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Abstract
Background: Plant endophytic bacteria colonize plants’ internal tissues and interact with plants more
closely than do epiphytic or environmental bacteria. However, the community structure of such
endophytic bacteria could not be e�ciently deciphered, and the microbiota abundance could not be
quanti�ed through absolute quanti�cation. Application of 16S rRNA gene sequencing to characterize the
plant endophytic community is greatly hindered by the high sequence identities among bacterial 16S
rRNA, plant mitochondrial 18S rRNA and chloroplast 16S rRNA genes. This makes it di�cult to identify
bacterial sequences among total DNAs extracted from plant material.

Results: We designed PCR primer sets that are able to speci�cally amplify bacterial DNAs, even when
there are very few bacteria colonizing the plant material. We computationally and experimentally
evaluated the speci�city, coverage, and accuracy of the newly designed primer sets (322F/796R and
799F/1107R) and two widely used primer sets (338F/806R and 799F/1193R). When applied to a same
planting-soil community through next generation sequencing (NGS), the four different primer sets
revealed similar high-abundant taxa composition with variation in taxa abundance. Primer sets
amplifying the same 16S variable regions generated more comparable sequencing results. When applied
to a rice endo-bacteriome, both 799F/1107R and modi�ed 322F-Dr/796Rs (Primer pair 322F/796R with a
penultimate-base substitution in 322F) produced plant DNA-free bacterial amplicon libraries. Primer
322F-A/796R was then used through NGS to decipher the rice endo-bacteriomes. The rice root and leaf
endo-bacteriomes shared 66.36% OTU identity but enriched different bacterial species. Within the same
host genotype and soil type, the root endo-bacteriome was more stable than the leaf endo-bacteriome
across individual plants. 322F-A/796R was used through absolute quantitative PCR to quantitate the
population size of leaf or root endophytes, which revealed 106–107 and 109–1010 bacteria per gram fresh
weight, respectively.

Conclusions: This is the �rst study to develop plant DNA-free bacterial 16S ampli�cation methods. The
newly designed primer sets combined with NGS deciphered the rice endo-bacteriome structure, and
absolute quantitative PCR quantitated the size of the endobacterial population. The protocols developed
here are suitable for various plants, will signi�cantly advance studies on plant endo-bacteriomes.

Background
Endophytes are microbial symbionts that live inside the plant for the majority of their life cycle without
any detrimental effects on their host [1–3]. Endophytes are generally isolated from plant materials after
surface sterilization. Inside plant tissues, endophytes mainly colonize the intercellular spaces [4]. A few
endophytes, such as Rhizobium, live inside the plant cells. Compared with bacteria living on plants’
surfaces and in the environment, endophytes that live inside plant tissues are less affected by
environmental conditions. Therefore, when endophytes carry a genetic character that bene�ts the plant,
the bene�cial effects can be directly and e�ciently exerted on the host.
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To obtain the full structure of the endophytic bacterial community (hereafter, the “endo-bacteriome”) is
important for study of the endo-bacteriome function under a clear background. Two methods have been
used to determine bacterial composition and abundance in endo-bacteriomes: culture methods and non-
culture methods. However, because many plant endophytic bacteria are not culturable for isolation and
quanti�cation, culture methods cannot give an accurate overview of plants’ endo-bacteriomes. High-
throughput sequencing and bioinformatics tools have the potential to reveal the full structure of plant
endo-bacteriomes. Next-generation sequencing (NGS) of the 16S rRNA gene (16S) has been widely used
to decipher microbiomes associated with humans and other animals, soil, plants, and various
environmental niches [5–11]. By amplifying all 16S sequences from a sample and sequencing the
acquired 16S amplicon library, the complete bacterial composition and the relative aundance of each
bacterium can be determined [12–15]. However, this non-culture method is still not suitable for analyses
of the plant endo-bacteriome because of the high sequence identity among bacterial 16S, plant Mt18S
and Ct16S sequences. In a few previous studies, bacterial cells have been enriched from plant tissues by
washing and vortexing [16, 17] or the host DNA has been �ltered out from the sequencing results [12, 18–
21]. However, the former approach inevitably leads to an incomplete collection of endophytes, and the
latter results in limited sequencing depth and low coverage of bacterial communities. For example, when
the primer pair S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21 was used to amplify rice endophytes, only
310 tags from a stem sample and 1,771 tags from a shoot sample were acquired [18]. The design of
plant organellar DNA-free and bacterial 16S-speci�c PCR primers with high bacterial coverage is one of
the keys to resolve this problem.

The bacterial 16S contains nine hypervariable regions (V1–V9) along with highly conserved sequences
between these regions. The overall identities among bacterial 16S, plant Mt18S and Ct16S exceed 70%
and are even higher in the conserved regions. The commonly used PCR primers, for example, primers
564F/785R [6, 22] and 515F/806R [12, 23] that amplify the 16S V4 region, 27F/338R [24, 25] ampli�es the
V1–V2, 341F/785R [21] and 338F/806R [26] amplify the V3–V4 regions, and 515F/907R [27] ampli�es the
V4–V5 regions, have the primer sequences 100% identity to the plant Mt18S or Ct16S. As a result, PCR
ampli�cation with these primers resulted in co-ampli�cation of high-proportion plant DNAs. The most
commonly used primer pair for plant-associated microbiota is 799F/1193R that ampli�es the 16S V5–V7

regions [15, 19, 28, 29]. This primer pair is e�cient in producing Ct16S-free amplicons and excludes
Mt18S via removal of the ~ 350 bp-longer amplicons produced from most plants [15, 28, 30]. However,
this primer pair is not suitable for rice endophytes because there is only a ~ 50-bp difference in length
within this ampli�cation region between rice Mt18S and bacterial 16S. Moreover, when the endophytes
are much less abundant than the plant mitochondria, the bacterial 16S cannot be e�ciently ampli�ed [31,
32]. At present, it is still not possible to e�ciently access the rice endophytes by using the plant whole-
genomic DNA as PCR templates.

In this study, using rice as a model, we designed new PCR primer sets to speci�cally amplify bacterial 16S
sequences from total DNA extracted from rice, thus providing clean bacterial amplicon libraries for next-
generation sequencing. Even when only a few bacteria were present in a plant material, the bacterial
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community composition could be determined. Using these newly designed primer sets, we determined the
composition of rice leaf and root endo-bacteriomes. The rice leaf and root endo-bacteriomes shared more
than 60% identity at the operational taxonomic unit (OTU) level, but their structures were very different.
Compared with the leaf endo-bacteriome, the root endo-bacteriome was more stable among individual
plants of the same genotype growing in the same environment. We quantitated the endobacteria of rice
leaf and root. In greenhouse-grown rice plants, the size of the endophyte population in the root was 109–
1010 bacteria per gram fresh weight, which was much larger than that in the leaf (106–107 bacteria per
gram fresh weight).

