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Abstract
Background and aim Rice and duckweed are two
monocotyledonous plants that naturally coexist in pad-
dy fields. While the presence of duckweed in paddy
fields significantly improves rice productivity, the inter-
play between soil microbes and the two plant hosts in
this agroecosystem remains unexplored.
Methods We compared the bacterial community structure
between duckweed, rice and soil from multiple rice
paddies. We also isolated bacteria from these communities

and characterized their modes of bacterial colonization and
plant growth-promotion using model plants.
Results Our data indicate that host-specific and tissue-
dependent factors reproducibly orchestrate the bacterial
community structure associated with their plant hosts. This
is corroborated by results from culture-dependent ap-
proaches in which the dominant genus Pantoea isolated
from rice aerial tissues can strongly attach and colonize
gnotobiotic duckweed in spite of the low representation of
this bacterial genus in the natural duckweed microbiome.
Our study identified a core of 254 bacterial taxa that are
consistently found in all rice and duckweed tissue samples
from rice paddy fields. Furthermore, characterizing auxin-
producing bacteria isolates from both plant species identi-
fied potential plant growth-promoting bacteria that may
improve growth for both duckweed and rice in paddy fields.
Conclusions Results from this work provide evidence
for the importance of the host tissue and species context
in determining plant colonization by microbes in the
paddy field system. The resources generated in this
study could facilitate the agronomic deployment of mi-
crobes for more sustainable rice production.

Keywords Paddy field . Lemna aequinoctialis .Oryza
sativa . Microbial community . Pantoea . Bacterial
colonization

Introduction

Paddy field farming became the dominant form of rice
cultivation across the globe fromAsia to South America
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during the 20th Century. However, the large amount of
pesticides and fertilizers typically used in modern inten-
sive rice production not only increases the cost of agri-
culture, but also leads to soil compaction, pesticide
residues, environmental pollution and a decline in farm-
land biodiversity (Benton et al. 2003; Gu et al. 2015).
Recent studies demonstrate that integration of multiple
species with complementary roles into traditional agri-
cultural systems could minimize the environmental
problems associated with intensive rice production
(Feng et al. 2016; Zhang et al. 2016; Sha et al. 2017;
Yang et al. 2018). The presence of duckweed in flooded
rice fields is a common phenomenon (Kumura 2005)
and inclusion of duckweed (Lemna minor) in rice paddy
agroecosystems has been reported to reduce nitrogen
loss from 20–54% (Li et al. 2009). Furthermore, urea
combined with the duckweed Spirodela polyrhiza in-
creased rice yields by 9–10%, indicating that duckweed
can serve as a green fertilizer to increase yield while
simultaneously reducing nitrogen loss in rice production
(Yao et al. 2017). In addition to enhancing rice produc-
tion, duckweed may also suppress rice diseases, reduce
the greenhouse gas footprint associated with rice culti-
vation and remediate heavy metal contaminants in pad-
dy fields (Wang et al. 2015; Ng et al. 2017).

Rice is surrounded by complex microbiota that can
influence its growth, nutrition, and health. As ecological
environments that combine aquatic and terrestrial com-
ponents, rice paddy fields contain multiple microbial
niches that coexist in one ecologically linked system
comprising soil, water, and plant tissues. In addition,
each of these niches may also display dynamic behav-
iors by changing in response to the environment or other
biotic factors or both. The composition and structure of
the rice microbiome can be affected by factors including
drought stress, cultivation patterns and fertilizer appli-
cations (Zhu et al. 2016; Santos-Medellín et al. 2017).
Microbiomes also vary between different rice tissues
and their developmental stages (Edwards et al. 2015).
Only limited information is available on how the pres-
ence of duckweed can affect community assembly of
the rice microbiome. The potential beneficial interplay
between multiple plant species, together with the asso-
ciated microbiomes, provides a basis for the integrated
management of traditional agricultural systems such as
rice cultivation and raises the possibility that duckweed,
together with its associated microbiota, could minimize
the environmental problems associated with intensive
rice production (Lansing and Kremer 2011; Finkel et al.

2017; Pascale et al. 2020). Bacterial communities of
duckweed (Lemna and Spirodela) have recently been
characterized (Acosta et al. 2020), and 37 of 47
culturable bacterial strains tested by the Salkowski
method were revealed to be potential IAA (indole-3-
acetic acid) producing bacteria (Gilbert et al. 2018).
These studies indicate that duckweed and its associated
bacterial microbiome could be important components of
the rice paddy field ecosystem and may impact rice
health and productivity.

In this work, we set out to systematically characterize
and compare the bacterial microbiota in both duckweed
and rice plants from multiple paddy fields in order to
gain a better understanding of how host tissues and the
environment impact their respective microbial commu-
nities. The questions that we wish to address are: 1)
How do rice and duckweed bacterial communities com-
pare with their shared environment in paddy field soils?
2) Which bacterial taxa are common between the two
plant hosts within and between different paddy environ-
ments? 3) Does host selection operate at the stage of
bacterial attachment to the plant or does it occur at the
level of more complex community dynamics within a
particular host? 4) Can microbes isolated from a paddy
field environment modulate physiological traits of the
plant hosts? Answers to these questions provide a foun-
dation for understanding microbiota dynamics in paddy
fields while the characterized resources from this work
could pave the way for designing new plant co-
cultivation strategies to manipulate and manage the
microbial component of paddy field systems for im-
proving rice production.

