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Abstract

This study aims to investigate the effects of soil as a microbial source on the assemblage of the endophytic bacterial communi-
ties in rice roots. Rice seedlings were grown hydroponically with the addition of a permeable bag filled with one of five soil
types collected from different geographical locations in Japan. After 3 and 6 weeks, the endophytic bacterial communities in
rice roots were analyzed using the Illumina Miseq-based 16StRNA gene amplicon sequencing method. The results showed
that the bacterial community in the soils added as a microbial source differed among the soil types, which affected the bacte-
rial community in the hydroponic solution and consequently reflected in the endophytic bacterial community assemblage.
Bacterial diversity and richness differed significantly with respect to the microbial sources. As a result, a conserved group of
16 endophytic bacterial taxa at the genus level, dominated by Burkholderia-Caballeronia-Paraburkholderia, and independent
of the soil type were shared across all microbial sources, thereby underlining the ability of rice plants to selectively recruit
their endophytic inhabitants. Altogether, this study demonstrates the importance of the microbial source as a crucial driving

force for the formation of the endophytic bacterial communities in rice roots.
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Introduction

Soil is regarded as a major environmental source of plant-
associated bacteria, because it provides a tremendously
diverse ecosystem for a multitude of microorganisms
(Mahaffee and Kloepper 1997; Rasche et al. 2006; van
Overbeek and van Elsas 2008; Long et al. 2010; Lundberg
et al. 2012). According to Dwevedi et al. (2017) and Vieira
et al. (2020), soil ecosystems are spatially structured by
a combination of physicochemical characteristics such
as texture, salinity, acidity, waterlogging, compaction,
pore network, and air, water, and carbon contents.
Consequently, heterogeneous microbial habitats formed

P4 Kazuki Suzuki
suzukik @agr.niigata-u.ac.jp

Graduate School of Science and Technology, Niigata
University, Niigata 950-2181, Japan

Center for Transdisciplinary Research, Institute for Research
Promotion, Niigata University, 8050 Ikarashi-2, Nishi-Ku,
Niigata 950-2181, Japan

Institute of Science and Technology, Niigata University,
Niigata 950-2181, Japan

by the collective effects of these characteristics result in
diverse soil bacterial communities (Bach et al. 2018).
In other words, soils with different properties and/or
conditions are likely to differ in their microbial community
assemblies.

For instance, Dwevedi et al. (2017) revealed that soil
microorganisms are physiologically active in moist soil
conditions, but remain dormant in dry soil conditions, thus
suggesting that soils in the wet state can harbor greater
microbial activities than in the dry state. In addition, soils
with higher microbial diversities exhibit the potential for
greater microbial activities such as humus formation,
nutrient cycling, aggregate formation, and stabilization
(Dwevedi et al. 2017; He et al. 2019). Furthermore,
Dwevedi et al. (2017) reported that the abundance of
minerals, organic matter, and microbial decomposers are
indicative of soil health, while Megias and Miiller (2010)
revealed that decomposers like bacteria and fungi are
some of the key drivers of soil suitability for plant growth
through nutrient cycling and humus formation. Holistically
speaking, microorganisms are a very important component
of soils and are thus referred to as the “biological engine of
the earth” (Haygarth and Ritz 2009).
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Many research investigations have revealed multifaceted
interactions between terrestrial plants, the soil, and the soil
microbiome, and these complex interactions still form an
important aspect of research today. For instance, as plants
grow, they exert bio-physicochemical effects around their
roots, thereby influencing the spatial structure of the soil.
As a result of the interaction, microbial communities are
formed in their rhizosphere (Breidenbach et al. 2016).
Additionally, several other environmental factors also
influence the soil microbial communities and alter the
plant-associated microbial communities. In particular, the
community formation of plant-associated microorganisms
such as bacterial endophytes can be driven by several biotic
and abiotic factors, which are instrumental in shaping their
diversities and community compositions (Walitang et al.
2018).

Previous studies have confirmed that the characteristics
exhibited by a host plant such as plant growth stage (Vendan
et al. 2010; Hardoim et al. 2012), tissue (Dai et al. 2014),
health (Bogas et al. 2015), nutrient status (Hameed et al.
2015), species (Ding and Melcher 2016), and genotype
(Elbeltagy et al. 2000; Walitang et al. 2018; Xu et al. 2020)
are all contributing factors that are influential in driving the
endophytic communities.

According to Edwards et al. (2019) and Mano and
Morisaki (2008) endophytic bacterial communities of rice
are largely soil-derived. In other studies, soil type has proven
to be key in driving the endophytic bacterial communities
in rice. For instance, using PCR-DGGE, Hardoim et al.
(2011) investigated the effects of plant genotype, soil type,
and nutrient use efficiency on root-associated bacterial
communities of 10 rice cultivars, and thus observed
alterations of the alphaproteobacteria, betaproteobacteria,
and actinobacteria communities. Elsewhere, Xu et al.
(2020) examined the root-associated bacterial communities
of three rice cultivars cultivated in three typical paddy soils
with different properties and observed a greater effect of
soil type than rice cultivar on the root-associated bacterial
community assembly. Soil bacteria have also been proven
to show a preference for specific particle fractions in the
soil, according to a study by Hemkemeyer et al. (2018),
who concluded that soil particles of different sizes create
distinct microenvironments that are inhabited by specific
bacterial taxa, thereby influencing the spatial heterogeneity
and bacterial diversity that characterize soils. Therefore, soil
particle size contributes to the effects of soil physical factors
on the overall soil bacterial community, which also plays a
role in the complex host-microbe interactions by influencing
which part of the community becomes endophytic. In
addition, the interaction between plants and the soil they are
grown on is an important factor, as shown by Samuel et al.
(2022), who reported that the soil-root interface is influential
in endophytic bacterial colonization. Lin et al. (2020)
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further suggested that soil interference caused as a result of
mechanical disruption through management practices can
affect the soil properties and influence the soil microbiome,
and these effects are likely to be reflected in the endophytic
community. Furthermore, Lin et al. (2020) identified soil
pH, while Dang et al. (2020) found ammonium N and
nitrate N as important factors that significantly affected the
endophytic bacterial community. Altogether, prior research
findings indicate that plant-soil interactions are complex and
can impact the colonization of bacteria within plants via
their influence on soil properties and plant growth, which
is often linked to nutrient availability. Although previous
studies have made significant progress in understanding
the factors that shape endophytic bacterial communities in
plants, they have mainly focused on the role of soil, without
explicitly accounting for the diversity of microbial sources
that are present in soil. This is due to the challenges of
controlling for other factors in the soil that can equally affect
endophytic bacterial colonization.