Methods

Sampling of planting soil and rice tissues
Soil from a rice �eld in Shunyi, Beijing, China, was collected in September 2017 using shovels to gather
50-ml samples at a depth of approximately 10 cm below the ground. The sampling sites of the three soil
samples were 3 m apart. The soil samples were immediately placed in liquid nitrogen and then
transported to the lab for storage at −80 C until DNA was extracted within one week. Oryza sativa spp.
Japonica cv. Nipponbare (referred to as ‘Nipponbare’ in this work) was used as the model plant in this
work. Nipponbare plants grown in greenhouse for �ve weeks were collected for endo-bacteriome
sequencing. The attached soil was removed from the plants by washing with ddH2O three times. Leaf or
root samples from each rice plant were placed into a 50-ml Falcon tube, washed in 75% ethanol for 5 min
and then in 0.1% Tween20 (mixed in ddH2O) on a shaking platform for 5 min at 180 rpm, followed by
washing four times in ddH2O. The obtained leaves or roots were used as leaf- or root-endosphere
fractions for analysis of the microbial commensals. 

Scanning electron microscopy
We conducted scanning electron microscope (SEM) analyses to determine whether bacteria were still
present on the surface of rice root and leaf samples after surface sterilization. The surface-sterilized roots
and leaves were �xed in 4% paraformaldehyde at 4 ℃ for 3–7 days and then washed with ddH2O three
times (for 6, 7, and 8 min, respectively). The �xed samples were dehydrated in a graded ethanol series
(50%, 70%, 85%, 95%, and 100%; 15 min immersion at each concentration). The dehydration in 100%
ethanol was repeated three times. After dehydration, the specimens were critical-point dried with liquid
CO2 (Leica EM CPD300; Leica, Hanau, Germany) and sputter coated with gold-palladium (E-1045 ion
sputter; Hitachi, Tokyo, Japan). The samples were viewed under a Quanta200 SEM (FEI, Hillsboro, OR,
USA).

DNA extraction from planting soil or plant tissues
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Planting soil DNA was extracted using Power Lyzer™ PowerSoil® DNA Isolation Kit (MoBio) (MoBio
Laboratories, Carlsbad, CA, USA) in accordance with the protocols provided by the manufacturer. The leaf
and root samples were ground to a �ne powder in liquid nitrogen and then 50 mg of the ground sample
was added to a 2.0 ml centrifuge tube. The samples were suspended in 567 µl of 1×TE buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8.0) and the suspensions were thoroughly mixed by vortexing. Plant and
bacterial cells in the mixture were disrupted by incubation with 30 µl of 10% SDS, 20 µl of proteinase K
(100 μg/ml AMRESCO Solon USA) and 2 µl RNase (100 mg/ml; Tiangen Biotechnology Co., Ltd., Beijing,
China) for 1 h at 37 C, followed by incubation with 100 µl of 5 M NaCl and 80 µl of CTAB/NaCl solution
(700 mM NaCl and 10% CTAB in ddH2O) for 10 min at 37 C. Genomic DNA was puri�ed by
phenol:chloroform:isoamyl alcohol extraction and chloroform:isoamyl alcohol extraction. DNA was
precipitated by adding 0.7 volumes of isopropanol and washed with 70% ethanol. After drying, the DNA
pellet was dissolved in ddH2O.

Design of plant DNA-free bacterial 16S ampli�cation
primers
The bacterial 16S sequences were obtained from the EZBioCloud database. The bacterial strains were
searched for in the “Taxonomy” (https://www.ezbiocloud.net/taxonomy) column of the Dashboard of
Prokaryotic Diversity. In total, 33 16S sequences representing 33 species from four phyla, Proteobacteria,
Actinobacteria, Bacteroidetes, and Firmicutes, were obtained. The Ct16S and Mt18S of several plants,
including O. sativa, Z. mays, and A. thaliana, were obtained from NCBI databases. Multiple sequence
alignment of the 33 bacterial 16S and the Ct16S and Mt18S was performed using the CLUSTALW
program. After alignment, the bacterial 16S-speci�c and plant organellar DNA-free PCR primers were
designed in accordance with the following primer design criteria:

The primer sequence is in the highly conserved regions of bacterial 16S;

The primer length is between 17 and 25 bp, and the annealing temperature is between 50 C and 60
Annealing temperatures were calculated with the Oligo calculator;

The 3′ end of each primer should be an exact match to the bacterial 16S but mismatch to the plant
Mt18S or Ct16S;

Fewer than two mismatches between a primer and its bacterial 16S template, but more than three
mismatches between a primer and the Mt18S or Ct16S template.

No signi�cant sequence homology between the designed primer and the plant Mt18S or Ct16S at
positions beyond the designed regions.

After primer sequences had been designed, the forward and the reverse primers were respectively named
in accordance with the position of the �rst and the last nucleotide in the 16S rRNA gene of Escherichia
coli DSM 30083 (GenBank accession number: JMST01000030). The primer 799F is not designed in this
study, and its naming method is not the same.

https://www.ezbiocloud.net/taxonomy


Page 6/30

Design of plant DNA-free bacterial 16S ampli�cation primer
pairs suitable for the Illumina next-generation sequencing
platform
The primers designed as described above were paired according to amplicon length, speci�city for
domain bacteria, overall coverage and capacity for being free of plant organellar DNA.

Amplicon length. According to the Illumina next-generation sequencing platform, the amplicon length
is less than 500 bp;

Speci�city for domain Bacteria. The primer pairs should be speci�c to the domain Bacteria;

Overall coverage. At two-mismatch stringency, the overall coverage for the domain Bacteria should
more than 75%;

Plant organellar DNA-free ampli�cation. For one-step PCR, the primer pairs should avoid both Mt18S
and Ct16S co-ampli�cation. For nested PCR, the primer pair for the �rst round of PCR should avoid
Mt18S or Ct16S co-ampli�cation, while that for the second round of PCR should avoid Ct16S or
Mt18S.

After the suitable primer pairs had been established, the ampli�cation e�ciency was assayed by PCR
using plant whole-genomic DNA (containing bacterial DNA) as a template.

In silico evaluation of primers and primer pairs
Primer evaluation was based on the nonredundant SILVA SSU (small subunit rRNA gene) reference
database (release 132) (referred to here as ‘SSU r132’) containing 675,860 SSU sequences, including
575,268 Bacteria, 75,716 Eukaryota and 24,876 Archaea sequences. For SSU Ref, bacterial and eukaryotic
sequences must be at least 1,200 bases in length, while archaeal sequences must be at least 900. The
Ref NR (non-redundant) dataset is created by clustering at 99% (up to SILVA 108) and 98% (SILVA 111)
sequence identity using UCLUST [33]. For each cluster, only the longest sequence is kept. Sequences from
cultivated species including type strains and multiple operons are preserved in all cases to serve as an
anchor for taxonomy. It was recommended that the resulting SSU Ref NR dataset be used as the standard
SILVA reference dataset.

