Figure 1. Two conventional and two organic fields were included each season. The conventional
fields sampled in both seasons were the same. But the organic fields sampled in the first season were
left fallow in the following season. In the second cropping season, we sampled in another two organic
fields in the same region. Information regarding the location of experimental fields, the rice cultivars
used, sampling time, the total nitrogen input, fertilizer used, and organic farming history are listed in
Table 1 and Table S1. In the conventional fields, chemical fertilizers and control reagents were used,
while castor pomace and other commercial organic fertilizers were applied as a base and top dressing
in organic fields. The total nitrogen input ranged from 126 to 231 kg per hectare in the first cropping
season, and from 111 to 146 kg per hectare in the second season (Table S1). In the first and second
cropping season, rice seedlings were transplanted in mid-February and early August, respectively.
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Figure 1. Monthly temperature and precipitation in 2019. The first cropping seasons was from mid-
February to late June and the second season was from early August to late November. T min and T 
max are the monthly minimum and maximum temperature, respectively. 

Table 1. Sampling sites and sample information. 

Cropping Season Growth Stage Management Sample Name a Sampling Time b 

First season 
2019 

Seedling 
Conventional 

C1Xie 5 DAT 
C1Chiu 10 DAT 

Organic 
O1Liu 7 DAT 
O1Xie 5 DAT 

Tillering 
Conventional 

C1Xie_T 60 DAT 
C1Chiu_T 65 DAT 

Organic 
O1Liu_T 62 DAT 
O1Xie_T 60 DAT 

Second season 
2019 

Seedling 
Conventional 

C2Xie 21 DAT 
C2Chiu 28 DAT 

Organic 
O2Shiu1 18 DAT 
O2Shiu2 18 DAT 

Tillering 
Conventional 

C2Xie_T 46 DAT 
C2Chiu_T 53 DAT 

Organic 
O2Shiu1_T 43 DAT 
O2Shiu2_T 43 DAT 

a The sample name was given based on the field management, cropping season, and farmers’ family 
name. C and O mean conventional and organic farming systems, respectively, and the following 
number indicates the cropping season. The last T in the sample name indicates that samples were 
harvested at the tillering stage. b DAT: Days after transplanting. 

2.2. Sample Collection and DNA Extraction 

In the first cropping season, rice plants were harvested at 5–10 days and 60–65 days after 
transplanting. In the second cropping season, seedlings were harvested two more weeks later than 
in the first season because of the time for finding another two organic fields, and tillering samples 
were harvested earlier due to the fast growing under high temperature in the beginning of the 
cropping season (Table 1 and Figure 1). Five healthy rice clumps were sampled randomly from each 
field. Rice roots were washed by tap water to remove soil. Subsequently, roots were surface sterilized 
with 1% sodium hydrochloride for 1 min, followed by washing 5 times with sterile distilled water, 
and then blotted dry. The tissues were frozen by liquid nitrogen and stored at −80 °C until DNA 
extraction. 

Figure 1. Monthly temperature and precipitation in 2019. The first cropping seasons was from
mid-February to late June and the second season was from early August to late November. T min and T
max are the monthly minimum and maximum temperature, respectively.

Table 1. Sampling sites and sample information.

Cropping Season Growth Stage Management Sample Name a Sampling Time b

First season
2019

Seedling

Conventional
C1Xie 5 DAT

C1Chiu 10 DAT

Organic
O1Liu 7 DAT

O1Xie 5 DAT

Tillering

Conventional
C1Xie_T 60 DAT

C1Chiu_T 65 DAT

Organic
O1Liu_T 62 DAT

O1Xie_T 60 DAT

Second season
2019

Seedling

Conventional
C2Xie 21 DAT

C2Chiu 28 DAT

Organic
O2Shiu1 18 DAT

O2Shiu2 18 DAT

Tillering

Conventional
C2Xie_T 46 DAT

C2Chiu_T 53 DAT

Organic
O2Shiu1_T 43 DAT

O2Shiu2_T 43 DAT
a The sample name was given based on the field management, cropping season, and farmers’ family name. C and O
mean conventional and organic farming systems, respectively, and the following number indicates the cropping
season. The last T in the sample name indicates that samples were harvested at the tillering stage. b DAT: Days
after transplanting.