Materials and methods

Sample collection, processing and duckweed
identification

Samples of soil, rice plants (landraces of rice, Oryza
sativa) and duckweed were collected randomly from
traditional rice paddy fields located in each of three
counties in the province of Guizhou, China (Fig. 1).
Rice pants were sampled for aerial tissues consisting
of leaf blade and stalk pieces far away from the water
surface (RA) and roots (RR); duckweed (DW) samples
used combined whole fronds with roots due to their
small size. Soil samples (SL) from flooded fields around
rice roots were also collected from each of the sites to
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survey the microbial diversity of the local environment.
To maintain all samples fresh while transporting to the
lab for further process, duckweed was stored in 50 mL
sterile Falcon tubes along with paddy water, and rice
was stored in a sterile pot containing paddy soil. Nine
samples were collected for each type of material (three
replicates at each of three locations), with some of the
plant tissue samples rinsed with either water alone or
with a salt and detergent solution as well, thus resulting
in 63 total samples (Table S1). Plant samples treated
with two different washes separately included one treat-
ment that was washed with sterile water while the other
was washed with salt/detergent solution (137 mMNaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4,
0.5 mM MgSO4, 1 mM CaCl2, 0.1% Triton-X100, pH
7.4), followed by a second wash with sterile water.
Species identification of the duckweed samples was
carried out by the two-barcode (atpF-atpH and psbK-
psbI) approach described in Borisjuk et al. (2014).

Culture-independent bacterial 16S rRNA gene profiling
of duckweed, rice and corresponding soil samples

DNA from soil samples and processed plant tissues
(duckweed, rice root & rice aerial tissues) were isolated
using the Soil Microbe DNA Kit (TIANGEN, China)
and the 2x CTAB method, respectively. DNA concen-
tration and purity were quantified using Nanodrop 2000
and were also checked for quality by electrophoresis on
0.5% agarose gels. The V4 region of the bacterial 16S
rRNA gene was amplified using primers 515F (5 -
GTGCCAGCMGCCGCGGTAA-3 ) and 806R (5 -
GGACTACHVGGGTWTCTAAT-3 ). All PCR reac-
tions were carried out in 30 µL reaction mixture with
15 µL of Phusion® High-Fidelity PCR Master Mix
(New England Biolabs, USA), 0.2 µM of forward and
reverse primers, and approximately 10 ng template
DNA. Thermal cycling consisted of initial denaturation
at 98 for 1 min, followed by 30 cycles of denaturation at
98 for 10 s, annealing at 50 for 30 s, elongation at 72
for 30 s and final heating at 72 for 5 min. An equal
volume of 1 × loading buffer (containing SYB green)
was mixed with the PCR products and analyzed by
electrophoresis on a 2% agarose gel for detection. PCR
products were purified using the GeneJETTM Gel Ex-
traction Kit (Thermo Fisher Scientific, USA). Illumina
MiSeq DNA sequencing of 16S rRNA gene amplicons
was carried out using by the EMSL-JGI (DOE Joint
Genome Institute, USA) program and by Novogene

Corp. Inc. (CA, USA). Raw reads from this work have
been deposited in the Short Read Archive of NCBI
under project no. PRJNA545325.

Culturable bacteria isolated from rice and duckweed

Plant-associated bacteria were isolated from surface-
sterilized tissues or from plant tissues washed with the
salt/detergent solution in an effort to remove loosely
bound microbes from the surface. Culturable bacteria
associated with rice (labeled Aw and Rt, representing
rice aerial parts and rice root tissues, respectively) and
duckweed (labeled as Lm) were collected from one
location of each site and classified (Table S2). Plant
tissues were washed with a salt and detergent containing
solution for 20 min and/or a subsequent wash in 10%
bleach for 1 min (targeting putative endophytes) and
transferred to TSA plates for culture overnight or for
up to 2 days at 28 °C to allow bacteria within tissues to
grow. The 39 bacterial colonies were then subjected to
single colony isolation on subsequent TSA plates. Col-
onies with different morphological characteristics were
purified by repeated streaking and were cryopreserved
at -80 °C in 500 µL of LB broth supplemented with 500
µL of 80% glycerol.

Bacterial genotyping and fingerprinting

Cultured bacterial strains were genotyped by standard
PCR-based methods using primers targeting the V1-V5
region of 16S rRNA gene (forward primer e9f: 5’-
GAGTTTGATCCTGGCTCAG-3’; reverse primer
e926r: 5’-CCGTCAATTCCTTTGAGTTT-3’). The
PCR reaction mixture contained 2.5 µL of 10 × buffer,
0.2mMdNTPs, 0.8 µMof each primer, 0.5 µL of 5 U/µL
Taq polymerase (Denville Scientific, NJ, USA), ~ 100 ng
of template DNA, and filter sterilized water to make a
total of 25 µL. The amplification program consisted of
5 min at 95 °C, 25 cycles of 1 min at 95 °C, 30 s at 50 °C,
and 1 min at 72 °C, followed by 5 min at 72 °C. PCR
products were subjected to electrophoresis in 1% agarose
gels for 20 to 30 min and stained with ethidium bromide
for visualization. PCR products were purified using
ExoSAP-IT™ (Thermo Fisher Scientific, USA) and then
subjected to electrophoresis in 1% agarose gels to check
for the presence of a single band, before sending to
GENEWIZ (NJ, USA) for sequencing. The raw 16S
rRNA gene sequences obtained were initially processed
by Geneious (https://www.geneious.com/) and Serial
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Cloner (http://serialbasics.free.fr /Serial_Cloner.html)
then compared to sequences available in the Genbank
database using BLAST for identification.

The 39 strains of cultured bacteria from this work
were further grouped by fingerprinting using PCR am-
plification of the intergenic spacer (IGS) region in the
conserved 16S-23S rRNA operon. Amplification of the
16S-23S rRNA IGS regions was performed using the
forward primer 16S-e1390f (5’-TGYACACA
CCGCCCGTCA-3’) and the reverse primer 23S-e130r
(5’-GGGTTBCCCCATTCRG-3’) (Gürtler and
Stanisich 1996). The same PCR reaction mixture was

used as for the 16S rRNA gene above. The amplification
program consisted of 5 min at 95 °C, 30 cycles of 15 s at
95 °C, 30 s at 60 °C, and 90 s at 72 °C, followed by
5 min at 72 °C. PCR products were checked following
the methods above.