Endophytic bacteria are essential for plant growth and
development and have the potential to transform agriculture
into a more sustainable and eco-friendly practice. However,
to better understand the direct interactions between rice
plants and microbes, it is necessary to distinguish the
impacts of the microbial and non-microbial soil factors.
Restricting soil factors other than the microbial source is
vital for achieving this goal, therefore, the use of a modified
hydroponic system was employed in this study to investigate
the effects of various microbial sources on the formation
of endophytic bacterial communities in rice roots while
minimizing the influence of soil physicochemical factors.
The study hypothesized that different microbial sources
would result in distinct endophytic bacterial communities.
The experiment involved growing rice plants hydroponically
using one of five microbial sources, including four paddy
soils and one forest soil. The root-associated endophytic
bacterial diversity and community compositions were
analyzed and compared using 16S rRNA gene amplicon
sequencing.

Materials and methods
Soil sampling and preparation

Five soil types representing different microbial sources
were collected from different locations in Japan. Their
physicochemical properties are summarized in Table 1.
Briefly, of the five soil types used to prepare the microbial
sources in this study, four (ACH, NAG, SHB, and SHD)
were sampled from typical paddy fields, while the fifth soil
type (SD) was from a forest area as representative of soils
unrelated to paddy fields. After sampling, soil samples were



Biology and Fertility of Soils (2023) 59:733-746

735

Table 1 Characteristics of the five soil types used in this study as the microbial sources

Silt  Clay pH

Sand
%

EC

OM CEC

TC TN

Na*

Caz+ M g2+

K+

Landuse  Location Soil type (CSCS) WRB classification

Prefecture

MS

mS cm™!

meq g-ds™!

mg g-ds~!

mg kg-ds~!

338 290 5.17

37.0

0.08
0.80

9.54
13.20
3.23
13.50
5.54

51.8

1.50
4.00

649 150

48.7

1

1053
821
393
643
844

59
8.9

13.5

Stagnosol

34°56'47"N 136°53'24"E  Pseudogley soil

Paddy
Paddy
Forest

ACH  Aichi

5.66
5.87

244 415

339

68.2

5.10 457

3.62
5.57
9.28

2.8

Silandic Andosols

36°12'03"N 137°52'13"E  Allophanic Andosols

37°52'17"N 138°56'44"E ~ Sandy regosol

NAG Nagano

SD
S

5.7
12.2

8.6

24.4

85.7

0.03
0.08
0.12

62 0.89 242

24.1

16.5

Arenosols

Nishi-ku, Niigata
Shibata, Niigata

5.44
5.05

63.4
4

314
50.6

2.10
1.68

17.8

9.1
214

1

Gleyic Fluvisols

37°57'53"N 139°18'19"E  Gray Lowland soil
37°5121"N

Paddy
Paddy

HB

24.0 280

8.0

18.6

37.7

Gleyic Fluvisols

Gley Lowland soil

SHD  Nishi-ku, Niigata

138°57'33"E

MS, microbial source; CSCS, Comprehensive Soil Classification System of Japan (Obara et al. 2015); WRB, World Reference Base for Soil Resources (IUSS Working Group WRB 2015); TC,
total C; TN, total N; OM, organic matter content; CEC, cation exchange capacity; EC, electric conductivity. Parts of this table were previously published in Kononov et al. (2022). ACH (Aichi),

NAG (Nagano), SD (Forest), SHB (Shibata), and SHD (Shindori) all represent the soils used as the microbial sources in this study

air-dried for 1 week, passed through a 2 mm mesh sieve, and
stored at 4 °C until the setting up of the experiment. The
exchangeable cation (Ca*, Mg?*, K¥, and Na*) contents
were extracted using 1 M ammonium acetate solution (pH7),
and their respective concentrations were analyzed using an
atomic absorption spectrometer (Hitachi Polarized Zeeman
Atomic Absorption Spectrometer ZA3000, Tokyo). Soil
pH(H,O) was also determined in 1:2.5 (weight/volume) ratio
using a pH meter (HORIBA LAQUA F-71, Kyoto, Japan).

Pre-incubation study and experimental set-up

To prepare microbial sources, 40 g of each of the 2-mm
sieved soil was weighed into a polystyrene woven bag and
then submerged in a bath containing sterile water. The soil
submergence was performed independently for each soil
type in different baths with sterile water to avoid the risk of
cross-contamination. The pre-incubation setup was kept in
the dark and at room temperature for 21 days to allow for
the adaptation, stabilization, and proliferation of the micro-
bial communities in each soil under submerged anaerobic
conditions, which is expected to mirror the conditions of a
flooded paddy field.