2.2. Sample Collection and DNA Extraction

In the first cropping season, rice plants were harvested at 5–10 days and 60–65 days after
transplanting. In the second cropping season, seedlings were harvested two more weeks later than in
the first season because of the time for finding another two organic fields, and tillering samples were
harvested earlier due to the fast growing under high temperature in the beginning of the cropping
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season (Table 1 and Figure 1). Five healthy rice clumps were sampled randomly from each field.
Rice roots were washed by tap water to remove soil. Subsequently, roots were surface sterilized with 1%
sodium hydrochloride for 1 min, followed by washing 5 times with sterile distilled water, and then
blotted dry. The tissues were frozen by liquid nitrogen and stored at −80 ◦C until DNA extraction.

Microbial DNA was extracted using DNeasy® PowerSoil® Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions and was stored at −80 ◦C for further experiments.

2.3. 16S rRNA Gene Library Preparation and Sequencing

The V3–V4 highly variable region of 16S rRNA genes in extracted DNA samples were
amplified with primer set 319F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GACTACHVGGGTAT
CTAATCC-3′). The amplicon library was attached by Illumina sequencing adaptors and then sequenced
on an Illumina Miseq platform (Illumina, San Diego, CA, USA) performed by Biotools Co., Ltd. (Taipei,
Taiwan). Paired-ended reads were generated and reads with low quality were filtered out in the QIIME
(v1.9.1) pipeline before further analysis [35].

2.4. Data Analysis

Overlapping paired-end reads were assembled by FLASH (v1.2.11) [36]. Sequences with 97%
similarity were clustered into operational taxonomic units (OTUs) with UPARSE [37] in the USEARCH
(v7.0.1090) pipeline [38]. The SILVA database (v132) was used for taxonomy assignment [39]. OTUs
classified as mitochondria or chloroplasts were filtered out and the abundance was normalized by
rarefying to the minimum sequence depth using QIIME (single_rarefication.py).

Alpha diversity (α-diversity) was estimated by QIIME to assess the complexity of species in
samples using several indices, including observed species, Chao1, Shannon, Simpson, abundance-based
coverage estimator (ACE), and phylogenetic diversity index (PD_whole_tree) [40]. Beta diversity
(β-diversity) analysis was conducted with Bray–Curtis distance matrices using QIIME and R script
(v3.3.1). PERMANOVA was applied to evaluate the variance between data sets using the “adonis”
function in R package “vegan” [41]. Principle component analysis (PCA) was performed on the relative
abundance of filtered OTU tables by using the “factoextra” and “ggplot2” packages in the R software.
A Mantel test was performed in the R package “vegan” using Bray–Curtis distance for all samples
and Euclidean distance for environmental factors to evaluate the correlation between bacterial
communities and environmental factors and this was further tested by Spearman correlation with 9999
permutations. Then, canonical correlation analysis (CCA) was employed to demonstrate the correlation
using the “phyloseq” and “microbiome” packages in R.

To identify indicator species in response to growth stage or field management, function “multipatt”
in the R “indispecies” package was performed to test the correlation between OTU abundance and these
variables. Then, a likelihood ratio test was employed using the “glmLRT” function in R package
“edgeR” to test the sensitivity of OTUs to the growth stage or field management.

For functional composition of metagenome data, PICRUSt (v1.1.1) [42] was performed based on
the Greengenes phylogeny [43] and the function was classified using KEGG (Kyoto Encyclopedia of
Genes and Genomes) Orthology [44]. A heatmap clustered by Euclidean distance was generated using
the “ComplexHeatmap” package in R to show the strength of predicted gene functions.