Screening for potential IAA-producing strains
in bacteria collection and validation by LC/MS analysis

Detection of indole-related compounds, such as IAA,
was performed using the Salkowski method adopted
from Gordon and Weber (1951). In this assay, the free,

Site 1: Leishan

Site 2: Congjiang

Site 3: Liping

b

c

Qiandongnan

0 100km

a

0 500 km

Fig. 1 Map of field sites. a Guizhou Province (red), China. b
Qiandongnan field site locations in Guizhou Province: Leishan
(Site 1, square), Congjiang (Site 2, triangle), and Liping county

(Site 3, circle). c Typical environment appearance. Rice aerial
parts, rice roots, duckweed and soil were collected from each site
(Table S1).
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purified IAA standard results in a compound that has an
absorption peak at 530 nm. Bacteria that are found to
produce products with similar absorption characteristics
are considered to be candidate strains for free IAA
production. From a glycerol stock, bacterial cultures
were grown in 5 mL of LB supplemented with 5 mM
L-tryptophan. They were cultured at 28ºC, shaken at
250 rpm for 2 days or until the bacterial culture became
turbid. 1 ml of bacterial culture was centrifuged at
10,000 rpm for 5 min. In duplicate, 100 µL of bacterial
supernatant, and 100 µL of each free IAA standard were
placed into a 96-well microtiter plate. 200 µL of
Salkowski reagent was added to each sample. Samples
were incubated for 30 minutes at room temperature.
Samples were then read at OD530 nm (optical density)
value using a microplate reader (Synergy HT, BioTek,
USA), and the absorption peak between 450 nm and
550 nm was recorded. LC/MS was then carried out as
previously described (Gilbert et al. 2018) to validate the
production of IAA in the bacterial culture medium.

Assay for Arabidopsis root development
and for microbial impact

About 60Arabidopsis seeds (Arabidopsis thaliana, Col-
0) in a microcentrifuge tube were sterilized by adding
1 ml of 50% bleach (3% NaClO) and shaken for 1 min,
then washed four times with sterile water. Sterilized
seeds were spread onto germination plates [1/2 MS
(0.5xMurashige & SkoogModified BasalMediumwith
Gamborg Vitamins), 1% Sucrose, pH 5.7, 0.25%
Phytagel (Sigma, USA)], and stored at 4 °C in the dark
for two days, then moved to a growth chamber and
grown vertically at 22 °C under 100 µmol m− 2 s− 1

12 h light until use. Candidate strains of IAA-
producing bacteria were cultured on liquid LB medium.
Controls included culturing without added bacteria, or
with the addition of E. coli (Escherichia coli
DH5alpha), and strain RU1A. The RU1A bacterial
strain was previously isolated from L. minor (strain
DWC112, Landolt ID 5576) and showed a strong inhi-
bition of Arabidopsis main root elongation along with a
high level of free IAA production in vitro (described in
Gilbert et al. (2018)). For the Arabidopsis root develop-
ment assay, 5 days after plant growth, the bacterial
suspension OD600 was adjusted to 0.7 and 100 µL (~
3.85 × 107 cells) of the culture spread onto a square
experimental plate (100 mm x 15 mm) with growth
media [1/2 MS, pH 5.7, 0.5% Gellan Gum Powder

(PhytoTech Lab, USA)] and dried in a laminar flow
hood. For each treatment condition, 6 seedlings were
transferred onto a single plate and sealed with micropore
tape. After transferring Arabidopsis seedlings onto
plates with or without bacteria, the plates were
photographed and then placed vertically in the growth
chamber under 16 hr light/8 h dark, at 25oC. One week
later, the plates were photographed again to compare
Arabidopsis root development with and without bacteria
inoculation on plates. In this assay, sterile water and
E. coli were used as negative controls. Experiments
were repeated 3 times with similar results.

Plant-bacteria attachment assay

For the duckweed attachment assay, a baby jar
(CultureJar™G9, cat.# C1770; PhytoTechnology Labs,
KS, USA) containing 50 mL of sterile 0.5x SH (Schenk
& Hildebrandt Basal Salt Mixture, PhytoTech Lab,
USA) was inoculated with bacterial cultures to an
OD600 of 0.2 and then covered with a thin layer of
duckweed Lm5576. In addition, we set up 50 mL of
sterile 0.5x SH media in a baby jar covered with a thin
layer of duckweed as a negative control. For the
Arabidopsis attachment assay, similar treatments on
plates as described for the root development assay above
were used.

Duckweed or Arabidopsis samples were harvested
after 2- and 7-days post inoculation onto medium
with or without bacteria. Plant tissues were then
subjected to three different types of chemical treat-
ment: 1) Two washes with sterile water for 1 min; 2)
One wash in sterile salt and detergent solution for 20
min, followed by rinsing with sterile water; 3) One
wash in sterile salt and detergent solution for 20 min,
followed by washing in 5% bleach for 2 min, then
Na2S2O3 solution wash. For nucleic acid isolation, 5
~ 10 washed duckweed fronds or two washed seed-
lings of Arabidopsis were transferred to 2 mL pre-
filled Bead-Beater (OPS Diagnostics LLC, NJ, USA)
DNA extraction tubes (0.5 g 100 µm silica beads,
0.5 g 1.7 mm zirconium beads, a single 14 mm silica
bead), then mixed with 2x CTAB buffer. Tissues
were homogenized by bead beating for 3 min at
4000 rpm using an HT Mini machine (OPS Diagnos-
tics LLC, Lebanon, NJ, USA). Nucleic acid was then
collected by ethanol precipitation.
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Bacterial attachment detection by PCR
and by fluorescence microscopy