SILVA Probe Match and Evaluation Tool, TestProbe 3.0 (https://www.arb-silva.de/search/testprobe/), was
used to detect all occurrences of a given primer sequence in the SILVA databases. The maximum number
of mismatches should be set as zero, one or two. Primer pairs were evaluated using TestPrimer 1.0
(https://www.arb-silva.de/search/testprime/) by running an in silico PCR using the ‘ARB PT server’ [34] on
the SILVA databases, the same as described above. The stringency for the primer pair was set at three
levels: zero, one or two mismatches. For the 3′ end of the primer, a perfect match was required.

https://www.arb-silva.de/search/testprime/
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For each primer or primer pair and stringency level, the database entries were sorted into three groups:
match, mismatch, and no_data. The last group contained all sequences for which no clear decision could
be made. Typically, this is the case when the sequence in question does not cover the primer match
position. The coverage values are then computed for each taxonomic unit by dividing the number of
matched sequences in that group by the number of matched or mismatched sequences.

16S rRNA gene ampli�cation
Platinum Taq DNA polymerase (Invitrogen, USA), which has no proofreading function (no 3′-5′
exonuclease activity), was used in all of the 16S rDNA ampli�cation experiments to decrease the
probability of DNA elongation from an incorrect base pair located at the 3′ end of the primer. Primer pairs
used for 16S V3–V4 ampli�cation included 322F/796R, 322F-A/796R, 322F-C/796R, 322F-T/796R, and
322F-H/796R. Primer pair 799F/1107R was used for 16S V5–V6 ampli�cation. PCR reaction mixtures
were made in a volume of 50 μl containing 200 μM dTNPs, 0.2 μM of each primer, 2U Platinum Taq DNA
polymerase, 1.5 mM MgCl2 and 1× PCR buffer. The concentration of template DNA depends on the
sample type, including 200 ng/50 μl for plant leaf DNA or rice callus DNA, 30ng/ μl for root DNA, and 10
ng/50 μl for soil DNA. The following PCR conditions were used: initial denaturation at 94°C for 2 min,
followed by 26 (soil) or 34 (rice leaf, root or callus) cycles consisting of denaturation (94 °C for 30 s),
annealing (30 s, for temperatures, see Table 1) and extension (72 °C for 30 s) and a �nal extension step
at 72 °C for 5 min. The reactions were run on a 1% agarose gel to ensure that the ampli�cation was
successful.

Illumina next-generation sequencing
The primer barcode sequences used in all high-throughput sequencing were synthesized by Majorbio. The
PCR ampli�cation was performed in our lab according to the reaction mixtures and PCR conditions
described above. The annealing temperature remained the same as for the corresponding primer pair
without a barcoding sequence. The ampli�cation e�ciency and speci�city were analyzed by subjecting 3
μl of PCR products to agarose gel electrophoresis (2% agarose gel, 5 V/cm). The quantity and quality of
DNA were analyzed using BioTek Synergy2 (BioTek Instruments, Inc., Winooski, VT, USA). PCR products
with a single band on agarose gel electrophoresis, the correct size and a concentration >1 ng/μl were
used in the following sequencing experiments.

Puri�cation of the PCR products and construction of the amplicon libraries were performed at Majorbio
Bio-pharm Technology Co., Ltd. (Shanghai, China) (referred to as ‘Majorbio’ hereafter) and the amplicon
libraries were sequenced using the Illumina Miseq PE300 platform. Using the 300-bp paired-end (PE)
MiSeq protocol generates 300-bp PE reads and the paired reads would be merged into a sequence
according to the overlap between PE reads. The minimum overlap length is 10 bp. The obtained sequence
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length would be up to 600 bp containing up to 550 bp of 16S/18S-rDNA sequence. A maximum
mismatch ratio of 0.2 was allowed in the overlapping area of the spliced sequence.

Sequences with a quality score lower than 20 were discarded [35]. Short reads were merged into tags
using Fast Length Adjustment of Short Reads (FLASH, v. 1.2.11) [36]. Effective tags were grouped into
OTUs by clustering them based on a sequence similarity score of 97% using the Usearch program v.
7.0.1090 [37]. Single OTUs and chimeras were removed during clustering. Taxonomic classi�cation of the
representative sequence for each OTU was performed using QIIME’s version
(http://qiime.org/scripts/assign_taxonomy.html) of the Ribosomal Database Project’s classi�er (version
2.2 http://sourceforge.net/projects/rdp-classi�er/) [38] against the SILVA database (Release 128,
http://www.arb-silva.de) using the default parameters. All OTUs identi�ed as belonging to chloroplasts
and mitochondria were included in the dataset. The community composition of each sample was
annotated at each classi�cation level, namely, domain, phylum, class, order, family, genus, and species.
OTUs of all samples of each project were normalized by the minimum number of sample sequences
(Table S1) and were then used for subsequent analysis. All data analysis was performed on the free
online platform, Majorbio I-Sanger Cloud Platform (www.i-sanger.com).

Quantitative PCR to determine bacterial abundance in rice
tissues
Relative quanti�cation was performed to estimate the number of bacterial endophyte cells relative to the
number of rice cells. We extracted DNA from surface-sterilized plant tissues and used the primer pair
322F-A/796R to amplify the bacterial 16S sequences. The OsActin gene was used as an internal
reference gene to determine the number of plant cells and was ampli�ed using the primer pair OsActin-
F/OsActin-R. We conducted SYBR-Green-based quantitative PCR (qPCR) according to the manufacturer’s
instructions (Bio-Rad, Hercules, CA, USA).

We also quanti�ed bacterial cells in rice plant materials using a standard curve method. First, a standard
curve was created as follows: total DNA was extracted from rice callus containing no or very few bacteria,
and then the DNA concentration was adjusted to 100 ng/µl with ddH2O. Fresh cultured E. coli DH5α cells

were washed with ddH2O and suspended in ddH2O (�nal concentration, 1010 cells/ml). The bacterial
solution was boiled in ddH2O for 10 min to release DNA into the supernatant. After centrifugation at
13,000 × g for 1 min, the supernatant was collected. One microliter of this DNA solution corresponded to
the total genomic DNA from 107 E. coli cells. This DNA solution was serially diluted ten-fold so that 1 µl
of each DNA solution corresponded to genomic DNA from 106, 105, 104, 103, and 102 E. coli cells. Each of
the E. coli DNA dilutions in 1 µl ddH2O was then mixed with 1 µl 100 ng/µl rice callus DNA. The six DNA
dilutions were PCR-ampli�ed using the primer pair 322F-A/796R to construct the standard curve. A
standard curve was also constructed for the endogenous reference gene. The OsActin gene, which was
ampli�ed using the primers OsActin-F/OsActin-R, was used as the internal control to standardize the

http://qiime.org/scripts/assign_taxonomy.html
http://sourceforge.net/projects/rdp-classifier/
http://www.arb-silva.de/
http://www.i-sanger.com/
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amount of plant DNA added to the reaction. Each concentration gradient was established with an internal
reference reaction and three repeated reactions. The 25-µl SYBR-Green-based qPCR mixture comprised
12.5 µl 2× iQTM SYBR Green Mix, 2 µl DNA template (1 µl rice callus DNA + 1 µl bacterial DNA), 0.5 µl
primer pair, and 9.5 µl ddH2O. After running each qPCR, the standard curve of the Log value of bacterial
cell numbers and the corresponding Ct value was generated.