2.5. Statistic Analysis

Statistical analysis was performed using R “stats” package (v4.0.2) and results were considered
statistically significant at p < 0.05. A Kruskal–Wallis test with Dunn’s multiple comparison post hoc
test was applied to evaluate the variance of α-diversity indices between groups. The difference of
bacterial abundance between groups was assessed by Welch’s t test using STAMP (v2.1.3) [45].
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3. Results

3.1. The Influence of Field Management on Soil Property and Fertility

In this study, each season the samples included four irrigated rice paddy fields, two of which were
managed under a conventional farming system and two of which were managed under an organic
farming system. All fields were cultivated with Japonica-type rice, although cultivars differed between
fields (Table S1). The monthly rainfall and temperature analysis showed that the temperature gradually
increased and decreased during the first and second cropping seasons, respectively. The rainfall
was highest in August, when seedling samples were harvested in the second cropping season,
and dramatically decreased when harvesting tillering samples. In contrast, the rainfall in the first
season was higher at the tillering stage than the seedling stage (Figure 1). The soil pH and organic matter
content in organic fields were higher than in conventional fields, but we did not observe consistent
effects of field management on the value of soil electrical conductivity (EC); phosphorus (P) availability;
the level of exchangeable potassium (K), magnesium (Mg), and calcium (Ca); the percentage of K, Mg,
and Ca saturation; or the ratio of Mg to K and Ca to Mg (Table S2).

3.2. Analysis of Rice Root Endophytic Bacterial Profiles

We analyzed the rice root endophytic bacterial profiles of rice plants sampled at the seedling
and tillering stages from conventional and organic farming paddy fields to investigate the influence of
field management and growth stage on bacterial diversity. We yielded a total of 1,219,439 and 2,335,249
high-quality sequences in the samples harvested in the first and second cropping season, respectively
(Table S3), which were assigned to 2277 and 3286 OTUs, respectively. The average of Good’s coverage
was 96.5% (range 93.7–98.4%) and 97.4% (range 95.7–98.9%) in the first and second cropping season,
respectively (Table S3). The effect size between sample groups on bacterial composition were evaluated
by using PERMANOVA. In both seasons, samples harvested from different types of field management
were less similar than those from the same type, except the seedling samples harvested from organic
fields in the first cropping season (Table S4).

The bacterial communities identified across all samples were classified into phylotype, consisting of
Proteobacteria, Firmicutes, Bacteroidetes, Spirochaetes, Epsilonbacteraeota, Actinobacteria, Chloroflexi,
Fibrobacteres, and other phyla which represented less than 1% abundance. In total, the relative
abundance of three major phyla, Proteobacteria, Firmicutes, and Bacteroidetes, was over 73%, but their
abundance ratio varied by growth stage and cropping season. In the first cropping season, the relative
abundance of Proteobacteria dramatically increased at the tillering stage compared to the seedling
stage, while the opposite pattern was found for Firmicutes and Bacteroidetes (Figure 2A). In the second
season, no significant difference was observed between growth stages (Figure 2B). When comparing
the relative abundance of major phyla between two seasons, we found that Firmicutes was more
abundant at the tillering stage in the second season than the first (Figure 2). These data suggest that
the impacts of cropping season on root bacterial communities should be considered.
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3.3. The Impacts of Soil Properties and Field Management on Root Microbial Diversity

The difference of field management system resulted in a variation of soil pH and organic matter
content. Whether these variables affected root microbial diversity was unclear. In order to address
this question, first we estimated the α-diversity indices, including observed species, Chao1, Shannon,
Simpson, ACE, and “PD_whole_tree” to show the richness, diversity, and evenness of the bacterial
communities. While there was a significant difference between samples, this was attributed to a location
effect rather than the field management system (Table S5).

Next, we assessed the heterogeneity of the bacterial community composition across samples using
β-diversity analysis based on Bray–Curtis distance. Although the field management system did not
affect species diversity and richness, PERANOVA showed that it did influence the endophytic bacterial
profile in both cropping seasons, especially at the tillering stage (Table 2 and Table S6). The variance
of bacterial community composition between samples was further determined by PCA based on
filtered OTU tables. PC1 and PC2 explained more than 40% of total variation in both cropping seasons.
Although the PERANOVA result exhibited a significant difference between bacterial profiles under
different field management systems, only a subtle clustering was observed in the PCA plots (Figure S1).
We further identified the abundant taxa groups either under conventional or organic farming systems.
Patescibacteria at the phylum level and Parcubacteria at the class level were consistently enriched
at the tillering stage under the conventional farming system in both seasons, but no taxonomic group
was consistently enriched under organic farming systems in both seasons (Figure S2). While only a few
taxa consistently responded to field management, we found some genera comprising of the members
known as plant growth promoting bacteria (PGPB) enriched in either one of the farming systems. At
the tillering stage in the first cropping season, Pseudomonas was abundant under the organic farming
system, while Bradyrhizobium and Burkholderia were enriched under the conventional farming system
(Figure S3). In the second cropping season, Bacillus and Azospirillum were abundant both at the seedling
and tillering stage under the organic farming system, while Bradyrhizobium and Sphingomonas were
enriched only at the seedling stage under the conventional farming system (Figure S4).