To compare the mode of attachment to plants by the
isolated bacteria strains, we applied a PCR-based assay
targeting the 16S-23S intergenic spacer region of the con-
served rRNA gene operon to monitor the presence of
bacteria after rinsing the inoculated plants (gnotobiotically
grown Lemna minor 5576 (Lm5576) and Arabidopsis
thaliana Col-0) with different wash solutions: water, salt
and detergent mixture, and bleach. We first used two
known strains of Azospirillum PGPBs originally isolated
from wheat, epiphyte Sp7 and endophyte Sp245 (Jain and
Patriquin 1984), as controls to establish the validity of this
method and supported the PCR-based results by fluores-
cence microscopy. Bacterial attachment PCR was per-
formed on plant-bacteria nucleic acid samples using the
protocol of bacterial IGS fingerprinting except that 200 ng
was used as template for each reaction mix. For normali-
zation and as a quality control for DNA preparation and
integrity, a single-copy plant gene was used in each case.
For duckweed, we use a single-copy gene LEAFY (Weigel
et al. 1993) as the target from the L. minor genome, and for
Arabidopsis we use a unique region of theMetacaspase 7
gene (Lam and Zhang 2012). LEAFY gene amplification
of Lm5576 was performed using the forward primer
LmLFY2-F (5’-CACCCGTTCATCGTCACAGA-3’)
and the reverse primer LmLFY2-R (5’-AGAAGATG
TACGCTACGCCG-3’). Metacaspase 7 amplification
for Arabidopsis was performed using the forward primer
ValMC7A-F (5’-CCCTAATTTCAGAAACAAACC-3’)
and the reverse primer ValMC7B-R (5’-GATCCTAT
AATGGATGTTTTTC-3’). The PCR reaction mixture
included 2.5 µL of 10 × buffer, 0.2 mM dNTPs, 0.4 µM
of each primer, 0.4 µL of 5 U/µL Taq polymerase, ~
200 ng of template DNA, and filter sterilized water to
make a total of 25 µL. The amplification program for
Lm5576 consisted of 1 min at 95 °C, 28 cycles of 15 s at
95 °C, 15 s at 60 °C, and 45 s at 72 °C, followed by 5 min
at 72 °C. The amplification program for Arabidopsis
consisted of 3 min at 95 °C, 26 cycles of 30 s at 95 °C,
30 s at 50 °C, and 45 s at 72 °C, followed by 5 min at 72
°C. For fluorescence microscopy, bacteria were stained
using Syto9 (Gilbert et al. 2018). After co-cultivation with
added bacteria as described above, duckweed tissues were
harvested for microscopy studies after day 2 or day 7,
depending on the attachment time. The fluorescence mi-
croscopy method was adopted from that described in
Gilbert et al. (2018).

Statistical analysis

DNA sequence analysis using the Next-Generation Se-
quencing (NGS) methods was performed with the soft-
ware QIIME (version 1.9.0) (Caporaso et al. 2010).
Adaptors and primers were removed using
AdapterRemoval (Lindgreen 2012). Phix contamination
was removed using the program DeconSeq (Schmieder
and Edwards 2011). Reads were merged and filtered by
size (according to primer set) and quality (Phred quality
score > 2). The sequences were then clustered into op-
erational taxonomic units (OTUs) using an open refer-
ence strategy based on 97% identity with GreenGenes
Database (13_5 release) (DeSantis et al. 2006) as refer-
ence. Taxonomy was assigned with the RDP classifier
(Wang et al. 2007) retrained with GreenGenes 16S
rRNA database (13_5 release). OTUs assigned to chlo-
roplast and mitochondria were filtered out. Plots and
figures were generated with R (version 3.2.1) using
packages vegan (Oksanen et al. 2016), plyr (Wickham
2011), and ggplot (Wickham 2016). For bacterial 16S
rRNA gene sequences, phylogenetic analyses were per-
formed using MEGA version 6 after multiple align-
ments of the data by Clustal W. Clustering was per-
formed using the neighbor-joining method. The statisti-
cal confidence of the nodes was estimated using 1000
replications of bootstrap.

Results

Variation in OTU abundance profiles for different plant
tissues and soil samples from rice paddy fields

A total of 57 samples (8,788,158 reads) produced suffi-
ciently high-quality reads for further analysis while six
samples, including two from soil and four from rice root,
failed to produce sufficient quality reads and were not
included in downstream analyses. Rarefaction analysis
indicated that the sequencing depth for the three plant
tissue samples (RA, RR, and DW) was sufficient to
capture the bacterial diversity in their respective tissues
(Fig. S1c) while the microbial diversity in the SL samples
could be significantly higher than our data indicated since
microbes present at a low abundance in soil samples
might not be detectable at the sequencing depth achieved
here. For the four sample types, we note that while RA
samples showed the highest number of reads (> 2.9 M)
per sample, they had the lowest number of distinct OTUs
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(Table 1). The opposite is observed for SL, where in spite
of the relatively low number of reads (~ 0.69 M) per
sample, these samples had the highest number of OTUs.
This is extended by a more systematic investigation of
within- and between-sampleα-diversity for the four sam-
ple types from which it was observed that bacterial di-
versity and relative species abundance decreased from
SL, RR, DW, and RA, respectively (Fig. 2, Table 2).
Significant differences (p < 0.0001), using one-way
ANOVA with Tukey’s HSD post-hoc tests, were found
between most samples except between DW and RR
samples. Taking geographical effects into consideration,
the Shannon diversity of each sample type between the
three sites was also compared and revealed significant
differences (ANOVA; p < 0.05) between RA, DW, RR,
and SL samples of site 3 (Fig. 2c). Significant differences
(p < 0.05) were also found between RA, DW or RR, and
SL samples within site 1 and site 2, respectively.

