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The sheath rot rice disease is known to be associated to Pseudomonas fuscovaginae and a recent 
study on the symptomatic of sheath rot revealed that this bacterial pathogen is abundant in highland 
rice ecology cultivation in Burundi. From asymptomatic samples of sheath rice, a collection of bacterial 
isolates and culturable microbiome have been carried out. A comparison between the culturable 
microbiome and total microbiome was made. Phenotypic assays in vitro on the bacterial isolates were 
performed after identification at the genus level of each bacterial isolate by sequencing of 16S RNA 
gene. A bacterial isolate belonging to Alcaligenes genus has antibacterial activity against the rice 
sheath rot pathogen P. fuscovaginae in vitro conditions. 
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INTRODUCTION  
 
Each part of the plant (e.g. root, stem, leaf, and fruit) is 
associated with a microbial community that altogether 
form the plant microbiome. Depending on the plant part, 
the microbial community can vary considerably consisting 
of only a few species or being very diverse. Microbiome 
studies have an important  role  to  bring  insight  into  the 

composition of these communities that form the plant 
microbiome. The rhizospheric microbiome is the 
community of microbes closely associated or attached to 
the roots whereas the endosphere microbiome is the 
microbes that live inside plants in intercellular spaces 
mostly  originating  from  the rhizosphere (Edwards et al., 
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2015). The phyllosphere/epiphytic microbiome is located 
on the surface aerial parts and lastly, the seed 
microbiome is the vertically transferred microbes (Gopal 
and Gupta, 2016).  

The phyllosphere part of plants represents the largest 
environmental surface habitat area of microbes on earth 
(Lindow and Brandl, 2003; Vorholt, 2012; Peñuelas and 
Terradas, 2014), and much of that surface area is due to 
the agriculture of crops (Foley et al., 2011). Phyllosphere 
microorganisms or phyllosphere microbiome can be 
beneficial to plants by (i) increasing stress tolerance 
(Lindow and Leveau, 2002; Redman et al., 2002; 
Hamilton et al., 2012), (ii) promoting plant growth, (iii) 
having a role in reproduction (Doty et al., 2009; Taghavi 
et al., 2009; Canto and Herrera, 2012), (iv) protecting 
plants against aerial danger like foliar pathogens (Lee et 
al., 2014), and (v) can be involved in the control of 
flowering phenology (Wagner et al., 2014). Importantly, 
these microorganisms also play important roles in earth’s 
biogeochemical cycles by moderating methanol 
emissions from plants (Galbally and Kirstine, 2002; Barud 
et al., 2016)  and contributing to global nitrogen fixation 
(Fürnkranz et al., 2008). Despite this importance, 
knowledge of phyllosphere microbiomes remains relatively 
modest, especially for crops (Weyens et al., 2009; Vorholt, 
2012; Hacquard and Schadt, 2015). To leverage, both 
above and below ground, plant microbiomes to support 
productivity and resilience of crops to environmental 
stresses in crops both above and below ground (Lebeis, 
2014; Vandenkoornhuyse et al., 2015; Hassani et al., 2018), 
it is important to advance the knowledge on phyllosphere 
microbiome diversity and dynamics. The major roles of 
phyllosphere microbiome in healthy plants have been 
recently reviewed (Stone et al., 2018). Cultivation-
independent studies have revealed that few bacterial phyla 
predominate in the phyllosphere of different plants and 
that plant factors are involved in shaping these phyllosphere 
communities; this is the result of specific adaptations and 
multipartite relationships among community members 
and with the host plant as reviewed by Vorholt (2012). 

The rice plant (Oryza sativa), like other plants, has a 
microbial community showing differences according to 
the plant compartment (rhizospheric: root and 
phyllosphere: stem, leaves, sheath that protect the 
panicles). In the last decade, several studies reported an 
emerging rice disease that affects the phyllosphere part 
of the sheath tissue; the disease is called rice sheath rot. 
This disease has been mainly associated to Pseudomonas 
fuscovaginae which is a rice seedborne pathogen. 

Microbiome and pathobiome studies on rice sheath rot 
have revealed that P. fuscovaginae is much more  
abundantly present in symptomatic rice plant samples 
with respect to asymptomatic samples (Musonerimana et 
al., 2020). Asymptomatic rice samples of the same rice 
variety in the same area/fields may possess a 
phyllosphere microbiome that promotes plant  health  and  

 
 
 
 
helps the plant fight sheath rot pathogen invasion. It was 
therefore of interest to perform an analysis of the 
culturable microbiome, create a bacterial culture 
collection isolates and characterize bacterial isolates from 
healthy/asymptomatic sheath rice plant samples.  
 