In addition, we performed a Mantel test to examine the association between the bacterial
community composition at the tillering stage and environmental factors. The rho indices of each
comparison suggested that in both cropping seasons, the content of organic matter and the ratio of
calcium saturation were significantly associated with root microbiota (Table 3). The association of
environmental factors with the bacterial community composition at both growth stages was further
dissected by CCA, which showed that organic matter content and soil pH were positively correlated
with the microbial profiles derived from organic fields in both cropping seasons. However soil electrical
conductivity (EC) was positively and negatively correlated with microbiota derived from organic fields
in the first and second season, respectively (Figure 3). This result indicated that soil properties still had
some impacts on the root endophytic microbiota.
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Table 2. PERMANOVA results testing the impacts of field management, growth stage,
and the interaction between the two factors on rice root endophytic bacterial community composition.

Cropping Season First Cropping Season, 2019 Second Cropping Season, 2019

Factor Df SS a R2 F p b Df SS R2 F p

Management c 1 0.4158 0.0364 2.5838 0.036 * 1 0.8762 0.1109 7.6634 <0.001 ***
Growth stage d 1 4.8445 0.4236 30.101 <0.001 *** 1 2.4076 0.3048 21.058 <0.001 ***
Management ×
Growth stage e 1 0.3831 0.0335 2.3802 0.05 1 0.4994 0.0632 4.3684 0.002 **

Residual 36 5.7939 0.5066 36 4.1159 0.5211
Total 39 11.437 1 39 7.8992 1

a SS: Sum of squares; b significance: *** p < 0.001; ** p < 0.01; * p < 0.05. c Management: Testing the effects of field
management (conventional and organic systems) on rice root microbiota in the corresponding season. d Growth stage:
Testing the effects of growth stages on rice root microbiota in the corresponding season. e Management × Growth
stage: Testing the effects of the interaction between field management and growth stage on rice root microbiota.

Table 3. Evaluation of the effects of soil properties on rice root endophytic bacterial communities
at tillering stage using the Mantel test.

Soil Properties Correlation (Rho) a p-Value

First cropping season, 2019

Soil pH 0.1898 0.0012
Organic matter content 0.3662 1 × 10−4

Calcium saturation ratio 0.3743 1 × 10−4

Second cropping season, 2019

Soil pH 0.2537 0.0016
Organic matter content 0.3096 5 × 10−4

Calcium saturation ratio 0.3329 0.0036
a The test was performed separately for each season with 9999 permutations.

Figure 3. Cont.
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Figure 3. Canonical correspondence analysis (CCA) ordination diagram showing the correlation
between rice root bacterial community composition and environmental variables in the first (A)
and second (B) cropping season. The data points are colored by samples. The circle and triangle mean
the samples from conventional and organic fields, respectively. Only the environmental variables that
were statistically significant when assessed by the marginal test are shown. The direction and the length
of arrows indicate the steepness increase and strength of variables, compared to others. EC: Soil
electrical conductivity; Org.mat: Soil organic matter content; and pH: Soil pH.