Comparing the distribution of bacterial phyla be-
tween the three sites revealed a highly reproducible
pattern that corresponded with sample types rather
than their site of origin (Fig. S2). In all three sites,
the soil microbiota is the most complex community
with the majority of the bacteria represented by
Proteobacteria (50–60%) and Acidobacteria (10–
15%) (Figs. S2 and S4). Nevertheless, while
Proteobacteria become even more dominant in rice
roots (up to 80% in site 1), there are fewer OTUs for
Acidobacteria, Nitrospirae, Chloroflexi and
Verrucomicrobia in rice roots than in the soil, with
the last three phyla being almost absent from rice
roots collected from two of the three sites. In con-
trast, the Firmicutes and Actinobacteria are present
in both roots and soil samples, indicating that they
can associate more effectively with rice roots than
t h e o t h e r f ou r phy l a o f ba c t e r i a . Wh i l e
Proteobacteria is still the dominant phylum in the
other plant tissue types, fewer distinct OTUs were
found in DW and RA tissues when compared to RR.
The remaining phyla present in these plant samples
are members of Bacteroidetes and Actinobacteria,
with a few remaining OTUs classified as members
of the phylum Firmicutes (Figs. S2 and S3). Com-
pared to the SL and RR samples, there appears to be
a significant enrichment of these four bacterial phyla
in RA and DW that is qualitatively similar to the
known core microbiota found in model plants
(Lundberg et al. 2012; Durán et al. 2018; Walters
et al. 2018).

Bacterial community structure in plant hosts appears
to be more strongly determined by plant tissue type than
the local environment of paddy fields

Hierarchical clustering using the Bray-Curtis distance
(Bray and Curtis 1957) revealed that host tissue is the
major source of variation in determining microbial com-
munity structure (Fig. 3a). Clustering all 57 sets of
microbiota data from various samples collected in mul-
tiple locations within the three sites revealed the exis-
tence of four predominant clusters, defined by their
sample type: SL, DW, RR, and RA. While the replicate
samples from a single site usually cluster closer togeth-
er, indicating reproducibility of our experimental sys-
tem, differences between sites are less significant than
sample type. Rinsing the plant tissues with either water
or a salt and detergent solution also produced a smaller
but noticeable difference in the data obtained (Fig. S3).

PCoA (principal coordinate analysis) using the
weighted UniFrac distance showed that the microbial
communities of SL, RR, RA, and DW were separated
from each other with no significant correlation to the
particular sampling site (Fig. 3b). The difference in
microbial phyla distribution between SL and DW was
smaller, compared to that in RR, and the difference was
even larger between those of SL and RA. The β-
diversity analysis results revealed that the phylogenetic
data obtained for the four sample types is robust, since
the deduced community structure is highly congruent
both between and within sites. We thus grouped all data
from similar tissue samples obtained at each of the three
sites for subsequent analyses to increase the depth of
data for comparative analysis.

Enrichment of common and distinct bacterial taxa
between soil, duckweed (Lemna aequinoctialis), rice
roots, and rice aerial tissues from paddy fields

As noted above, the most dramatic changes observed
between soil and plant tissue types were an increase in
the percentage of Proteobacteria along with a large
decrease in Acidobac te r ia , Crenarchaeo ta ,
Euryarchaeota, Bacteroidetes, Verrucomicrobia and
Chloroflexi, in some cases to almost undetectable levels
(Fig. 4a, Fig. S4a). At the family level (Fig. 4b, Fig.
S4b), DW had the highest relative abundance in
Comamonadaceae (recently merged with the
Burkholderiaceae (Parks et al. 2018)) at 32% of the
OTUs identified, followed by Sphingomonadaceae
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(3%) and Rhodospirillaceae (2%). In contrast, Entero-
bacteriaceae was the dominant family in RA with rela-
tive abundance of about 25% (Fig. 4b). In addition, RR
samples were found to be rich in Burkholderiaceae
(5%), Rhodospirillaceae (5%), and Neisseriaceae
(14%), consistent with their known association with root
microbiota in plants (Santos-Medellín et al. 2017) and
their potential function in nutrient acquisition. Interest-
ingly, the family of Methylobacteriaceae (12%) was
enriched in RA compared to either RR or DW from
the same paddy fields. The overall distribution of mi-
croorganisms at the family level was relatively even in
the SL samples, where no dominant family with high
relative abundance was evident (Fig. 4b, Fig. S4b). It is
worth noting that nine out of the top 10 families are in
the Proteobacteria phylum, with Micromonosporaceae
representing the only family from the Actinobacteria
phylum. Since Proteobacteria comprised more than
80% of the bacterial microbiota in plant tissue samples,

we carried out a more detailed comparative analysis
between our sample types at the genus level for this
phylum (Fig. 4c). Comparing the top three genera
among Proteobacteria that appear to dominate each of
the three plant sample types, we found a distinct repre-
sentation in each case: Rubrivivax, Methylibium and
Novosphingobium in DW; Pantoea, Sphingomonas
and Methylobacterium for RA; and Bradyrhizobium,
Azospirillum and Burkholderia in RR (Fig. 4c). From
the apparent enrichment of distinct bacterial genera in
each of these sample types, there appears to be both
plant species-specific and tissue-specific enrichment of
these genera of Proteobacteria in the paddy field
ecosystem.

As a first step in estimating the possible differences in
metabolic potential between the microbiome of duck-
weed and rice, we used PICRUSt as an algorithm that
leveraged the large database of microbial genomes to
predict gene functions/pathways that each microbiome
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Table 1 Average sequence reads for itags and OTU numbers

Sample
Type

Sample
Numbers

Raw Reads
Avg.