Rice seeds (Oryza sativa L. Nipponbare) were de-husked,
surface-sterilized as described by Asiloglu et al. (2020),
germinated under sterile conditions, and allowed to grow
for 14 days. Figure 1 illustrates the setup of this study.
The experimental pots used in this study were prepared
as previously described (Samuel et al. 2022). Briefly,
each pot (13.0 cm height and 8.5 cm inner diameter) was
prepared with the following features: a black polystyrene
lid with a 2.5-cm-diameter opening at the center to allow
the outgrowth of a rice plant; and a 50-ml column (11.0-cm
height and 2.5-cm inner diameter) with four perforations
(2-mm diameter, each) which was lined internally with
a piece of polypropylene mesh sheet. The column was
vertically attached to the inner base of the pot and lined with
mesh sheets to allow water and bacteria to permeate into
and out of the inner column while restricting rice roots from
extending out of the column. One soil bag per experimental
pot was gently transferred from each soil pre-incubated for
21 days using sterile forceps. Thereafter, 14-day-old sterile
rice seedlings were transplanted into each pot, and 500 ml of
sterile water (hereinafter referred to as hydroponic solution)
was gently added and maintained. Since nutrient levels in the
soil have been reported to have an impact on the endophytic
bacterial communities in plants (Zhang et al. 2019; Ali
et al. 2021), there was no nutrient supplementation in the
experimental setup of this study in order to limit known soil
factors that influence the endophytic bacterial community
as much as possible, thereby making it possible to examine
the effects of the microbial source. Rice was grown for
6 weeks in a growth chamber with the following conditions:
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Fig. 1 Experimental setup of
this study

Rice plant

Polystyrene-sheet lid
Rice root

Hydroponic solution
Vertical column (50 ml)
Perforation (2mm)

Soil

25/30 °C (day/night), 16 h (250 umol m~2 s~ of day length,
and relative humidity of 70%. Furthermore, all plants were
kept in the same growth chamber, where their positions
were carefully randomized twice every week to ensure
the evenness of lighting and relative humidity conditions
until the last sampling. The experiment was conducted in
triplicates (n=3), considering 2 sampling times (3 and
6 weeks).

In addition, we carried out an ion flux assessment of each
soil type used as a microbial source in this study by set-
ting up a similar experiment simultaneously without rice
plants (Fig. S1). The hydroponic solution for each microbial
source was collected just after the pre-incubation and at 3
and 6 weeks. Eluted C1~7, NO;™, and SO42‘ were analyzed
using an ion chromatograph (DKK-TOA, IA-300, Tokyo,
Japan) as described by Kozaki et al. (2021), while PO43_ was
determined through a colorimetric method following the
description in Truog (1930).

Sample collection and preparation for molecular
analysis

Sampling of the rice roots, hydroponic solution, and soil
in the bag was performed after 3 and 6 weeks. At each
time, destructive sampling was carried out as described
in Samuel et al. (2022). Briefly, rice roots were separated
from the shoots using a pair of sterile scissors and washed
thoroughly in running tap water. Surface sterilization of
the roots was then performed by washing for 5 min in
sterile water, followed by a 2-min wash in 70% EtOH, a
5-min wash in 2.5% NaOCl, another 1-min wash in 70%
EtOH, and a final 5-min wash in sterile water performed
twice. The whole root system of each plant was finally
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Samples collected
@® Root

© Hydroponic solution
® Bulk soil

homogenized in liquid nitrogen. Finally, shoot dry weight
was recorded for each sampled plant after oven-drying at
60 °C for 3 days.

The hydroponic solution sampling and the subsequent
collection of bacterial pellets were performed according
to Samuel et al. (2022). Briefly, aliquots of the hydroponic
solution were centrifuged at 15,000 g for 10 min at room
temperature until enough bacterial pellets were collected for
DNA extraction. The soil bag content was sampled after
thorough mixing and put into sterile tubes until further anal-
ysis. All samples were kept under cold storage (—21 °C)
until DNA extraction.

DNA extraction, library preparation,
and sequencing

Genomic DNA from the homogenized root samples was
extracted using an ISOPLANT kit (Nippon Gene, Tokyo,
Japan), while an ISOIL for Beads Beating kit (Nippon
Gene) was used for DNA extraction from the bacterial pel-
lets and soil samples as previously described in Samuel et al.
(2022). The DNA extracts of all samples were then used
as the template for polymerase chain reaction (PCR) using
the universal primer pair 515F/806R (Caporaso et al. 2011)
with overhang adapter sequences for the Nextera XT index
primers (Illumina, San Diego, CA). For the amplification of
the V4 region of the 16S rRNA gene, PCR was performed
with a final reaction volume of 25 uL. Briefly, the PCR reac-
tion mixture consisted of 1 pL of template DNA, 0.1 uL
of both forward and reverse primers (50 uM, 10P), 2.5 pL
10 x ExTaq buffer, 2.0 uL dNTPs, 0.125 uL Ex Taq (Takara
Bio, Kusatsu, Japan). PCR conditions for the amplification
of endophytic bacterial genes were set as follows: initial
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2-min denaturation at 94 °C was followed by 35 cycles of
denaturation at 94 °C for 30 s, annealing at 57 °C for 30 s
and elongation at 72 °C for 20 s, and a final extension at
72 °C for 5 min. Amplification of bacterial genes from the
hydroponic solution and the microbial sources was per-
formed by an initial 2-min denaturation step at 94 °C, fol-
lowed by 25 cycles of denaturation at 94 °C for 30 s, anneal-
ing at 57 °C for 30 s and elongation at 72 °C for 20 s, then
a final 5-min elongation step at 72 °C. Agencourt AMPure
XP (Beckman Coulter, Brea, CA) was used for the purifica-
tion of amplicons according to the product’s manual. Index
PCR was performed under the following thermocycling
conditions: initial 3-min denaturation at 95 °C; 10 cycles of
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; and a final
5-min elongation step at 72 °C. This step was accompanied
by a second purification step of the amplicons as previously
described. Amplicon quantification was performed using the
QuantiFluor device (Promega, Madison, WI), followed by
a final pooling of equimolar concentrations of the purified
amplicons. Finally, the pooled amplicons were pair-end-
sequenced on the Illumina MiSeq platform at a read length
of 2300 bp using the MiSeq reagent kit v3.