3.4. The Effects of Growth Stage on Root Microbial Composition

To examine the effect of growth stage on root microbial profiles, we sampled rice plants
at the seedling and tillering stages over two consecutive cropping seasons. Environmental factors
such as temperature, rainfall, light intensity, and light period differed greatly among plant growth
stage and between seasons (Figure 1). This might have affected plant growth, microbial community
composition, and activity in the rhizosphere and roots [46]. Across all samples, α-diversity was
not significantly affected by growth stage, except for the group sampled in one of the conventional
farming system fields. In terms of species richness, evenness, and diversity, plant growth stage
and environmental factors were not major determinants. We further analyzed the effects on microbial
community composition by using PERMANOVA based on Bray-Curtis distance. In both cropping
seasons, growth stage significantly influenced microbial community composition, despite the different
field management systems (Table 2 and Table S7). PCA was performed to evaluate factors influencing
the variance of bacterial community composition based on filtered OTU tables. In the first and second
cropping seasons, 65.8% and 42.1% of variance were explained by PC1, respectively. The microbial
groups were clustered by growth stage and the clearest separation was displayed in the first cropping
season (Figure 4).

We further identified OTUs affected by growth stage. Based on the taxonomic group, these
OTUs were assigned to eight and 26 families in the first and second cropping seasons, respectively.
In the first cropping season, the relative abundance of Veillonellaceae and Paludibacteraceae was higher
at the seedling stage than the tillering stage, while Burkholderiaceae, Aeromonadaceae, Rhodocyclaceae,
Pleomorphomonadaceae, Enterobacteriaceae, and Chromobacteriaceae were more abundant at the tillering stage
(Figure 5A). In the second cropping season, 14 and 12 families were enriched at the seedling and tillering
stages, respectively (Figure 5B). Among these families, only Veillonellaceae and Paludibacteraceae were
consistently enriched at the seedling stage, while other families were enriched either in one of the seasons
or at different stages in different seasons (Figure 5). At the genus level, four and 26 bacterial genera
responded to growth stage in the first and second cropping seasons, respectively. Only Burkholderia,
Caballeronia, Paraburkholderia, and Pleomorphomona were consistently enriched at the tillering stage in both
seasons and their relative abundance was 10–20% and 1–3% at the tillering stage in the first and second
cropping season, respectively. Some genera comprising PGPB were identified, but their response to
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growth stage was only observed in the second cropping season; for example, Bacillus was enriched
at the seedling stage and Bradyrhizobium and Sphingomonas were enriched at the tillering stage (Figure S5).
These results indicate the great impact of growth stage on root microbial communities, but the effects of
environmental factors varying by season are not negligible.
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Figure 5. Relative abundance of the bacterial families which were enriched either at the seedling or
tillering stage in the first (A) and second (B) cropping season.

The effects of the interaction between farming management system and plant growth stage
on bacterial community composition were evaluated using PERMANOVA. Although both field
management system and growth stage were critical for the bacterial community structure in both
seasons, the effects of management × growth stage were only statistically significant in the second
cropping season (Table 2).

3.5. Identification of Plant Growth Stage and Field Management System Sensitive OTUs

To identify OTUs sensitive to the plant growth stage and field management system in rice roots,
we employed indicator species analysis to find OTUs that were enriched at either the growth stage or field
management system, and validated results with a likelihood ratio test. Consistent with the PCA results,
we identified more OTUs sensitive to plant growth stage in the first cropping season (29 OTUs) compared
with the second cropping season (11 OTUs) (Figure 6), and the total relative abundance of sensitive OTUs
was 35.8% and 6.81%, respectively. Interestingly, there was one OTU assigned to Bacteroidales, which
was an indicator species at the seedling stage and the tillering stage in the first and second cropping
seasons, respectively. OTUs that were associated with the organic farming system were only identified in
the second cropping season and their total relative abundance was 4.27%. The three OTUs assigned to
Enterobacteriaceae, Methylomonas, and Ralstonia pickettii. Interestingly, Ralstonia pickettii was also an indicator
species at the tillering stage in the first season (Figure 6). In summary, the indicator species varied by
growth stage and cropping season. Long-term studies are required to identify particular taxonomic
groups associated with specific plant growth stages and field management systems.

Figure 6. Cont.



Agronomy 2020, 10, 1623 11 of 21

Figure 6. The bipartite network displays OTUs that were sensitive to different plant growth stages.
Each circle represents an individual OTU at the taxonomic level that was positively and significantly
correlated with the corresponding growth stage or field management system (p < 0.05).