Clean
Tags
Avg.

Effective Tags
Avg.

Taxon Tags
Avg.

Length Avg.
(bp)

OTU Numbers
Avg.

Observed_
Species Avg.

RA 18 3,943,505 2,953,715 2,953,163 2,843,815 298 99 31

RR 14 1,528,213 1,117,424 1,116,565 785,745 299 939 169

DW 18 2,366,694 1,755,103 1,752,970 1,498,651 298 492 98

SL 7 949,746 691,183 690,754 186,397 299 3420 527

avg., average; OTU operational taxonomic unit, RA Rice aerial tissue, RR Rice root, DW Duckweed, SL Soil
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likely encodes (Langille et al. 2013). The results indicate
that the bacterial microbiota from duckweed tissues may
bemore enriched in metabolic pathways associated with
xenobiotic biodegradation and amino acid metabolism
whereas for the bacterial community present in rice
aerial tissues, the metabolic pathways for energy as well
as vitamins and enzyme cofactors are significantly more
abundant (Fig. S5). These results suggest that the dis-
tinct microbial communities in these plants may reflect
potentially different roles that they play in providing
metabolic capabilities for their associated host plants in
the rice paddy ecosystem.

To identify common bacterial OTUs among samples
from the 3 tissue types, we carried out a Venn analysis of
the 397 OTUs that resided within phylum Proteobacteria
and were found among the microbial samples derived
from the various plant samples. Of these, 254 OTUs were
present in all plant sample types, and the core OTU
collection we found in all three tissue types comprised
mainlymembers of the Burkholderiaceae (> 20%), which
were also highly enriched in RA, DW, and RR samples

(Fig. 5).We found about 10% of the Sphingomonadaceae
and Rhodocyclaceae were significantly underrepresented
in RA compared with those in RR and DW (p < 0.05)
(Fig. 5b). In contrast, the genera that are preferentially
enriched in each plant sample types that we noted above
may reflect their differential importance in each particular
plant species or tissue type.

Characterization of bacterial isolates from rice
and duckweed tissues

To characterize the mode of growth-promoting action
for plant-associated bacteria in the paddy field ecosys-
tem, we isolated 39 bacteria strains from the three plant
tissue types used in this study. Using 16S rRNA gene
sequencing, we first determined the most likely genus
for each of the isolated bacteria (Fig. 6d, Table S2).
Consistent with our culture-independent analysis of the
microbiome composition in these samples, most of the
isolated bacteria from plants in the paddy fields belong
to the Proteobacteria phylum (Pantoea, Enterobacter,
Aeromonas, Acinetobacter and Pseudomonas) and
some from the Firmicutes (Bacillus, Lysinibacillus and
Staphylococcus). Perhaps the most striking observation is
that all the isolated Pantoea strains were from RA tissues,
where it was also most abundant, representing about 20%
of all the Proteobacteria OTUs (Fig. 4c). This observation
indicates that Pantoea species may be present at a higher
percentage in terms of total bacterial counts in RA. In
contrast, under our culture conditions RR appears to have
a higher abundance of Bacillus and Enterobacter species,
while there is a relatively even distribution of three differ-
ent genera (Enterobacter, Aeromonas, Pseudomonas)
among strains isolated from DW (Fig. 6).

Table 2 Average α-diversity indices for rice aerial tissue (RA),
rice root (RR), duckweed (DW) and soil (SL)

Sample
Type

Sample
Numbers

Shannon
Avg.

Simpson
Avg.

Chao1
Avg.

ACE
Avg.

RA 18 2.015c 0.213c 175.501d 192.195c

RR 14 3.828b 0.057ab 451.213c 466.876a

DW 18 3.457b 0.076b 368.727b 362.956b

SL 7 5.016a 0.011a 473.595a 459.677a

Significant differences between different sample types were eval-
uated using a one-way ANOVA and post-hoc comparisons with
Tukey’s correction. Different letters indicate the values are signif-
icantly different at P < 0.05

RASite 1 Site 2 Site 3 DW RR SL

0.1

Soil Duckweed Rice root Rice aerial part

a b

Fig. 3 Beta-diversity of rice paddy environmental samples. a
Bray-Curtis distance metric phylogeny. Symbol shape indicates
site and symbol color indicates sample type (rice aerial tissue, RA;
rice root, RR; duckweed, DW; and soil, SL). b Weighted Unifrac

distance Principle Component Analysis. Symbol color as in panel
a indicates sample type. Diamonds, rice aerial tissues; squares, rice
roots; triangles, duckweed; inverted triangles, soil. Each point
represents a sample
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To gain more information about the potential
modes of interaction between the isolated bacteria
and plant hosts, we screened for bacteria strains that
can produce the phytohormone IAA and also com-
pared their relative attachment strength to duckweed
and the model plant Arabidopsis thaliana. Out of the
39 strains that we isolated in this study, five resulted
in a color change to pink, indicating production of
indole-related compounds at a sufficiently high level
to produce an absorption peak at 530 nm (Fig. 6b,
Table S3). We corroborated this initial result with
more careful chemical analysis using liquid
chromatography-mass spectrometry (LC/MS) and
validated this conclusion by positively identifying
free IAA in the culture supernatant from these five
bacterial strains (Fig. S6). Interestingly, these five
IAA-producing strains are distributed among four
different genera. Our result highlights the impor-
tance of strain-specific characteristics between dif-
ferent members of the same genus. In addition,
fourteen (36%) of the isolated bacterial strains from
this study are brown type, as observed by a color
change from yellow to brown with a maximum
absorbance increase at around 480 nm (Gilbert
et al. 2018). The major molecule in these "brown-
type" bacteria was identified as indole in our previ-
ous study (Gilbert et al. 2018), although this obser-
vation needs further validation by mass spectrometry
using the strains isolated in the present study.