 Next, we determined the DNA extraction loss rate. Rice callus (50–100 mg) was placed in a 2 ml sterile
Eppendorf tube, and then sterilized steel balls were added to the tube to break the callus. Freshly cultured
E. coli DH5α cells were washed with TE buffer and then suspended in TE buffer to a �nal concentration of
109 cells/ml. The bacterial solution was serially diluted ten-fold to obtain bacterial solutions at
concentrations of 108 – 10 cells/ml. Then, 250 µl of each bacterial solution was added to the broken
callus cells, and then TE buffer was added to obtain a total volume of 567 µl. The DNA was extracted as
described above and then dissolved in 50 µl ddH2O. The above experiments were repeated three times to
obtain three sets of gradient DNA dilutions. Each DNA sample was used as one PCR template for
ampli�cation with either 322F-A/796R or OsActin-F/OsActin-R. The 25-µl SYBR-Green-based qPCR
mixture comprised 12.5 µl 2× iQTM SYBR Green Mix, 1 µl DNA template, 0.5 µl primer pair, and 10.5 µl
ddH2O. After running the q-PCR reaction, the Ct value was substituted into the standard curve to calculate
the Log value of the bacterial number, and then it was compared with the known number of added
bacteria to calculate the DNA extraction loss rate.

Results

Primer design and in silico evaluation of primer coverage
To design PCR primers that speci�cally amplify the bacterial 16S, sequence alignment was performed
using plant Mt18S and Ct16S and bacterial 16S. Because plant bacterial microbiota is mainly composed
of Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes [19, 29, 39, 40], we selected 33 species
from these four phyla (Fig. S1A) and aligned the corresponding 16S with Mt18S and Ct16S of several
plants, including O. sativa, A. thaliana, and Zea mays. The primer selection criteria included the following:
the 3′ end should be an exact match to bacterial 16S but mismatch to Mt18S or Ct16S, with fewer than
two mismatches between a primer and its bacterial 16S template. Four primers with a mismatch(es) at
the 3′ end to either Mt18S or Ct16S were selected, including 322F with one mismatch to Mt18S, 796R with
two mismatches to Ct16S, 799F [30] with two mismatches to Ct16S and 1107R with three mismatches to
Mt18S (Fig. 1A and S1B).

According to the up to 500-bp read-length of the amplicons by the Illumina Miseq PE300 platform, the
designed primers could be combined into two sets of PCR primers, which include 322F/796R which
ampli�es the bacterial 16S V3–V4 regions generating an amplicon length of about 454 bp and
799F/1107R which ampli�es the V5–V6 regions of about 308 bp (Fig. 1B). We then evaluated the overall
coverage of the primer pairs and their speci�city to domain Bacteria. Probe sequences were blasted
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against the nonredundant SSU r132 using TestProbe 3.0 with the default settings, while sequences of the
primer pairs were blasted against the SILVA Database SSU r132 using TestPrimer 1.0 with the default
settings. As shown in Table 1, all the four primer pairs are speci�c to domain Bacteria. At zero or one-
mismatch stringency, primer pair 322F/796R showed overall coverage higher than 799F/1107R.

Experimental evaluation of designed primer pairs using soil
samples
Soil microbiota was used as the material to compare the overall coverage and accuracy of each primer
pair in deciphering a microbiota structure. Soil represents the most diverse ecosystem on earth, with
exceptionally high bacterial species diversity. Planting soils are colonized by bacterial communities with
more abundant bacteria and wider species diversity than those of bacterial communities on and inside
plants. It is generally believed that the bacteria inside plant roots and leaves are mainly derived from the
soil through root absorption [12, 32, 41, 42]. Meanwhile, planting soil does not contain any plant DNA that
would affect bacterial-16S ampli�cation. Using planting soil as the material, the designed primer sets
were compared experimentally with the widely used primer pairs 338F/806R and 799F/1193R.

We extracted DNA from soil samples and conducted PCR using the protocol described above. The
amplicon libraries were sequenced using the Illumina Miseq PE300 platform. In total, the four primer sets
revealed 7,656 OTUs. Because the four primer sets ampli�ed different 16S rDNA regions, the four 16S
amplicon libraries did not share any identity at the OTU level (Fig. 2A). At the genus and phylum levels,
the four 16S amplicon libraries shared 48.06% and 75.96% identities, respectively (Fig. 2B and C). When
the same or similar 16S regions were ampli�ed, the amplicon libraries shared higher identities. At the
OTU, genus, and phylum levels, the amplicon libraries obtained using 322F/796R and 338F/806R shared
70.27%, 82.28%, and 90.48% identity, respectively, and those obtained using 799F/1107R and
799F/1193R shared 63.87%, 77.85%, and 90.48% identity, respectively. These results indicated a better
comparability when the same 16S variable regions were ampli�ed.

Community β-diversity was analyzed by principal coordinate analysis (PCoA) based on Bray–Curtis
distances. At the OTU level, the �rst principal coordinate accounted for 70.44% of the variability, and the
samples with different 16S variable-region ampli�ed were separated along that axis (Fig. 2D). Samples
primed with the V3–V4 primer sets, including 338F/806R (Fig. 2D, red circle) and 322F/796R (Fig. 2D, blue
triangle), clustered together. Those samples were separated from those primed with the V5–V7 and V5–V6

primer sets. The clustering pattern was similar at the species and genus levels (Fig. 2D). Because host
compartment, environmental factors, and host genotype determine the diversity of microbiota
composition at lower taxonomic ranks [12, 43, 44], that is, at the genus and species levels, it is better to
use primers targeting the same 16S variable regions to produce more comparable sequencing results.