3.6. Functional Prediction of Rice Root Endophytic Bacterial Communities

The functions of rice root bacterial communities were predicted using the PICRUSt algorithm.
Across all samples, the predicted functions which were associated with particular growth stages
were assigned to five level 1 KEGG categories. We compared the KEGG category profiles of rice
root endophytic bacteria between the two growth stages using PCA based on the relative abundance
of each category. In the first cropping season, samples from different growth stages were clearly
separated along the axis of PC1, which explained the 50.9% variation. In the second cropping season,
although the difference between samples was not as obvious as it was in the first cropping season, they
were still separated along PC1 and PC2, which explained the 35.1% and 24.1% variation, respectively
(Figure 7). We identified the functional groups of bacterial communities whose relative abundance
were higher than 0.5% and were significantly different between growth stages. We found 55 and 41
third level KEGG categories that were enriched at either the seedling or tillering stage in the first
and second cropping season, respectively (Figure 8). There were 34 categories commonly seen in
both seasons, but only 13 and two categories were consistently enriched at the seedling and tillering
stage, respectively, while others showed the opposite response to growth stage in different seasons.
The functional categories consistently enriched at the tillering stage were “tryptophan metabolism”
and “glycine, serine and threonine metabolism”; those enriched at the seedling stage included “bacterial
chemotaxis”, “carbon fixation pathway in prokaryotes”, “nitrogen metabolism”, “peptidoglycan
biosynthesis”, “phenylalanine, tyrosine, tryptophan biosynthesis”, “other ion-coupled transporters”,
“translation proteins”, and six more functional groups in “genetic information processing”, in the level
1 KEGG category.

There were 26 and 44 categories that were enriched under either conventional or organic
farming systems in the first and second cropping seasons, respectively. Eight categories were
commonly identified in both seasons, but only “nucleotide metabolism”, “transcription related
proteins”, and “glycosphingolipid biosynthesis” were consistently abundant under the organic
farming system, and “nitrotoluene degradation” was enriched under the conventional farming system
(Figure S6).
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groups identified in only one season and the underlined groups are those that exhibited the same
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4. Discussion

Agriculture practices, such as tillage, irrigation, and fertilization, have great impacts on soil
properties and the agricultural ecosystem. Several studies have shown the impacts of agriculture
practices and farming systems on the soil, rhizosphere, and root microbiomes, but responses vary
by practices used, farming systems, location, and plant species. Hartman et al. [8] demonstrated
the differential responses of soil and root bacterial communities to tillage intensities and farming systems:
Soil bacterial communities were more sensitive to tillage while root endophytes were strongly influenced
by farming systems. Wemheuer et al. [16] displayed the species-specific responses of root endophytic
communities to fertilizer application and mowing frequency by comparing the root microbiomes of
three grass species. They focused on the effects of agriculture practices and farming systems on root
endophytes, but whether these responses change over time during plant growth and development was
unclear. Here, we investigated the rice root endophytic bacterial microbiomes under conventional
and organic farming systems at the seedling and tillering stage over two consecutive cropping seasons.
Each season, 40 samples derived from two conventional and two organic paddy fields were analyzed.
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To our knowledge, this is the first study to evaluate and compare the impacts of field management
and growth stage on the root endophytic microbiomes by PCR-based amplicon sequencing.

Consistent with previous studies, agriculture practices and farming systems have marginal or no
significant effects on the α-diversity of root endophytic communities, but greater impacts on bacterial
community structure [8,16]. In all of the organic fields included in this study, soil pH and organic matter
content were higher than in conventional fields, and these factors were positively correlated with root
bacterial community structure in organic fields (Figure 3), suggesting that the variation of soil properties
partially contributes to the root microbiome. Soil pH is known as a key factor determining the soil
bacterial community and its functions [47]. The variation of soil bacterial community structure might
affect the pool of rhizobacteria, which is one of the sources of root endophytic bacteria. Proteobacteria,
Firmicutes, Bacteroidetes, Epsilonbacteraeota, Spirochaetes, and Actinobacteria were the dominant
phyla across all samples (Figure 2), which is partly consistent with findings of a previous study on
rice and Allium spp. [48,49], but differs to the findings of studies on wheat, tomato, and other grass
species [8,16,50], indicating that location and species-specific effects influence bacterial community
structure. The differential response of bacterial community composition to field management was
primarily observed at the tillering stage in both cropping seasons (Table 2 and Table S6). We identified
the taxanomic groups highly associated with field management systems, but only a few responded
consistently in both seasons (Figures S2–S4). Among these, Bacillus and Azospirillum were abundant
under the organic farming system in the second cropping season and both genera are known for
plant growth promoting activity such as nitrogen fixation and phosphate solubility, and for acting as
a biocontrol reagent [51,52]. However, the relative abundance of these genera was below 2%. Further
studies are needed to clarify the role of these potential PGPBs in rice.