Using two wel l -charac ter ized s t ra ins of
Azospirillum PGPBs, we found that the epiphyte
Sp7 could be washed off from the duckweed
Lm5576 by a salt and detergent mixture. In contrast,

the endophyte Sp245 binds much more tightly to
duckweed and remains detectable in a PCR-based
assay, even after washing the tissue with a 5%
bleach solution (Figs. S8 & S9). We then applied
this assay to a selected set of 19 bacterial strains in
our collection (Fig. 7 and S10), covering all five of
the IAA-producing strains. The results indicate that
nine of the tested strains may be characterized as
possible endophytes (i.e. strong attachment (+++)
even after bleach treatment), while the other ten
bacterial strains are potentially epiphytes that bind
onto the surface of duckweed with varying degrees
of tightness. Our data revealed that most of our
isolated Pantoea strains display relatively strong
binding to the duckweed strain Lm5576 while vary-
ing levels of interaction were observed for the other
bacterial genera tested. Comparing strains with a
moderate (strain Aw4a) and strong (Aw4d) interac-
tion with duckweed, we observed that the former can
be removed from duckweed by bleach rinsing while
the latter cannot (Fig. 7). Interestingly, when these
two bacterial strains were inoculated onto gnotobiot-
ic Arabidopsis seedlings, we found that both strains
colonized this model land plant very strongly and
resisted bleach treatment (Fig. S11). Thus, there may
be some quantitative difference in how the various
Pantoea strains interact with different plant hosts.
However, our finding that multiple Pantoea strains
isolated from RA can interact strongly with gnotobi-
otic duckweed (Fig. 6c) indicates that the low repre-
sentation of this bacterial genus in the ambient duck-
weed microbiota collected from paddy fields is not
due to its inherently low attachment to this host.
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Effects of potential PGPBs from duckweed and rice
on root development of Arabidopsis

Focusing on the five IAA-producing strains in the bac-
terial collection described in this study (Fig. 6b), we
determined if they could alter plant development in a
model plant system. Using the dicot A. thaliana as a
host, we found that addition of IAA-producing bacteria
such as theMicrobacterium RU1A (Gilbert et al. 2018),
but not E. coli, can increase lateral root proliferation
while inhibiting extension of the main root of the seed-
lings. Similar phenotypes, which mimic those conferred
by exogenous IAA addition (Fukaki et al. 2005), were
also observed with the five IAA-producing bacteria
described in this study (Fig. 8 & S12, Table S4). While
the root phenotypes conferred by the five bacterial
strains isolated from the paddy field were quantitatively
similar in terms of root shortening (Fig. 8), there may be
qualitative differences such as the degree of root
branching between the different strains (Fig. S12) that
could correlate with varying levels of IAA sensed by the
plant. These five IAA-producing bacteria and two char-
acterized endophytes were also tested for their effects on
chlorophyll content of duckweed. Strains Aw3a and

Rt8a significantly increased the amount of chlorophyll
in duckweed, which is commonly associated with im-
proved plant health under ambient conditions (Fig.
S13).

Discussion

Focusing on microbes tightly associated with two plant
species collected from the same paddy fields (rice and
duckweed), we show here the presence of reproducible
bacterial community structures under field conditions and
between sites located more than 200 km apart. While
there is a gross similarity at the phylum level to the core
microbiota described for other plants, in which
Proteobacteria dominates as the major constituent
(Lundberg et al. 2012; Edwards et al. 2015), there are
clearly distinct preferences for bacteria classes at the
family and genus levels in the three types of plant tissues
examined here. The differential enrichment of particular
genera of bacteria in duckweed, as well as between aerial
and root tissues of rice, likely reflects the varied roles that
the associated microbiota plays in the particular plant
species or rice tissues. While distinct plant microbiota
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community structures have been reported before
(Larousse et al. 2017; Walters et al. 2018), the mecha-
nism for the differential enrichment of particular genera
in various species or tissue context remains unclear.
There are at least two levels of selective enrichment that
can operate to generate the apparent diversity from a
common microbial reservoir: 1) differences in microbe-
plant tissue interaction may affect the initial steps of
attachment and subsequent colonization by the microbe,
and 2) differences in host cell physiology and response to
microbial colonization can exert constraints on the types
of bacteria that can thrive in a particular niche.

We examined the first possibility by testing Pantoea
strains cultured from the aerial tissues of rice on duck-
weed for their ability to attach to plant tissues under
laboratory conditions. Using a PCR-based attachment
assay, we showed that the majority of the Pantoea
strains isolated can attach strongly to duckweed. Con-
sequently, the near absence of this genus of bacteria in
the ambient duckweed microbiota from paddy fields is

unlikely to be a result of their inability to attach to this
plant host. Similarly, the very low levels of Pantoea
species in the rice root microbiota is also unlikely to be
due to their inability to interact with root tissues, since
two IAA-producing Pantoea strains from rice are able to
bind strongly to Arabidopsis and alter root development
under laboratory conditions. Thus, at least for the
Pantoea genus, our data would be more consistent with
a post-attachment selection model in which the local
tissue-specific context of the host would determine its
steady state abundance relative to other microbes pres-
ent in the same niche. This could involve both plant-
microbe as well as microbe-microbe interactions within
each niche that will ultimately determine the success of
colonization by a particular microbe.