At various taxonomic levels, the four primer sets revealed similar community composition, especially the
predominant taxa. However, some taxa exhibited differences in relative abundance among the different
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amplicon libraries, and a few low-abundant taxa were undetectable using some of the primer sets (Fig.
2E–F). At the phylum level, ampli�cation with each primer set revealed the same four predominant phyla:
Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes (Fig. 2E). These four phyla constituted
85.68% (322F/796R), 81.61% (799F/1107R), 80.30% (799F/1193R), and 71.80% (338/806R) of the 16S
amplicons. Among the four main phyla, Proteobacteria had the highest relative abundance (>30%),
followed by Firmicutes (17%–20%) (Fig. 2E). The four primer sets revealed six other phyla with relative
abundance of >1%: Acidobacteria, Chloro�exi, Nitrospirae, Verrucomicrobia, Gemmatimonadetes, and
Patescibacteria. Among them, Chloro�exi exhibited signi�cantly higher relative abundance in the
338F/806R 16S amplicon library (11.61%) than in the amplicon libraries obtained using the other three
primer sets (less than 5%). A few phyla were ampli�ed by only some primer sets, for example,
Verrucomicrobia was not detected by 322F/796R and constituted 1.62%–3.53% relative abundance in the
other three amplicon libraries (Fig. 2E).

At the class level, ampli�cation using each primer set revealed seven highly abundant classes:
Gammaproteobacteria, Deltaproteobacteria, Actinobacteria, Clostridia, Bacteroidia, Alphaproteobacteria,
and Bacilli (Fig. 2F). The relative abundance of each class in the soil microbiota resolved by different
primer sets is close to each other and the total abundances of the seven classes constituted 82.91%
(322F/796R), 79.12% (799F/1107R), 76.51% (799F/1193R), and 69.77% (338F/806R) of the 16S
amplicons. There were eight other classes whose relative abundance is over 1%. Ampli�cation preference
was observed among these classes, and it corresponded to that observed at the phylum level. For
example, the class Anaerolineae (phylum Chloro�exi) exhibited signi�cantly higher relative abundance in
the 338F/806R 16S amplicon library (9.998%) than in the other three amplicon libraries (<2%). Class
Subgroup_6 (phylum Gemmatimonadetes) was only detected using the primer pair 338F/806R. Class
Verrucomicrobiae (phylum Verrucomicrobia) was not detected using the primer pair 322F/796R (Fig. 2F).
These differences are summarized in Supplementary �le 1: Fig. S2.

Because Chloro�exi exhibited high relative abundance in the 16S amplicon library obtained using
338F/806R (Fig. 2E and Fig. S2A), we analyzed this phylum at various lower taxonomic levels to explore
its composition (Fig. S2B–D). Anaerolineae was the main detected class in Chloro�exi (Fig. S2B). At the
order level, SBR1031, which belongs to Anaerolineae, was ampli�ed only by the primer pair 338F/806R,
while Anaerolineales was ampli�ed by 338F/806R (40.65%) and 799F/1193R (1.10%) at very different
relative abundance. The high abundance of SBR1031 and Anaerolineales was the reason for the high
abundance of Chloro�exi detected by 338F/806R. Dehalococcoidales, which belongs to Dehalococcoidia,
was much more abundant in the libraries obtained using 799F/1193R (14.63%) and 322F/796R (6.05%)
than in those obtained using 338F/806R (<1%) and 799F/1107R (<1%) (Fig. S2C).

De�nition of rice root and leaf endophytic bacteria
We observed root and leaf surfaces by SEM to determine whether any surface bacteria remained after
surface sterilization. The results showed that it was easy to obtain bacteria-free leaf surfaces using a
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standard surface sterilization method. In the SEM analyses, there were no bacteria attached to the leaf
surface or in and around the stomata (Fig. 3A–C). In contrast, many bacteria remained tightly attached to
the root surface after surface sterilization and were mainly distributed between adjacent cells or in
grooves on the cell surface (Fig. 3D–F). This tight attachment of bacteria suggests that this may be one
invasion route for endophytes. On the basis of these results, in this study, the leaf endophytic bacteria
refer to all bacteria colonizing the internal tissues, while the root endophytes include both the bacteria
colonizing the internal tissues and those unremovable by surface sterilization.

Experimental evaluation of designed primer sets using plant
materials
The designed primer sets were applied to the rice genomic DNA template to evaluate the e�ciency in
excluding plant DNA contamination. Leaf and root samples were collected from 5-week-old greenhouse-
grown rice plants (cultivar Nipponbare), and DNA was extracted from the surface-sterilized plant
materials. PCR was performed in accordance with the protocols described above, and the amplicon
libraries were sequenced using the Illumina Miseq PE300 platform. The sequencing results indicated that
from all the plant materials, including leaf and root samples, there was no Ct16S sequence co-
ampli�cation (Fig. S3A and 3B). Except for the leaf sample ampli�ed using 322F/796R, all the other three
amplicon libraries had little (<1.8%) or no MtDNA contamination. Rice leaf samples ampli�ed using
322F/796R had 87.8% MtDNA contamination on average (Fig. 4A&B), indicating that primer 322F was
not very e�cient in avoiding Mt18S contamination. Considering the decreased e�ciency of bacterial-DNA
ampli�cation when endophytes are much less abundant than plant mitochondria [31, 32], the surface-
sterilized rice leaf might contain bacterial amounts signi�cantly fewer than the root. The large proportion
of Mt18S in the plant genomic DNA samples might be the reason for the Mt18S contamination.

After removing the Mt18S reads from the sequencing results, we compared the obtained plant endophytic
bacterial structures. At the genus level, the two 16S amplicon libraries of rice leaf endophytes shared
47.9% identity, and those of rice root symbionts shared 52.4% identity (Fig. 4C&D). At each taxonomic
level, the two primer sets revealed similar bacterial composition; however, various taxa exhibited
differences in relative abundance (Fig. S4). A few taxa were ampli�ed by only one primer set. At the
family level, both Verrucomicrobia and Pedosphaeraceae (phylum Verrucomicrobia), were only detected
by 799F/1107R at a low relative abundance (<0.4% in leaf samples and <2% in root samples). Both
Amoebophilaceae and Flavobacteriaceae were only detected by 322F/796R. All these primer-speci�c taxa
had low relative abundance (Fig. S4C).

Optimization of primer pair 322F/796R
To speci�cally amplify bacterial 16S from the plant materials, especially those containing very few
endophytes, we modi�ed the primer 322F to reduce co-ampli�cation of Mt18S, thus increasing the
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e�ciency of 322F/796R in producing plant-DNA free bacterial amplicon library from the plant materials
that contain low-abundant endobacteria. The penultimate base was changed from G (guanine) to A
(adenosine), C (cytosine), T (thymine), or H (a proportional mixture of A, C, and T); these modi�ed primers
were named 322F-A, 322F-C, 322F-T, and 322F-H, respectively. These 322F-derivatives are hereafter
referred to as “322F-Dr” (Table 1). All of these primers contained two adjacent mismatches to Mt18S at
the 3′ end. The primer sets 322F-A/796R, 322F-C/796R, 322F-T/796R and 322F-H/796R (collectively,
“322F-Dr/796Rs”) were then used to amplify bacterial 16S from rice leaf genomic DNA. As expected,
ampli�cation with each of the 322F-Dr/796Rs resulted in very little MtDNA contamination (<1.8% at the
genus level; Fig. 4E).