Compared to the farming system, the plant growth stage had a greater impact on rice root bacterial
community composition. Our findings mirror those of previous studies, that is, that the effect of
growth stage on root microbiomes was more dominant than fertilizer application [33,53]. Dynamics of
the rhizosphere and root microbiomes during plant growth and development have been revealed using
16S rRNA gene amplicon-based gel electrophoration and high throughput sequencing [31–33,53,54].
A complete survey of the soil and maize rhizosphere microbiome demonstrated that soil microbiomes
are relatively stable and are affected primarily by fields, while rhizosphere microbiomes are similar
to soil microbiomes at the early growth stage but then gradually shape the distinct community
structure during plant growth [53,54]. The effects of growth stage on the rhizosphere and root
microbiome are partially attributed to the dynamics of root exudate composition. It is known
that root exudate composition varies by plant species, growth stage, environmental conditions,
and other factors [20,21,24,25,29]. During plant growth, photosynthetic carbon (C) supports vegetative
and reproductive growth at different stages. In rice, the translocation of assimilated C into roots is
much more active at the maximum tiller number stages than booting and milking stages to promote
root growth and nutrient acquisition. This coincides with the high accumulation of assimilated C
incorporated by soil microorganisms at the maximum tiller number stage, compared to the milking
stage [55]. An increase in the carbon source may support a greater number of microorganisms however,
in this study we did not see a significant difference in α-diversity between the seedling and tillering
stages. Due to a preference of metabolites by rhizosphere bacteria, the changes of root exudate
composition during plant growth reprogram rhizosphere microbial communities and functions, which
are positively correlated with plant physiological demands such as nitrogen uptake and defense system
activation [29,30,53]. Thus, the variation of root exudate composition by growth stage and plant
species drives the distinct structure of rhizosphere microbiomes. The rhizosphere is known as a seed
bank of root endophytes. In addition to the selective force in the rhizosphere, bacteria need to pass
the barrier of root cells to colonize the endosphere. Comprehensive studies of root and rhizosphere
microbiomes among 30 plant species demonstrated that the strength of the barrier differs by plant
species. Compared to the rhizosphere microbiome diversity, the structure of the root microbiome is
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primarily determined by the host plant species [56]. We believe that these selective forces partially
explain the variation of root microbiomes during plant growth that we found.

In our study, significant differences in root bacterial community composition between the two
growth stages were observed in both cropping seasons. At the family level, Veillonellaceae was
consistently enriched at the seedling stage, while at the genus level, Burkholderia and Pleomorphomonas
were enriched at the tillering stage (Figure 5 and Figure S5). Burkholderia, which are known as PGPB,
have nitrogen fixing and phosphorus solubilizing abilities [57,58]. In the second cropping season,
we observed an increase of Bradyrhizobium and Sphingomonas at the tillering stage. Bradyrhizobium, which
are known as nitrogen fixing, phosphorus solubilizing and siderophore producing rhizobacteria [58],
had a relative abundance of more than 5% in rice root endophytic bacteria. The plant growth promoting
activities of Sphingomonas were also demonstrated in recent papers [59–61]. It is possible that plants
attract more beneficial bacteria as plant growth progresses and selectively allow them to colonize
the roots to benefit plant health and development.