Data processing and statistical analysis

All the procedures for processing the raw FASTQ data
obtained after sequencing were performed with the exclu-
sion of sequences identified as Archaea, Eukaryota, chlo-
roplast, and mitochondria, and rarefaction for 10,000 ran-
dom sequences per sample based on a 16S rRNA sequence
length of 300 bp and quality score (Q)> 30 as detailed in
Samuel et al. (2022) on the QIIME II pipeline (version
2020.8; http:// giime2. org/) (Bolyen et al. 2019). Ampli-
con sequence variants (ASVs) were produced by denois-
ing the paired-end sequences using the Divisive Amplicon
Denoising Algorithm (DADA?2) plugin in QIIME2 (Calla-
han et al. 2016). The forward and reverse sequence reads
were truncated at 240 and 150 bp, while the singletons and
doubletons were removed after joining the paired-end reads.
Thereafter, the biological replicates were grouped using the
“mean-ceiling” option of the “feature-table group” com-
mand. The SILVA SSU Ref NR 138 reference sequences
were used as the benchmark for taxonomy assignment using
the q2-feature-classifier plugin of QIIME2. Sequences were
rarefied for 10,000 random sequences per sample. Finally,
the 16S rRNA gene amplicon sequences for this study were
deposited in the DNA Data Bank of Japan (DDBJ) with the
accession number: DRA(015220.

Plant growth performance was assessed by recording
the shoot dry weight of each plant after oven-drying the
fresh shoots at 60 °C until a constant weight was reached.
The differences in growth performance between each treat-
ment were analyzed by the One-way Analysis of Variance

(ANOVA) method, while pairwise comparisons of their
respective means were performed through a Tukey’s HSD
test method (p <0.05). Bacterial alpha diversity (Shannon,
Faith phylogenetic diversity, and Pielou’s evenness) and rich-
ness (observed ASVs) were analyzed by the Kruskal-Wallis
test method to better describe the bacterial communities in
the soils used as microbial sources, hydroponic solutions,
and rice roots, while the multiple comparisons (Dunn test
with Benjamini—-Hochberg correction, p <0.05) was applied
to detect the differences after the pairwise comparisons of
their means. The principal coordinate analysis (PCoA) based
on weighted UniFrac distance was performed using the R
vegan package of the R program (version 4.0.3; https://
www.r- project. org/) (Core R Team 2019) to reveal the
beta diversity of the bacterial communities in the rice roots,
hydroponic solution, and the five microbial sources. Fur-
thermore, permutational multivariate analysis of variance
(PERMANOVA; permutations =9999) was performed
using the adonis function to provide a statistical descrip-
tion (p <0.05) of the effects of the microbial source on the
endophytic bacterial community composition of rice plants.
The shared and unique bacterial endophytic bacterial taxa
after 6 weeks under the influence of the different microbial
sources were identified through the construction of a Venn
diagram using the R VennDiagram package. Finally, one-
way ANOVA test was used to examine the differences in the
mean ion-flux concentrations from the five soils used as the
microbial sources, after which the means were subjected to
Tukey’s HSD test (p <0.05).

Results
Growth performance of rice plants

The growth of rice plants as revealed by dry weight biomass
after 6 weeks is shown in Fig. 2. Rice plants grown on soils
SHB and SHD as the microbial sources recorded the highest
growth among the treatment. Although SHB performed bet-
ter in terms of growth compared to SHD, no statistical dif-
ference was found between them (p > 0.05). The rice plants
grown on SD recorded the poorest growth among all the
microbial source treatments, followed by NAG. A significant
difference (p <0.05) was observed in comparing NAG and
SD with the others. These differences in dry weight biomass
due to the different soils used as microbial sources were vis-
ible in appearance (Fig. S2).