After removing the Mt18S sequences, we compared the taxonomic classi�cations and the α-diversity and
β-diversity revealed by 322F/796R and each of the 322F-Dr/796Rs. At the OTU level, both Ace and
Shannon’s index analyses showed no signi�cant difference among the samples primed with different
primer sets (Fig. 4F&G). These results indicated that all the 322F-Dr/796Rs, when compared with
322F/796R, did not change the ability in decipher the richness and diversity of the bacterial communities.
We then compared the β-diversity using principal component analysis (PCA) analysis at the OTU level. As
shown in Fig. 4H, the bacterial communities deciphered using 322F/796R and each of the 322F-Dr/796Rs
were clustered together, indicating the high similarity of the four primer pairs in revealing the bacterial
community structure of the same rice leaf sample.

We then compared the primer sets 322F/796R and 322F-Dr/796Rs in deciphering the community
structure of bacteria in an environmental material that is free of plant DNA interference. Total DNA
extracted from planting soil was used as template. At the OTU level, the �ve 16S amplicon libraries
shared 60.08% identity, with only 4.09% of the 16S amplicons belonging to a single ampli�cation group
(Fig. S5A). At the genus and phylum levels, the proportions of shared amplicons were 77.21% and
86.84%, respectively, while the proportions of single-group speci�c amplicons were 3.24% and 5.27%,
respectively (Fig. S5B&C). All the 322F-Dr/796Rs, as compared with 322F/796R, had similar abilities to
reveal the richness and diversity of the bacterial communities (Fig. S5D&E). In a PCA of β-diversity,
samples with the same template rather than those ampli�ed with the same primer pair grouped closer
together (Fig. S5F), indicating a weak in�uence, if any, of primer pairs on the de�nition of soil bacterial
structure.

Rice leaf and root contain different endo-bacteriomes
Using the newly designed primer set 322F-A/796R, we performed 16S NGS to compare the composition
of the rice leaf and root endo-bacteriomes. The coverage index of all samples was >0.97. Sequencing
results indicated that rice leaf and root shared 66.36% identity at the OTU level; however, the structures of
bacterial communities were very different (Fig. 5A and B). At the phylum level, the root and leaf exhibited
similar bacterial community composition but differences in the relative abundance of phyla (Fig. 5C).
Proteobacteria had the highest relative abundance in all leaf and root samples. In leaf samples, more
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than 70% 16S amplicons belonged to Proteobacteria. The phyla Bacteroidetes, Actinobacteria,
Fibrobacteres, and Firmicutes had relative abundance ranging between 2% and 5%. There were low-
abundant (<2%) Chloro�exi and Deinococcus-Thermus. In root samples, there were three predominant
phyla: Proteobacteria (44.6%), Fibrobacteres (35.7%), and Bacteroidetes (16.9%). The phyla
Actinobacteria (1.9%) and Chloro�exi (0.5%) were at low abundance. Compared with the root, leaf
enriched Proteobacteria, Firmicutes, and Deinococcus-Thermus (Fig. 5D). At the family level, the relative
abundance of many taxa differed signi�cantly between the leaf and root endo-bacteriomes (Fig. 5E).

Compared with the root endo-bacteriome, the leaf endo-bacteriome had signi�cantly lower species
richness but similar species diversity (Fig. 5F&G), suggesting that there might be large differences among
individual leaf samples. As illustrated in a Venn diagram (Fig. 5H), the six leaf 16S amplicon libraries
shared 20% identity at the OTU level, with more than 10% of the 16S amplicons belonging to a single
ampli�cation group. In contrast, the six root samples shared 50% identity at the OTU level and less than
5% of the OTUs belonged to a single ampli�cation group (Fig. 5I). PCoA indicated that the leaf samples
were more separated than the root samples, providing further evidence that the leaf endo-bacteriome was
more variable among samples (Fig. 5B).

Using PICRUSt, we explored the function of the endo-bacteriomes in the leaf and root. The rice leaf and
root endo-bacteriomes enriched very different KEGG pathways, indicative of different microbial functional
features (Fig. 5J). The level 3 KEGG pathway data indicated that the secretion system, bacterial secretion
system, two-component system, pentose phosphate pathway, bacterial motility proteins, transporters, and
�agellar assembly were more enriched in leaf samples, while the DNA repair and recombination proteins,
transcription machinery, pyrimidine metabolism, peptidases, alanine, aspartate and glutamate
metabolism, cysteine and methionine metabolism, and amino acid related enzymes were more enriched
in root samples. The level 1 KEGG pathway data indicated that environmental information processing
and cellular processes were more enriched in the leaf endo-bacteriome, while genetic information
processing and metabolism were more enriched in the root endo-bacteriome.

Together, these results suggest that the interactions between the leaf endo-bacteriome and the plant
would be more readily affected by environmental factors, whereas root endophytes have stronger
interactions with the plant and would participate more in plants’ physiological functions.

Quanti�cation of rice endophytic bacteria
Using the designed primer sets, qPCR was performed to quantify the endobacteria in the rice leaf and
root. Leaf and root samples were collected from 5-week-old greenhouse-grown rice plants (Nipponbare)
and then surface-sterilized before extracting total genomic DNA. The primer 322F-A/796R was used to
amplify the endophyte DNA. Within the rice leaf, the number of bacteria was 1/100 that of plant cells. In
contrast, the number of bacteria within root and tightly attaching onto the root surface was 10-fold that
of plant cells (Fig. 6A). It remained unclear what proportion of these root bacteria were localized inside
the root.
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Next, we used the standard curve method to quantitate the endobacteria. A qPCR standard curve was
created by using gradient dilutions of E. coli genomic DNA in 100 ng rice callus DNA as the PCR
templates. Rice callus was considered to contain no or very few bacteria. The primer pair 322F-A/796R
was used to amplify the bacterial 16S rDNA gene to create a standard curve for the bacterial number (Fig.
6B). The PCR e�ciency of 322F-A/796R was 90.55%. The DNA loss rate during extraction was 66.7%–
90%, as estimated by adding dilutions of E. coli cells to 50–100 mg plant materials before DNA extraction
and PCR ampli�cation. We calculated that the rice leaf contained endophytic bacteria at a concentration
of 106–107 cells per gram plant fresh weight (Fig. 6C). The surface-sterilized rice root contained much
higher bacterial densities (109–1010 cells per gram plant fresh weight; Fig. 6C). The low bacterial
abundance in the rice leaf might be the reason for high Mt18S DNA contamination in the amplicon library
obtained using 322F/796R.