 
MATERIALS AND METHODS 
 
Rice samples information 
 
The asymptomatic samples of rice used to perform the analysis of 
the culturable microbiome and for the isolation of bacteria in order 
to create a culturable collection of possible P. fuscovaginae 
antagonists were collected in two different rice growing seasons; 
the wet season (2017) and the dry season (2018) in Burundi. The 
collected plant sheath samples were not surface sterilized. 1 g of 
each sample was then macerated in the presence of PBS and was 
stored in 18% glycerol at -80°C in final volume of 1.5 ml. Before 
plating, 1 ml of macerated and stored at -80°C of samples were 
recovered and then thawed. They were transferred in PBS with final 
volume of 10 ml and necessary diluted at 10 times. In total, 10 
asymptomatic samples were used: 6 samples from wet season and 
4 from dry season. All samples were from the highland location 
where the pathogen P. fuscovaginae was reported to be  
predominant in symptomatic samples (Musonerimana et al., 2020). 
 
 
Bacterial strains isolation  
 
The asymptomatic samples collected and used to perform a 
collection of bacterial isolates were rice sheath. They were used to 
prepare undiluted and diluted solutions. The undiluted and the 10-2 
diluted solution were plated on TSA (Tryptic Soy Bean: 6 g + 16 g 
of Agar in 1 L of sterile water) and incubated at 28°C for 2 to 3 
days. The bacteria grown from the undiluted solution plates were 
collected en masse for the genomic DNA extraction for 16S rRNA 
gene amplicon community sequencing and contributed to the 
culturable microbiome whereas the total microbiome was from total 
microbial DNA isolation from the sheath rice material. Single colonies 
from the 10-2 diluted solution plates were purified by selecting those 
different in shape, colour and margins appearing on inoculated 
plates and isolates were stored at -80°C in 20% sterile glycerol. 
 
 

Bacterial strains identification  
 
The bacterial isolates were prepared for molecular identification. 
For this the amplification of the 16S rRNA gene was performed by 
using Fd1 5’ AGAGTTTGATCCTGGCTCAG 3’ and Rp2 5’ 
ACGGCTACCTTGTTACGACTT 3’ primers set (Weisburg et al., 
1991). Colony PCR was performed after boiling (10’ at 95°C) a 
colony suspension in 50 µL of sterile H2O. PCR amplification was 
performed using GoTaq® G2 Enzyme (Promega) according to the 
supplier’s instructions and 5 µL of template in a final volume of 50 
μL was used for the PCR reaction. Reactions were performed in a 
T100™ Thermal Cycler (Biorad Laboratories Inc., Hercules, CA, 
USA) with the following thermal protocol: DNA denaturation for 5  
min at 95°C, amplification (30 cycles) at 95°C for 30 s, 54°C for 30 
s, and 72°C for 1 min 30 s, extension 7 min at 72°C. Agarose gel 
electrophoresis was run for the PCR products and DNA from 
agarose was purified by using EuroGold gel extraction kit 
(Euroclone SpA, Italy) according to the instructions of the 
manufacturer. The purified PCR DNA products (16S rRNA gene) 
were  then  sequenced  with the 907F AAACTCAAAGGAATTGACG 



 

 

 
 
 
 
universal primer by Eurofins Genomics (Germany). Identification of 
the bacterial isolates at the genus level was obtained by BLAST 
analysis at NCBI (http://www.ncbi.nlm.nih.gov). 
 