Bacterial community compositions
Figure 3A, which displays the relative abundances of

bacterial community compositions in the soils supplied
as microbial sources at the phylum level, shows that each
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Fig.2 Rice shoot biomass (dry 14
weight) after 6 weeks. Standard
error bars with different letters
indicate statistically significant
differences from each other
(Tukey’s test, p<0.05). ACH
(Aichi), NAG (Nagano), SD
(Forest), SHB (Shibata), and
SHD (Shindori) all represent
the soils used as the microbial
sources in this study

1.2

Shoot dry weight (g plant)

microbial source was characterized by distinctive bacterial
communities after 6 weeks, even though most of the dominant
members of the bacterial phyla were present in all five microbial
sources. At the initial (0 weeks, just after pre-incubation),
Firmicutes was the most dominant soil bacterial phylum in all
the soil types with the exception of SHD, which Chloroflexi
dominated with 21.2% of the bacterial relative abundance. The
dominance of Firmicutes at 0 weeks (63.4%) was reflected in
the microbial sources after 3 (69.2%) and 6 weeks (60.9%),
respectively in SHB. Despite the dominance of Firmicutes
in ACH at 0 weeks (46.8%), Chlorofiexi was enriched after
3 (25.1%) and 6 weeks (22.8%), respectively, thereby making
it the most dominant bacterial group. Out of all the microbial
sources, the lowest relative abundance of Chloroflexi (after O,
3, and 6 weeks, respectively) was observed in SHB. Similarly,
Acidobacteria, Actinobacterriota, Verrucomicrobiota, and
Myxococcota were dominant members in ACH, NAG, and
SHD, but with the least dominance in SHB. Furthermore, the
lowest relative abundance of Proteobacteria in the soil types
at 0 weeks was observed in ACH (3%), while the highest was
observed in SD (22%). In ACH, NAG, and SHD, the proportion
of Proteobacteria was decreased after 3 weeks, while in SD
and SHB, the reverse was the case, with the enrichment of
Proteobacteria after 6 weeks (Fig. 3A).

The microbial source effects observed in the soil types also
manifested in the hydroponic solution as shown in Fig. 3B.
The dominant members of the bacterial communities in the
hydroponic solution differed in proportion among the soil
types. As observed in the soil, Firmicutes was the most
dominant bacterial phyla in the hydroponic solution,
except for NAG (after 3 weeks), where Proteobacteria
(78.3%) dominated. In ACH, NAG, and SHD, Firmicutes
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was enriched; however, it depleted in SD and SHB after
6 weeks. Interestingly, after 3 and 6 weeks, respectively,
Firmicutes was the most abundant bacterial group in
SD and SHB. Furthermore, Proteobacteria increased
in relative abundance in ACH, SD, SHB, and SHD, but
showed a marked decrease in NAG after 6 weeks, while
Acidobacteriota and Actinobacteriota decreased in ACH and
SHD, but increased in NAG, SD, and SHB after 6 weeks.
Generally, bacterial groups showed differential relative
abundances according to their microbial sources.

Figure 3C shows that the root endosphere compartment
was predominantly occupied by Proteobacteria, which
accounted for about 78.9% of total bacterial relative
abundance. Although phylum Proteobacteria was the most
dominant endophytic bacterial group, a notable trend of
dominance at both sampling times was observed to be
consistent for ACH, NAG, SD, and SHD, where they were
enriched after 3 weeks and depleted after 6 weeks. The only
exception to that trend was SHB in which Proteobacteria
was enriched after 6 weeks. Other endophytic bacterial
phyla that exhibited dominance to a lesser extent include
Bacteroidota and Planctomycetota as shown in Fig. 3C.
Phylum Bacteroidota was enriched in ACH, SD, and
SHD, but depleted in NAG and SHB after 6 weeks, while
Planctomycetota was enriched in all the rice roots after
6 weeks. At the genus level (Fig. S3), the endophytic
bacterial communities showed different trends according to
the microbial sources and the sampling time. For instance,
Burkholderia-Caballeronia-Paraburkholderia (22.6%)
was the most dominant endophytic bacterial taxa across
all the microbial sources. Other less dominant endophytic
bacterial genera that were present across all microbial
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Fig.3 Changes in the relative (A)
abundance of bacterial commu-
nities at the phylum level in the
soils used as microbial sources 9
(A), hydroponic solution (B), r aBesuifhisctsrote
and root endosphere (C). ACH § = Chloroflexi
(Aichi), NAG (Nagano), SD E =Verrucomicrobiota
(Forest), SHB (Shibata), and 2 e
SHD (Shindori) all represent S = Firmicutes
the soils used as the microbial -E Myxococcota
sources in this study = :;':c':t;:z:m’
=Proteobacteria
(B)
= Desulfobacterota

Relative abundance (%)

(©)

@
=]

Relative abundance (%)
3

ACH NAG

sources, albeit in different relative abundances include
Xanthomonas, Acidibacter, Variovorax, Herbaspirillum,
Pantoea, Puia, and Ralstonia

Microbial diversity and richness

The alpha diversity indices for the endophytic bacterial
communities are summarized in Table 2, while the results
for microbial sources and hydroponic solution are provided
in Table S1. NAG displayed the highest values for all alpha
diversity indices in the endophytic bacterial endosphere
compartment. Nevertheless, no notable differences were
detected for the Shannon index and richness. Only SD
demonstrated significant differences from NAG in terms of

= Chloroflexi

= Verrucomicrobiota

¥ Actinobacteriota

= Acidobacteriota

® Firmicutes
Myxococcota

» Planctomycetota

= Bacteroidota

= Proteobacteria

= Desulfobacterota

¥ Chloroflexi

= Verrucomicrobiota

= Actinobacteriota

= Acidobacteriota

= Firmicutes
Myxococcota

¥ Planctomycetota

= Bacteroidota

® Proteobacteria

sD SHB SHD

evenness (p <0.05). Regarding Faith's phylogenetic diversity,
NAG displayed significant differences only when compared to
ACH and SHD (p <0.05). Furthermore, Table 3 revealed that
each of the sampled compartments exhibited varied levels of
microbial diversity and richness with respect to the microbial
source and sampling time. Kruskal-Wallis test results for the
endophytic bacterial communities also revealed that the alpha
diversity indices exhibited statistical differences with respect
to their microbial sources (p <0.05) (Table 3).