One possible way that plant-associated bacteria may
promote improved plant functions is through the pro-
duction of phytohormones, such as the auxin IAA, that
can help reprogram host-encoded pathways for abiotic
stress tolerance, nutrient acquisition and disease

a b c dFig. 6 Structural and
functional characteristics of
culturable bacteria isolated
from duckweed and rice. a
Neighbor Joining tree constructed
based on bacterial 16S rRNA
gene sequence. Symbol shape
indicates site and symbol color
indicates sample type (rice aerial
tissue, RA; rice root, RR;
duckweed, DW; and soil, SL). b
Bacterial producers of indole
related compounds where tick (√)
indicates high and cross (×)
indicates low or undetectable
levels (Table S3). LC-MS mass
spectrum validation is shown in
Fig. S6 and Arabidopsis root
growth assay is shown in Fig.
S12. c Duckweed attachment as-
say attachment strength: strong
(+++), moderate (++), weak (+)
and no significant attachment (-);
absence of symbol indicates strain
was not tested. Attachment results
for the Pantoea genus are shown
in Fig. 7; all others are shown in
Fig. S10. d Bacteria classification
at genus level. The scale bar in-
dicates the average number
of substitutions per site
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resistance (Berg et al. 2015). In addition to phytohor-
mones that could be produced by plant-associated bac-
teria, there are likely additional signaling molecules that

mediate communication between the host plant and
different microbes that can further modify the pheno-
typic outcome of the interaction (Hassani et al. 2018;
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Stringlis et al. 2018). Nevertheless, the results from our
functional characterization of five IAA-producing bac-
teria strains in this study are consistent with their poten-
tial role as PGPBs that could enhance lateral root devel-
opment in land plants, as well as forming stable associ-
ations either as epiphytes or endophytes on duckweed.

In addition to the distinctive bacterial community
structures described here for duckweed and the two rice
tissues from multiple paddy fields, we also identified
254 shared OTUs that were found in all tissue samples
examined. Interestingly, the large majority of these
highly conserved OTUs maps to the Comamonadaceae
family, which has recently been merged with the
Burkholderiaceae family (Parks et al. 2018). While this
group of microbes is dominant in duckweed, they are
less prominent in rice tissues (Fig. 4b, Fig. S4b). Nev-
ertheless, a recent functional study with synthetic com-
munities in Arabidopsis has identified this family as one
of the key players in orchestrating anti-fungal activities
in association with more robust plant health (Durán et al.
2018). As we have found in this study, the conserved
association and prominent representation of
Comamonadaceae genera within plant tissues of both
rice and duckweed from paddy fields suggest the possi-
ble importance of this bacteria family for plant health in
the field as well. For duckweed, the high representation
of this family of bacteria may indicate its increased
importance for the lifestyle of this aquatic macrophyte
and may correlate with the predicted increase of meta-
bolic potential in the bacteria microbiota of duckweed
for xenobiotic degradation and amino acid metabolism
(Fig. S5).

One potential confounding issue that may influence
the interpretation of our results from soil is the necessity
of using a specialized DNA extraction kit for nucleic
acid isolation from these environmental samples, which
may potentially result in differential extraction of DNA
from the different bacterial phyla present. The difficulty
in performing DNA isolation from soil, relative to plant
tissues, is exemplified by the low yields in sequence
reads from these samples. Consequently, the derived
ratios between the respective bacterial phyla within the
soil are likely to be estimates at best. Nevertheless, the
similar patterns observed from soil samples of the three
sites would indicate that the relative levels for the major
phyla revealed from our data analysis are likely to be
reasonable approximations.

Microbial attachment to plants was investigated in
this study using a generic bacterial primer set for 16S-

23S intergenic spacer region to detect the presence of
bacteria on the plant tissue while a single-copied LEAFY
gene of the plant was used as a reference gene to
normalize for the quantity of DNA used. This provides
a relatively scalable assay that can be systematically
deployed to examine plant-microbe interactions under
a variety of conditions. In contrast, the most commonly
used approaches for measuring microbial attachment to
plant tissues involve microscopy and/or colony
counting, both of which are labor intensive and time
consuming. Previous studies have shown that certain
concentrations of ethanol, NaClO (i.e. bleach) or
Tween-20 can sterilize the surface of roots and seeds
(Koeppel and Wu 2013). Our PCR-based method uses
gnotobiotic duckweed and Arabidopsis as model plants
and uses chemical treatments to define surface accessi-
bility and differentiate between plant-microbe interac-
tions of different strengths. With this approach, our
present work has provided evidence that the selection
for stable colonization of Pantoea species in rice aerial
tissues and not in duckweed most likely occurs after the
attachment of members of this bacterial genus onto the
plant and may be the result of the host tissue context as
well as competition with other microbes in the same
niche.

In this work, we have begun to establish rice root-and
leaf-derived microbiota culture collections with strains
representing the majority of bacterial species that are
reproducibly detected by culture-independent commu-
nity sequencing. This will augment the collection of
duckweed-associated bacteria described previously
(Gilbert et al. 2018). In parallel, we are systematically
cataloguing their potential for IAA production and abil-
ity to attach to plants, using gnotobiotic Arabidopsis and
duckweed as our model systems. While it would have
been more ideal to use rice plants as a test system for the
microbes isolated from rice tissues, the small size and
rapid growth of the model plant systems such as duck-
weed and Arabidopsis make them more amenable for
large-scale studies. Nevertheless, it is important to fur-
ther test our model in the future by using rice plants
grown under laboratory conditions to directly examine
the tissue-dependent attachment and colonization effi-
ciency of these strains. As the recent studies with syn-
thetic communities in Arabidopsis have illustrated (Bai
et al. 2015), a robust bacterial community that can be
stably established in the target plant would set the stage
for testing whether their presumed beneficial roles can
be reproduced under laboratory conditions and
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eventually transferred to their hosts under field condi-
tions. The resources and data produced by our work here
laid the foundation for this approach to improve rice
production via management of the microbiota in paddy
fields.
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