 
In vitro phenotypic assays 
 
The bacterial isolates were tested for several in vitro phenotypes 
presumptive test. Assays for antibacterial activity against the rice 
bacterial plant pathogen P. fuscovaginae were performed by well 
diffusion, the culture and supernatant of each bacterial isolates 
were put in the middle of the TSA medium mixed with the pathogen 
at 0.1%; isolates were checked for lipolytic activity by streaking the 
bacterial isolates on 6 times diluted TSA medium amended with 1% 
tributyrin (Smeltzer et al., 1992); the  proteolytic activity was tested 
by streaking the bacterial isolates on 6 times diluted TSA medium 
amended with 2% of powder milk (Huber et al., 2001); the 
exopolysaccharides (EPS) production was estimated by streaking 
the bacterial isolates  on Yeast Extract Mannitol medium (Zlosnik et 
al., 2008); the indole acetic acid (IAA) production was tested  by 
streaking the bacterial isolates on  nitrocellulose membranes placed 
on TSA medium plates containing 5 mM tryptophan, incubating 
them for 24 h at 28°C and then removing the nitrocellulose 
membranes from TSA to place them onto a saturated Whatman 
paper that was previously treated with the Salkowski reagent (Bric 
et al., 1991); the  IAA production resulted in the formation of a 
red/purple halo around the streak line growth of the bacterial 
isolates. Acyl homoserine lactones (AHLs) production was analysed 
by T-streak technique (Steindler and Venturi, 2007) using the 
biosensor Chromobacterium violaceum CV026 after incubation for 
1 to 2 days. Motility was checked on  M8 medium plates with 0.3% 
(swimming) or 0.5% (swarming) agar (Kohler et al., 2000).  
 
 
Culturable microbiome and total microbiome analysis  
 
Bacterial genomic DNA extraction  
 
Bacterial genomic DNA extraction was performed from the 
culturable bacteria isolated from rice plant samples. The undiluted 
suspensions from 10 asymptomatic rice plant samples were plated 
on TSA medium and incubated at 28°C for 3 days. The bacteria 
grown were collected in 2 ml of PBS and used for genomic DNA 
extraction according to the Bacterial Genomic DNA extraction Kit 
instructions (QIAGEN, Hilden, D). The genomic DNAs extracted 
from 10 samples, 6 from the wet season and 4 from the dry season, 
were used to perform the 16S rRNA gene amplicon library as 
described subsequently. The same samples were used for 
performing the total microbiome as described by Musonerimana et 
al. (2020). 
 
 
16S rRNA gene amplicon library preparation 
 
The 16S rRNA gene amplicon library was performed by using the 
following primers: 16S Illumina library FW 
5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGG
NGGCWGCAG and 16S Illumina library RW 
5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACH
VGGGTATCTAAATCC. A mix of 2.5 μl (5 ng/μl) microbial  DNA, 5 
μL (1 μM) of each primers and 12.5 μl of KAPA HiFi HotStart  
ReadyMix in final volume of 25 μl was used for the first PCR to 
amplify the V3 and V4 regions of 16S rRNA gene by following this 
program: initial denaturation of 95°C for 3 min followed by 25 cycles 
of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s; and a final 5 min 
of extension at 72°C and hold at 4°C.  
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The PCR products were cleaned as described by Illumina protocol 
using AMPure XP beads, and a second PCR for adding the Illumina 
index was set. A mix of 5 μl (PCR products), 5 μl of each Nextera 
XT Index Primer (N7xx and S5xx), 25 μl of 2xKAPA HiFi HotStart 
ReadyMix and 10 μl PCR Grade water in final volume of 50 μl and 
the following program was used for the second PCR, initial 
denaturation of 95°C for 3 min, followed by 8 cycles of 95°C for 30 
s, 55°C for 30 s, 72°C for 30 s; and a final 5 min of extension at 
72°C and hold at 4°C. The second cleaning was done as 
recommended in the protocol always using AMPure XP beads. 

The second cleaning amplification products of 16S rRNA gene 
amplicon libraries were quantified using the Qubit Kit (Invitrogen) 
and the quality (integrity and presence of a unique band) was 
confirmed by Bioanalyzer equipment (Agilent Inc., Santa Clara, CA, 
USA). After quantification and normalization, all PCR products were 
diluted to 4 nM and aliquots of 5 μl of diluted DNA from each library 
were pooled together and sent to sequence by Illumina Miseq 
sequencing platform. 
 
 

Sequence data processing 
 

FASTQ files were analysed using DADA2 v1.4.0 (Callahan et al., 
2016) adapting the methods from the DADA2 Pipeline Tutorial 
(1.4). R version 3.5.2 was used for all analyses. Briefly, prior to 
analysis in DADA2, samples were demultiplexed using the QIIME 
1.9.1 split_libraries_fastq.py script. The demultiplexed files were 
then used as the input for DADA2. Cutadapt 1.15 was used for 
adapter removal and quality filtering. Later quality profiles of the 
reads were analysed using the DADA2 function; plot Quality Profile, 
to determine positions at which read quality greatly decreases. 
Reads were then filtered and trimmed at the identified positions 
(truncLen=190) using the filterAndTrim function with standard 
parameters (maxN=0, truncQ=2, and maxEE=2). Dereplication was 
performed combining all identical sequencing reads into “unique 
sequences” with a corresponding “abundance” equal to the number 
of reads of that unique sequence. DADA2’s error model 
automatically filters out singletons, removing them before the 
subsequent sample inference step. Sample inference was 
performed using the inferred error model and chimeric sequences 
were removed using the removeBimeraDenovo function. The 
Greengenes (GG) database (McDonald et al., 2012), giving a final 
OTU table, was used to assign bacterial taxonomy using the 
assignTaxonomy function with a 97% sequence similarity. 
 