The results of the PERMANOVA analysis of the bacterial
communities in all the sampled compartments based on the
weighted UniFrac distance showed that the beta diversity
was significantly influenced by the microbial sources.
Furthermore, principal coordinate analysis (PCoA) performed
based on the weighted UniFrac distances provided a visual
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Table 2 Endophitic bacterial Shannon index, evenness, Faith’s phylogenetic diversity, and richness. Values represent means and standard deviations (n

6 weeks

3 weeks

SHD

SHB

SD

NAG

ACH

SHD

SHB

SD

NAG

ACH

0.78+0.05AB

5.00+0.60A

0.69+0.04B

4.31+0.19A

0.71+0.00B

4.67+0.04A

0.85+0.01A

6.65+0.09A

0.80+0.01AB

5.01+0.28A

4.74+0.14a 3.82+0.29a

0.65+0.03a

4.11+0.19a

5.48+0.25a

5.38+0.07a
0.76 £0.02a

Shannon

9.55+1.00B

12.5+1.35AB 12.0+ 1.06AB

24.4+0.32A

9.18+0.74B

0.78£0.01a 0.62+0.02a

0.79+0.01a

Evenness

85.6+20.4A

76.6+10.0A

95.0£7.9A

214.6 +6.4A

76.6+13.0A

8.93+1.58a

9.17+0.50a
68.3+13.0a

9.73+0.33a
78.0+6.2a

13.8+1.86a

125+1.41a

Faith’s PD
Richness

70.6 £10.7a

122.3+14.5a

130.3+£13.0a

Different letters mean significant statistical differences between the microbial sources (Dunn test with Benjamini—-Hochberg correction, p <0.05). ST, sampling time in weeks (w); and MS,

microbial source. ACH (Aichi), NAG (Nagano), SD (Forest), SHB (Shibata), and SHD (Shindori) all represent the soils used as the microbial sources in this study

representation of the bacterial beta diversity in the microbial
source and the hydroponic solution, and the resultant effect on
the assemblage of endophytic bacterial communities after 3
and 6 weeks (Fig. 4 and S4). A clear differentiation of bacterial
communities was formed by the microbial sources affecting
the bacterial communities in the hydroponic solution, with the
communities clustering according to their respective microbial
source treatments (Fig. S4) after 3 and 6 weeks respectively.
A similar trend was observed with the assemblage of the
endophyte communities as shown in Fig. 4 A and B, where
PC1 and PC2 accounted for a combined 62.7% and 78.7% of
the endophytic bacterial community dissimilarities after 3 and
6 weeks, respectively (Fig. 4 A and B).

Shared and unique endophytic bacterial taxa

Venn diagram analysis at the genus level revealed the total
number of bacterial genera (>0.1%) detected in the rice roots
differed after 6 weeks with 57, 128, 73, 64, and 73 bacterial
genera detected in ACH, NAG, SD, SHB, and SHD, respec-
tively (Fig. SA). After further grouping into shared and unique
groups, a total of 16 endophytic bacterial taxa were found in
the roots of all the rice plants. Specifically, these shared endo-
phytes differentially accounted for 79.2, 47.0, 78.2, 73.1, and
76.9% of the total relative abundance of endophytic bacteria in
ACH, NAG, SD, SHB, and SHD, respectively. These common
endophytic bacterial taxa varied in their relative abundances
between the microbial source treatments, with Burkholderia-
Caballeronia-Paraburkholderia being the most dominant
endophytic bacterial genus in all the treatments (Fig. 5B). The
number of endophytic bacterial taxa unique to each soil was
highest in NAG with 45 (27.7%) taxa, while SHB had the few-
est with 2 (0.6%) taxa (Fig. 5A and Table S2).

lon flux assessment

The amounts of ions eluted from the soils used as micro-
bial sources are shown in Table S3. The results showed that
CI7, NO;7, and PO43' released from the soils during the
pre-incubation period were significantly higher than those
released up to 6 weeks thereafter (Tukey’s test, p <0.05).
Conversely, gradual elution of SO,>~ was shown over time
except for SD (Tukey’s test, p <0.05).

Discussion

To confirm the hypothesis that different microbial sources
generate different plant bacterial endophyte communities,
rice plants were grown hydroponically using five soil types
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Table 3 Summary of Kruskal— 3w 6w

Wallis test and PERMANOVA

used to evaluate the bacterial a diversity Root Shannon Hy,,,=6.93 Hy =457

alpha and beta diversities after Evenness H.  =1123* H —11.73*

3 and 6 weeks (w), respectively, @11 @11

as a function of microbial Faith’s PD Hey 11)=10.83* Hy y=12.3%

source (*p <0.05, **p<0.01, Richness Hy11y=10.74% Hy=9.6*

and **¥p <0.001) Hydroponic solution Shannon H,=10.99* Hy1,=9.9%
Evenness Hypy=11.75% Hyp=12.83%
Faith’s PD Hy11y=9.73% Hy =817
Richness Hy =779 Hy =447

Soil type Shannon Hy =947 Hy =79
Evenness Hypy=12.51% Hyppy=13.5%*
Faith’s PD Hypy=11.07* Hy11y=9.07
Richness Hy =877 Hy1y=17.97
B diversity Weighted UniFrac Root Fy1y=10.41%5% Fyppy=14.61%%*

Solution Fyq1)=143.62%%%* Fy11y=73.36%%*
Soil Fyq1)=81.86%%* Fiy11y=73.65%%%
All Fun=194 Fy1y=2.33%

PD, phylogenetic diversity

as microbial sources, and their effects on the bacterial endo-
phyte communities were comparatively analyzed.