Discussion
Bacterial endophytes are non-pathogenic bacteria that live inside plant tissues for at least part of their life
cycle [45]. Bacterial endophytes offer several bene�ts to the host plant, particularly immune priming and
growth promotion. When living inside plant, under diverse environmental conditions, bacterial endophytes
interact with the plant more e�ciently than do rhizospheric bacteria [46–47]. Endophytes have to
overcome a series of barriers before obtaining the ability to stably colonize the plant internal niches, and
this co-evolution with their hosts may mean that they are more readily selected by the host plant from the
external environment. The use of endophytic bacteria to promote plant growth or pathogen defense is a
relatively novel but promising area for the development of sustainable agriculture.

The common de�nition of endophytes is derived from a practical description given in 1997 as: those
(bacteria) that can be isolated from the surface-disinfested plant tissue or extracted from within the plant
and that do not visibly harm the plant [2]. This de�nition is more suitable for culturable endophytes. New
developments in high-throughput technologies, such as next-generation sequencing, have revealed that
microbiomes are complex and contain large proportions of unculturable bacteria. Bioinformatic tools
have made it possible to characterize the genetic and metabolic elements involved in host–microbe
interactions. The combination of culture-independent sequencing, improved culturing technologies, and
powerful image analysis have changed, and will continue to change, our concepts of endophytes.

The SEM analyses of surface-sterilized rice leaves and roots revealed many bacteria tightly attached to
the root surface that could not be removed by surface sterilization. This phenomenon has also been
observed in other studies [48]. The interactions between these bacteria and the host plant might be as
strong as those between endophytic bacteria and their host, and some of these tightly attached bacteria
may enter the plant and become endophytes. Because it is very hard or not possible to obtain root
samples free of surface bacteria for endophyte analysis, the root bacteriome analyzed in this study
included bacteria within the root and those tightly attached to the root surface after sterilization.
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At present, for most plants, the endo-bacteriome cannot be well characterized by 16S sequencing using
existing methods because of large-scale co-ampli�cation of plant organellar DNAs. For example, because
of co-ampli�cation of plant DNA, the microbial abundance in the rice endosphere was analyzed based on
the proportion of microbial 16S rRNA gene reads relative to organellar (plastidial and mitochondrial)
reads. The proportions ranged from 0.4–40.5%, indicating a high rate of co-ampli�cation of plant
organellar genes [12]. In another study, the endophytic bacteria in a rice root sample were partially
separated from large plant and fungal cells before genomic DNA was extracted; however, there were still
42.69% of the total sequenced reads corresponded to plant DNA contamination [49]. Therefore, designing
speci�c bacterial primers with high bacterial coverage is one of the keys to resolving this problem.

In this study, we designed plant organellar DNA-free and bacterial 16S-speci�c PCR primers. Three
primers, together with the primer 799F, constituted two primer sets. Both 322F and 1107R are speci�c to
bacterial 16S and have the potential to avoid the ampli�cation of plant Mt18S. Both 799F and 796R have
the potential to avoid co-ampli�cation of plant Ct16S (Fig. 1A and Fig. S1B). Thus, the two primer pairs
322F/796R and 799F/1107R have the potential to produce plant DNA-free bacterial DNA amplicons
(Fig. 1). Experimentally, the primer pair 799F/1107R did not co-amplify plant DNA. The primer pair
322F/796R did not amplify plant Ct16S, and its e�ciency in avoiding Mt18S co-ampli�cation was related
to the richness and diversity of the bacterial commensals. When the plant material contained bacteria at
high abundance with high diversity, i.e., the rice root samples, very few (< 2%) or no Mt18S sequences
were co-ampli�ed. However, when the plant material contained bacterial communities with low richness,
i.e., the rice leaf samples, plant Mt18S constituted the majority (up to 82%) of amplicons (Fig. 2C). When
we introduced a substitution into primer 322F at the penultimate base, the new primers 322F-Drs
completely avoided the ampli�cation of Mt18S sequences. Even from rice leaf samples, the bacterial 16S
could be speci�cally ampli�ed (Fig. 3).

Based on the microbiota structures revealed by the different PCR primer sets, we found that ampli�cation
using different primers provided different results for microbiota structure. Ampli�cation of different 16S
variable regions enlarged such differences. For example, when the soil microbiota was analyzed by
338F/806R, 322F/796R, 799F/1107R, and 799F/1193R, there was only 48.06% identity at the genus level.
When the same 16S variable regions were ampli�ed by different primers, the identities were higher. At the
genus level, the amplicon libraries obtained with 338F/806R and 322F/796R shared 82.28% identity,
while those obtained with 799F/1107R and 799F/1193R shared 77.85% identity. The main differences
among libraries were in the relative abundance of taxonomic groups, rather than bacterial community
composition. At each taxonomic level, the main bacteria were the same, regardless of the primers used to
obtain the library. Because bacteriomes associated with animal and environmental samples are
commonly sequenced using primers targeting the 16S V3–V4 regions [26, 50], the primer pair 322F-
A/796R was selected for the NGS and q-PCR analysis of rice endo-bacteriomes.

The results of the qPCR analyses showed that the endophytic bacterial community in the rice leaf was
much smaller than that in the root. The bacterial cell density within the rice leaf was 1/1000 of that in the
root, however, the two bacteriomes shared a large proportion of taxa and had similar species diversity.
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Compared with the root endo-bacteriome, the leaf endo-bacteriome was much more variable among
individual plants. That is, the leaf samples contained as many bacterial species as the root samples, but
a large proportion of the leaf endophytes were present at low abundance or only in a single leaf sample.
Under the same host genotype growing in the same soil type, the composition of root symbionts was
similar among different individual plants. The differences in endo-bacteriome composition among root or
leaf samples might be related to the bacterial source and density. Root symbionts are mainly derived
from soil microbiota and are present at a high density. In contrast, the leaf endophytic bacteria may
originate from the root, air, stomata, hydathodes, and/or feeding insects. Some endophytic bacteria are
present at very low densities within leaf tissues and may be opportunistic symbionts or pathogens that
have not established a successfully colonization within the plant tissue.