 
Statistical analysis 
 
The sequence table counts and rarefaction curves were determined 
on sequence count files generated by the analysis pipeline. The 
OTU table was rarefied according to the sample with the lowest 
number of reads, using the Rarefy function of the GUnifrac library. 
The resulting OTUs were clustered at the genus taxonomic level 
obtaining a final number of bacterial taxa for the two samplings. 
Statistical analyses were performed using the vegan package 
version 2.5-4 (Oksanen et al., 2019) and phyloseq package 
(McMurdie and Holmes, 2013) in R version 3.5.2 (Team, 2014). 
Relative abundances of OTUs between samples were calculated.  

 
 
RESULTS 
 
Culturable phyllosphere microbiome  
 
It  was  of  interest  to  compare  the  total  microbiome  of 
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asymptomatic samples from highland during the two rice 
growing seasons (wet season: 2017 and dry season: 
2018) the culturable microbiome detected under 
laboratory conditions performed on the same samples. In 
the samples collected in the wet season of 2017, 151 
taxa were detected in the total microbiome from total 
microbial DNA isolation and 108 were detected in the 
culturable microbiome. In the samples collected during 
the dry season of 2018, 105 taxa were detected in the 
total microbiome and 88 taxa were detected in the 
culturable microbiome. Among the 151 different taxa 
inferred in the total microbiome from the wet season (see 
above), 29% of these were found to be culturable under 
the conditions tested here. Similarly, among the 108 taxa 
identified in the total microbiome from dry season, 31% of 
these were found to be culturable under laboratory 
conditions. The number of shared and unique taxa 
between total and culturable microbiome is shown in the 
Venn diagram (Figure 1a).  

The number of different taxa observed in each sample 
and the comparison of the alpha diversity between total 
and culturable microbiome is as shown in Figure 1b. The 
difference in the mean value of different taxa observed 
between the total microbiome and the culturable 
microbiome is not significant for the asymptomatic samples 
from the wet season (2017) whereas is significant for the 
asymptomatic samples from the dry season (2018).  

During the wet and dry seasons the most 
frequent/abundant genera among the asymptomatic 
samples from the highland were Herbaspirillum, 
Curtobacterium, Enterococcus, Methylobacterium, Rothia, 
Chryseobacterium, Pantoea, Streptococcus, Neisseria, 
Microbacterium and Sphingomonas (Table 1).  
 
 
Bacterial strains isolation and identification from 
asymptomatic samples  
 
It was also of interest to purify and isolate the bacteria 
present in asymptomatic samples since some of these 
could be involved in pathogen control; in total, 150 pure 
bacterial colonies were purified and isolated. The 16S 
rRNA gene amplification and sequencing enabled the 
classification of 58 bacterial isolates at the genus level. 
The 58 bacterial isolates belonged to 21 genera; among 
them 16 genera were also identified in the total and/or 
culturable microbiome study whereas surprisingly 5 were 
not. This result was most likely due to their very low 
amounts in the samples processed for culturable 
microbiome study. Among the 58 isolates collected, 
Microbacterium, Bacillus, Sphingomonas and 
Methylobacterium were the most predominant (Figure 2 
and Table 1). 

Most of the bacterial isolates belonged to 
Microbacterium, Sphingomonas, Methylobacterium and 
Bacillus genera. 