Microbial sources influenced bacterial endophyte
assemblage

Previous investigations have revealed that the soil is the
main source of plant-associated bacteria (Mano and Mori-
saki 2008). For instance, Zarraonaindia et al. (2015) for
grapevine and Edwards et al. (2019) for rice highlighted
that a complex community of microorganisms that inhabit
plant roots were soil-derived. Therefore, in this study, five
soils that were collected from different areas were used as
bacterial sources for rice plants, and how the difference in
bacterial sources manifested in the assembly of bacterial
endophytes associated with the roots was investigated.
Each soil differed with regard to its soil type and chemi-
cal properties. These differences in the biogeographic loca-
tions, soil taxonomy, chemical properties, as well as land
uses were possible factors that contributed to their distinct
microbial community characteristics. Previous studies have
given evidence of spatial variation of soil microbial distri-
bution, which depends on environmental factors like soil
properties (Griffiths et al. 2011; Prévost-Bouré et al. 2014;
Kivlin and Hawkes 2016; Terrat et al. 2017). Soil proper-
ties such as N, P, and K, as well as organic matter contents,
have been reported to have profound effects on the microbial
communities in several paddy soils under different fertiliza-
tion regimes (Luo et al. 2016). Furthermore, other factors
including soil pH, moisture, temperature, C and N contents,
precipitation, and vegetation can shape the soil microbial

communities (Kuramae et al. 2012; Shen et al. 2013; Yuan
et al. 2014; Rui et al. 2015; Lin et al. 2020).

The microbial sources were mainly dominated by Fir-
micutes, Chloroflexi, Proteobacteria, and Acidobacteria
after pre-incubation, an outcome that was still found after
each sampling period of the study. Interestingly, Firmicutes
was the most dominant bacterial phylum in the microbial
sources, underlining their ability to inhabit a wide range of
soil environments. For instance, Bai et al. (2017) examined
the microbial communities in three paddy soils and found
Firmicutes as one of the dominant bacterial phyla, while Li
et al. (2014) pointed out the ability of Firmicutes to survive
even under extreme conditions through their sporulation
activities. Jones et al. (2022) reported that Actinobacteria,
Chloroflexi, Proteobacteria, and Firmicutes were persistent
in dry conditions. Therefore, another possible reason for the
Firmicutes-domination could be the air-drying of the used
soils after sampling and prior to preincubation, which may
have aided the predominance of the bacterial phylum in the
microbial sources.

The distinctiveness of bacterial communities character-
izing the soils used as microbial sources was well reflected
in the hydroponic solution and the root endosphere of rice
plants. For instance, phyla Firmicutes and Proteobacteria
evidently dominated the hydroponic solution, albeit with
different dominance levels. Different soil types harbored
different microbial communities, probably due to differ-
ent nutrient levels (Yu et al. 2021), resulting in differences
in the bacterial community in the hydroponic solution as
the source of the endophytes. Interestingly, even though
the bacterial community composition at the phylum level

@ Springer
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(A) After 3 weeks (B) After 6 weeks
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Fig.4 Principal coordinate analysis (PCoA) based on the Weighted
UniFrac distances showing the effects of the microbial sources on
the endophytic bacterial communities formed after 3 weeks (A) and
6 weeks (B). Different colors signify the endophytic bacteria commu-

observed in the hydroponic solution and their source showed
significant proportional differences among the treatments,
the dominant members of the endophytic bacterial com-
munity detected were similar among the rice plants from

Fig.5 Venn diagram showing ( A)
shared and unique endophytic

bacterial taxa (A), and the rela-

tive abundance of the shared

endophytic bacterial genera (B).

Each colored oval of the Venn

diagram represents the root

compartment influenced by each

microbial source. Values within NAG
the intersections depict shared ‘
endophytic bacterial genera,
while the values outside the
intersections represent unique
genera. ACH (Aichi), NAG
(Nagano), SD (Forest), SHB
(Shibata), and SHD (Shindori)
all represent the soils used as
the microbial sources in this
study

-0.2 -0.1 0.0 0.1

PC1 (60.0%)
nities assembled from the different microbial sources. ACH (Aichi),
NAG (Nagano), SD (Forest), SHB (Shibata), and SHD (Shindori) all
represent the soils used as the microbial sources in this study

the different microbial source treatments. This may be con-
nected to the ability of rice plants to selectively recruit their
endophytic bacterial inhabitants, in this case, the dominant
members detected from their rhizospheric surroundings,

ACH

SHD

of bacterial

0; Massilia

Gemmata

ia] Chiti Chiti Puia

Ralstonia

Pantoea

ia_Incertae_Sedis| Unknown_Family| Acidibacter

ACH NAG sD SHB SHD
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as reported by Hardoim et al. (2008) and Rodriguez et al.
(2020). Another factor that may have contributed to the
distinctiveness of the endophytic bacterial communities
could be the root exudate effect. Although we speculated
previously that the root exudation effect might be weakened
because of the dilution in hydroponic solutions (Samuel
et al. 2022), it may still play a role in the endophytic colo-
nization of the rice roots. Therefore, considering the dif-
ference in the physicochemical properties of the soil types
used as microbial sources in this study, it is likely that root
exudation from the rice plants, an important colonization
mechanism, influenced the endophytic community formation
consequently as suggested by Ma et al. (2022).