We also identified OTUs that are sensitive to variables by indicator species analysis.
Among the sensitive taxa groups, Paludibacter, Rhodocyclaceae, and WCHB1 32 were relatively
abundant at the seedling stage, while Burkholderia_Caballeronia_Paraburkholderia, Burkhoderiaceae,
and Planctomycetales were more abundant at the tillering stage (Figure 6). These abundant sensitive
taxa may have important roles in plant physiology and crop ecology. Thus, further characterization
will be required to reveal their functions by metagenome and transcriptome analyses.

Similar to the clear separation of rice root bacterial community composition by growth stage,
the predicted functional category profiles also responded to the growth stage. Across two seasons,
the relative abundance of 15 KEGG level three functional categories were consistently associated
with certain growth stages. At the seedling stage, the functional categories “nitrogen metabolism”,
“other ion-coupled transporters”, and “bacterial chemotaxis” were more abundant (Figure 8). Bacterial
chemotaxis is important for bacteria to enable movement along nutrient gradients and to colonize
nutrient-rich environments, such as the rhizosphere and roots [62]. The enrichment of these functions
suggested that, at the early growth stage, rice roots actively recruit bacteria to enhance nutrient uptake
and metabolism. At the tillering stage, the relative abundance of tryptophan metabolism was higher
than during the seedling stage (Figure 8). Tryptophan is the precursor of indoleacetic acid (IAA)
and the application of tryptophan enhances the nutrient uptake and growth of PGPB-inoculated
plants [63]. The genus Bradyrhizobium was also more abundant at the tillering stage, and this can
synthesize IAA using tryptophan as a precursor [64,65]. Thus, at the tillering stage rice preferentially
selects beneficial microbes to colonize it and promote plant growth and tiller production.

About 50% of the variation in bacterial community composition was explained by the plant growth
stage and farming system. The rice cultivar used and local environmental conditions are possibly
involved in shaping the structure of root bacterial communities. The influence of crop genotype on
the rhizosphere and root endophytic bacterial community composition has been discussed. For example,
in Japonica rice (Oryza sativa) and African rice (Oryza glaberrima), the rhizosphere microbiomes are
clearly separated, while for Indica rice cultivars (Oryza sativa), some are close to those in Japonica rice
and some are close to African rice [48]. The effect of host species identity on the rhizosphere microbiome
has been found in Mimulus guttatus ecotypes and maize cultivars [66,67], but evidence shows that
the effect of genotype on root endophytic microbiome is relatively marginal [48,54,66]. In this study,
although the rice cultivars in conventional and organic fields differed, they all belong to the Japonica
type. Moreover, the two conventional fields in both seasons were planted with the same cultivar, but
we still observed a difference in the root bacterial structure between growth stages, suggesting that
the effect of the growth stage is the major driving force shaping the root microbiome, while the effect of
genotype is relatively small.

We also found a seasonal difference in the root microbiome. In the first cropping season,
the monthly maximum temperature in the sampling period (February–April) was lower than in
the second season (August–September). Monthly rainfall gradually increased in the first season
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while it was extremely high at the seedling stage compared to the tillering stage in the second season
(Figure 1). The difference in weather conditions means that photosynthesis, nutrient uptake efficiency,
and metabolism in rice plants and the biochemical responses of microorganisms were probably affected,
leading to differing microbiome structure. Walters et al. [54] also pointed out the impacts of weather
and identified several bacterial families in the rhizosphere which positively or negatively responded to
weather conditions. Longer term and larger scale studies are required to reveal the impacts of weather
on root endophytic bacteria.

In summary, we investigated the rice root endophytic microbiome in conventional and organic
paddy fields at the seedling and tillering growth stages over two consecutive cropping seasons.
Our study showed the significant effects of the plant growth stage, field management system,
and the interaction between these two factors on rice root endophytic bacterial community composition
but not on their α-diversity. Among these factors, growth stage played the most important role in
shaping the root microbiome. We also found that soil pH and organic matter content influenced the root
microbiome. Additionally, we identified potential indicator species in response to plant growth stage
and field management system. This study demonstrated the dynamics of the rice root microbiome
under different farming systems over time, providing new insights for microbiome management.
Further studies are required to reveal and manipulate the functions of the microbiome to improve
the sustainability of the agriculture system.
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