This is the �rst study to quantify rice leaf endophytic bacteria using a non-culture method. In the past,
neither culture nor non-culture methods have been effective for quantifying plant endophytic bacteria. A
recent study quanti�ed endophytes in leaves of Arabidopsis thaliana by separation, culturing, and colony
counting and estimated the bacterial density at about 105 CFU/g fresh weight. The density is at least 100-
fold lower than that of the epiphytes. The study have also shown that plants can control phyllosphere
microbiota to ensure plant health. For example, the Arabidopsis quadruple mutant min7�s2efrcerk1,
which is simultaneously defective in pattern-triggered immunity and the MIN7 vesicle-tra�cking pathway,
showed altered endophytic phyllosphere microbiota and a 100-fold increase in the density of endophytic
bacteria. The mutant displayed leaf-tissue damage associated with dysbiosis. In this study, we estimated
the cell density of rice phyllosphere endophytic bacteria at 106–107 CFU/g fresh weight, higher than that
estimated for the endobacteria within Arabidopsis leaves. The presence of unculturable bacteria might be
one reason for the higher endophytic bacterial density detected in our study. Our study did not quantify
the epiphytic phyllosphere microbiota. We found that when compared to the epiphytic rhizosphere
microbiota, the epiphytic phyllosphere microbiota were more easily removed by surface sterilization
treatment.

Conclusions
We designed gene-speci�c primer sets to amplify bacterial 16S rRNA without co-ampli�cation of plant
organellar 16S or 18S rRNA genes. This allowed us to determine the composition of plant endophytic
bacterial communities using plant whole-genomic DNA as the PCR template. The PCR amplicons were
suitable for next-generation sequencing using the Illumina platform. These methods will be especially
useful for analyzing plant materials that contain very few bacteria or an endo-bacteriome with a simple
structure, which are di�cult to analyze using other methods. Using the newly designed primer sets and
sequencing methods, we determined the structure and composition of the endo-bacteriome in rice leaves
and roots and quanti�ed the endophytes’ population size. These protocols are suitable for analyses of
various plants and will signi�cantly promote research on plant endo-bacteriomes.
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Figure 1

Primer design for plant DNA-free ampli�cation of bacterial 16S. A. Four primers were designed to contain
mismatch(es) at the 3′ end to either plant Mt18S or Ct16S. Only rice Mt18S or Ct16S sequences are
shown; other plants have similar sequences within aligned regions (see Figure S1B). Arrows indicate
bases that mismatch to plant Mt18S or Ct16S. Arrow(s) in red indicate mismatched base or adjacent
mismatches at 3′ end. H=A/T/C, V=G/A/C, W=A/T, R=A/G, M=A/C, K=G/T, Y=C/T. Except for primer 799F,
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other forward (322F) and reverse (796R and 1107R) primers were named according to position of �rst
and last nucleotide in 16S rRNA gene of Escherichia coli DSM 30083 (GenBank accession number:
JMST01000030). B. Primer sets and ampli�cation regions for bacterial 16S. a) Widely used primer sets.
b) Primer pair 322F/796R designed to amplify bacterial 16S V3–V4 regions while avoiding plant Mt18S
(322F, mtDNA-free) and Ct16S (796R, ctDNA-free). c) Primer pair 799F/1107R designed to amplify
bacterial 16S V5–V6 regions while avoiding plant Mt18S (1107R, mtDNA-free) and Ct16S (799F, ctDNA-
free).

Figure 2
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Experimental comparison of newly designed and widely used primer sets using soil microbiota. A–C.
Venn diagrams at OTU (A), genus (B) and phylum (C) levels. Different colors represent different primer set
groups. Overlaps represent common taxa between groups; non-overlapping portions represent unique
taxa in each group. D. Principal coordinate analysis (PCoA) based on Bray–Curtis distances indicating
that largest separation among generated microbial communities is 16S ampli�cation region (V3-V4 or V5-
V7) and second largest separation is among samples (three different soil samples). E–F. Relative
abundances deciphered using four different primer sets. E. Results at phylum level. F. Results at class
level. Taxa with relative abundance >1% are shown. Arrows indicate taxa that were differentially ampli�ed
by the four primer sets.
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Figure 3

Scanning electron micrographs of bacteria on surface of sterilized rice leaf (A–C) or root (D–F). (A–C)
Sterilized rice leaf surfaces with no bacteria visible. (D–F) Sterilized rice root surfaces with abundant
bacteria colonizing between adjacent cells or in grooves on cell surface.
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Figure 4

Experimental evaluation of designed primer sets in plant DNA-free ampli�cation. A–B. Proportion of
Mt18S in each amplicon library generated using 322F/796R and 799F/1107R. C–D. Venn diagram
showing community compositions at the genus level. Different colors represent different primer set
groups. E. Proportion of Mt18S in each amplicon library generated using 322F/796R and 322F-Dr/796Rs.
F–G. Alpha diversity indices of different groups (322F-796R and 322F-Dr/796Rs). H. Principal component
analysis (PCA) based on Bray–Curtis distances showing that all �ve different primer sets, when applied
to same leaf sample (three samples were sequenced), generated similar results for microbial community
structure. R and L, rice root and leaf, respectively. G, 322F/796R; A, 322F-A/796R; T, 322F-T/796R; C,
322F-C/796R; H, 322F-H/796R.
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Figure 5

Differences in endo-bacteriomes between rice leaf and root. A. Venn diagram showing number of OTUs
shared by rice leaf and root endo-bacteriome and those unique to either. B. PCoA based on Bray–Curtis
distances at OTU level at 97% identity. Each leaf or root sample is represented by a dot. Circle (leaf) or
triangle (root) represent different groups. C. Relative abundance at phylum level. Taxa with relative
abundance >0.5% are shown. D–E. Wilcoxon rank-sum test bar plot at phylum (D) and family (E) levels. *,
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p<0.05, **, p<0.01. F–G. Alpha diversity indices of different groups at OTU level. ***, p<0.001. NS, not
signi�cantly different. H–I. Venn diagram showing number of OTUs shared among individual rice leaf
samples (H) or root samples (I). J. PICRUSt prediction of functional composition of endo-bacteriome
within different rice tissues. KEGG Orthology (KO) functional categories and pathways that were
signi�cantly enriched in root are shown in orange; those signi�cantly enriched in leaf are shown in green.
R1-R6 and L1-L6, six root and leaf samples, respectively. R and L, rice root and leaf endo-bacteriome,
respectively.
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Figure 6

Quanti�cation of rice endophytic bacteria by qPCR. A. Relative quanti�cation of leaf and root endophytic
microbiota. Bacterial numbers were calculated from copy numbers of 16S rRNA gene ampli�ed using
primer 322F-A/796R. Plant cell numbers were calculated from copy numbers of rice Actin gene ampli�ed
using primers OsActin-F/OsActin-R. B. Standard curve generated by plotting mean Ct values versus ten-
fold serial dilutions of standard bacterial numbers over a range of concentrations from 103 to 107
CFU/ml. C. Absolute quantities of endophytic leaf and root microbiota. Bacterial density was calculated
as number of bacterial cells per mg fresh weight of rice leaf or root. Rate of DNA loss during extraction,
which was 1/10 to 1/3, was not included in these calculations of bacterial density. Mean and SD were
calculated from three independent experiments with 5 plants used in each experiment.
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