At the genus level, the most dominant endophytic bacte-
rial taxon detected in all the rice plants was Burkholderia-
Caballeronia-Paraburkholderia, a group in the phylum
Proteobacteria. They are considered to consist mostly of
the plant-beneficial Burkholderia species with symbi-
otic and plant growth-promoting potential (Mannaa et al.
2019). Other dominant genera, Sphingomonas, Pantoea,
Xanthomonas, Bradyrhizobium, and Pseudomonas, were
detected as the rice-root endophytes, which include poten-
tial plant-growth-promoting species for rice (Ferrando and
Scavino 2015), as well as Luteibacter known to promote root
development in barley (Guglielmetti et al. 2013).

Effects of microbial source on microbial diversity
and richness

The soils used as microbial sources and the hydroponic solu-
tions exhibited different levels of bacterial diversity and rich-
ness. Particularly, the results of the chemical characterization
of the soils prior to experimentation revealed higher organic
matter, TC, and TN content, which may have contributed to
the highest bacterial diversity recorded in the NAG micro-
bial source. The high organic matter content of the soil may
have been exploited for the C content which could be used
as an energy source for the bacterial community in the NAG
microbial source, hence the difference in their diversity when
compared to the other microbial sources. Microbial diversity
in paddy fields increases under organic matter fertilization
(Kumar et al. 2017; Cui et al. 2018; Wang et al. 2022).

Table 3 revealed that the microbial sources significantly
affected the bacterial community assemblages in all the sam-
pled compartments, and this effect was observed at both sam-
pling times. Specifically, the effect of the microbial sources
on the diversity and richness of the endophytic bacterial
communities in rice roots was observed after 3 and 6 weeks,
respectively. These findings correspond to Nannipieri et al.
(2019) who suggested that a soil microbial community shifts
in response to time.

To further check the microbial source effect, princi-
pal coordinate analysis (PCoA) was performed for the

endophytic bacterial communities associated with the root
compartment after 3 and 6 weeks. The outcome showed dis-
similar clusters of microbial communities according to their
respective microbial sources, with PC1 and PC2 collectively
explaining 62.7% (after 3 weeks) and 78.7% (after 6 weeks)
of the bacterial community dissimilarities. Put together, the
result of this study suggests that microbial sources have a
significant impact on the diversity and community composi-
tion of endophytic bacteria in rice plants.

Identification of distinct endophytes independent
of microbial source

A Venn diagram of shared and unique bacterial taxa at the
genus level revealed that 16 bacterial genera were shared
by the rice plants in all treatments with different relative
abundances. Burkholderia-Caballeronia-Paraburkholderia
was the most dominant endophytic bacterial genus after
6 weeks regardless of the microbial sources. Except for
Variovorax, 15 of the bacterial genera shared in this study
were also detected in our previous study (Samuel et al.
2022). Furthermore, previous studies have identified
a distinct assemblage of plant-associated bacteria like
Pantoea, Pseudomonas, and Xanthomonas (Sahu et al.
2022; Zhang et al. 2022), Bradyrhizobium, Halingium,
and Sphingomonas (Li et al. 2021), Burkholderia and
Herbaspirillum (Mano and Morisaki 2008), and Massilia
and Ralstonia (Kataoka et al. 2018), which were all
detected in this study independent of the microbial source,
as members of the core endophytic bacterial communities
in rice. Studies on endophytes from rice seeds have
detected Pantoea, Pseudomonas, Bacillus, Sphingomonas,
Xanthomonas, Metylobacterium, Stenotrophomonas, and
Ochrobacterium (Kaga et al. 2009; Hardoim et al. 2012;
Zhang et al. 2022), among which Zhang et al. (2022) pointed
out that Pantoea and Xanthomonas are potentially vertically
transmitted taxa. Pantoea and Xanthomonas were also
detected as the dominant members of the endophytes in this
study and were likely seed-borne species. Whether they were
really seed-borne needs to be clarified in the future, but more
importantly, this study showed that their relative abundance
was greatly affected by the application of different soil
microbial sources. This phenomenon is also indicated by
Hardoim et al. (2012), while further research is needed to
elucidate the mechanism.

A comparison of the number of rice endophytic bacte-
rial taxa among the five microbial sources resulted in the
highest number of 45 in NAG treatment, followed by 9 in
SD treatment. Interestingly, the poorest rice growth was
recorded in NAG and SD treatment. It remains unclear
whether the poor rice growth was due to the high number
of unique endophytic bacteria, especially in NAG treat-
ment, or simply to low nutrient ion elution (e.g. NO;™ and/
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or PO43‘) from the soil (Table S3), which need to be elu-
cidated in future.

Conclusion

Understanding the factors driving microbial community for-
mation has been a topic of interest for a long time. These fac-
tors may directly or indirectly influence the formation of plant
endophytic communities since their origin is widely believed
to be the soil. In summary, this study aimed to clarify the
effects of soils as microbial sources on endophytic bacterial
colonization in rice roots, and how they differed among five
soil types. Our findings sufficiently confirm the hypothesis
that the microbial source is an important factor in the endo-
phytic bacterial colonization of rice plants. Importantly, the
bacterial community in the soils added as a microbial source
differed among the soil types, which affected the bacterial
community in the hydroponic solution and consequently
reflected in the endophytic bacterial community assemblage.
Although the importance of the microbial source in the build-
up of the endophytic bacterial community has been shown
in this study, the mechanism through which this occurs is a
subject of further studies. Finally, the findings in this study
could provide valuable insights that could facilitate microbial
engineering for the benefit of sustainable crop production.
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