 
 
 
 
In vitro phenotypes characterization of the bacterial 
isolates  
 
To obtain more information on the ability of these 
bacterial isolates to exert a beneficial direct or indirect 
effect on the plant, several plant growth-promoting (PGP) 
activities and phenotypes were tested. The 58 bacterial 
isolates were tested for the following activities and 
phenotypes: proteolytic activity, exopolysaccharides 
production (EPS), antibacterial activity against P. 
fuscovaginae, IAA production, swarming and swimming 
motility. In summary, 24/58 bacterial isolates displayed 
proteolytic activity whereas no bacterial isolates displayed 
lipolytic activity. In addition, 17/58 bacterial isolates 
displayed EPS production, 7/58 displayed swimming 
motility, 19/58 displayed IAA production activity, 4/58 
bacterial showed swarming motility and only 1/58 isolate 
had anti-P. fuscovaginae activity (Figure 3 and Table 2) 
which was observed on naked eyes. This latter bacterial 
isolate belongs to the Alcaligenes genus; interestingly 
this activity is not due to a protein since it was resistant to 
the strong protease pronase hence it is most likely a 
compound without amino acids and peptide bonds. 
 
 
DISCUSSION  
 
This study aimed to perform an analysis of the culturable 
microbiome, create a bacterial culture collection isolate 
and characterize bacterial isolates from 
healthy/asymptomatic sheath rice plant samples. These 
asymptomatic samples were collected from rice fields in 
Burundi, where the rice sheath rot disease is a serious 
issue. The total microbiome was performed on the same 
asymptomatic samples as presented (Musonerimana et 
al., 2020) and these had a high number of genera; 151 in 
2017 and 105 in 2018. In comparison the culturable 
microbiome presented in this work revealed 108 genera 
in 2017 and 88 in 2018. 

The comparison, between the total microbiome and 
culturable microbiome displayed some differences. Some 
genera were present in the total microbiome and not 
present in the culturable:  most probably some genera in 
the total microbiome are unculturable or could not grow 
under the growth conditions used here or since the plant 
material was frozen, could not survive freezing. 
Surprisingly, some isolated bacteria of the culturable 
microbiome belong to genera that were not detected in 
total microbiome analysis: most likely the growth 
conditions used are optimal for them and besides these 
genera are present in very low abundance thus the total 
microbiome analysis did not detect them. Many of the 
genera in the culturable microbiome were mostly 
previously reported as being part of the rice phyllosphere 
microbiome like Methylobacterium, Sphingomonas and 
Microbacterium (Bertani et al., 2016). These bacteria that  
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Figure 1. Total microbiome and culturable microbiome. (a) Venn diagram displaying the number of 
unique and shared taxa between total and culturable microbiome during the 2017 and 2018 season, 
respectively. (b) Alpha diversity of the total microbiome and culturable microbiome for both wet and dry 
seasons. 

 
 
 
colonize the phyllosphere can adapt to a nutrient limiting 
environment and survive under high UV radiation (Stone 
et al., 2018). These members of the phyllosphere 
microbiome could be involved in providing the plant 
resistance to different stress conditions. Interestingly, the 
bacterial collection reported here possessed a few 
genera like Alcaligenes, Massilia, Rhayibacter that have 
not been reported previously to be associated with the 
phyllosphere of the rice plant. A  possible  reason  is  that 

the rice sheath samples used in this work were not 
surface sterilized meaning that bacterial isolates could 
contain endophytic and epiphytic bacteria. Many isolates 
belong to the genus Microbacterium, Sphingomonas, 
Bacillus and Methylobacterium; this could have been 
caused by enrichment due to the isolation conditions, 
especially the culture medium (TSA) and the temperature 
of growth. 

The  in  vitro  assays  performed   on   the  58  bacterial
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Table 1. Genera present in the total and culturable microbiome, bacterial isolates and identification according to 16S rRNA gene.  
 

Genus in total microbiome  Genus culturable microbiome  Genus isolated   No. of bacterial isolates/genus 

 - g__A17 -  - 

Achromobacter g__Achromobacter - - 

Acidisoma  - -  - 

Acidovorax g__Acidovorax Acidovorax  1 

Acinetobacter g__Acinetobacter Acinetobacter 3 

 - g__Actinomyces  - - 

Actinomycetospora  -  - - 

Aeromicrobium  -  - - 

Aeromonas  -  - - 

 - g__Agrobacterium  - - 

 - g__Agromyces  - - 

 -  - Alcaligenes  1 

 - g__Alcanivorax  - - 

 - g__Alicyclobacillus  - - 

Alkalibacterium  -  - - 

Alteromonas  -  - - 

 - g__Ammoniphilus  - - 

Amnibacterium  -  - - 

Anaerobacillus  -  - - 

 - g__Anaerovorax  - - 

Ancylobacter  -  - - 

Aquabacterium  -  - - 

Aquisphaera  -  - - 

Arcicella  -  - - 

Armatimonas  -  - - 

    

Arthrobacter g__Arthrobacter  - - 

 - g__Arthrospira  - - 

 - g__Asticcacaulis  - - 

Aurantimonas  -  - - 

Aureimonas  - Aureimonas  1 

 - g__Azohydromonas  - - 

 - g__Azorhizobium  - - 

 - g__Azospirillum             - - 

Bacillus g__Bacillus Bacillus 9 

Balneimonas  -  - - 

Bdellovibrio  -  - - 

Beijerinckia  -  - - 

Belnapia  -  - - 

Bosea  -  - - 

 - g__Brevibacillus  - - 

 - g__Brevibacterium - - 

Brevundimonas g__Brevundimonas  - - 

Burkholderia  -  - - 

 - g__Caldicoprobacter  - - 

 - g__Candidatus Phytoplasma  - - 

Caulobacter g__Caulobacter  - - 

 - g__Cellvibrio  - - 
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Table 1. Contd. 
 

Chitinophaga g__Chitinophaga  - - 

Chryseobacterium g__Chryseobacterium Chryseobacterium 2 

Citrobacter  -  - - 

Clostridium g__Clostridium  - - 

 - g__Cohnella  - - 

Comamonas  -  - - 

Conexibacter g__Conexibacter  - - 

 - g__Coprococcus  - - 

Corynebacterium g__Corynebacterium  - - 

Croceicoccus  -  - - 

 - g__Cupriavidus  - - 

Curtobacterium g__Curtobacterium Curtobacterium 2 

Curvibacter  -  - - 

Deinococcus g__Deinococcus Deinococcus 1 

Delftia  -  - - 

Devosia g__Devosia  - 
 

Diaphorobacter g__Diaphorobacter  - - 

Dickeya  -  - - 

Duganella  -  - - 

Dyadobacter g__Dyadobacter  - - 

Elizabethkingia  -  - - 

 - g__Emticicia  - - 

Enhydrobacter  -  - - 

Ensifer  -  - - 

Enterobacter g__Enterobacter  - - 

Enterococcus g__Enterococcus  - - 

Erwinia  -  - - 

Escherichia/Shigella  -  - - 

Ethanoligenens  -  - - 

Exiguobacterium  - -  - 

Extensimonas  -  - - 

Falsibacillus  -  - - 

Ferruginibacter  -  - - 

Fibrella  - -  - 

Fimbriimonas g__Fimbriimonas  - - 

 - g__Flavihumibacter  - - 

Flavobacterium g__Flavobacterium  - - 

 - g__Fluviicola  - - 

Friedmanniella  -  - - 

Fructobacillus  -  - - 

Gardnerella  -  - - 

Gemella  -  - - 

 - g__Gemmata  - - 

Geodermatophilus  -  - - 

 - g__Gemmatimonas  - - 

Gibbsiella  -  - - 

 - g__Glycomyces  - - 

 - g__Gracilibacter  - - 

Haemophilus  -  - - 

Halomonas  -  - - 
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Table 1. Contd. 
 

Hartmannibacter  -  - - 

Hephaestia  -  - - 

Herbaspirillum g__Herbaspirillum  - - 

Herbiconiux -   - - 

 -  - Huakuichenia  1 

 -  - Humibacter  1 

 - g__Hydrogenophaga  - - 

Hymenobacter -  - - 

  g__Hyphomicrobium  - - 

Janthinobacterium  -  - - 

Jatrophihabitans  -  - - 

 - g__Kaistobacter  - - 

 - g__Kibdelosporangium  - - 

Kineococcus  -  - - 

Klebsiella  -  - - 

Kocuria g__Kocuria  - - 

Kosakonia  -  - - 

 - g__Kribbella  - - 

Labilithrix  -  - - 

Lactobacillus g__Lactobacillus  - - 

Larkinella g__Larkinella  - - 

 - g__Lautropia  - - 

 - g__Leadbetterella  - - 

Leclercia  -  - - 

Legionella  -  - - 

Leifsonia  -  - - 

 - g__Lentzea  - - 

Leucobacter  -  - - 

  g__Luteimonas  - - 

Luteolibacter g__Luteolibacter  - - 

Lysinibacillus  -  - - 

 - g__Lysobacter  - - 

 - g__Magnetospirillum  - - 

Massilia g__Massilia Massilia  1 

Mesorhizobium g__Mesorhizobium  - - 

 - g__Methylibium  - - 

Methylobacterium g__Methylobacterium Methylobacterium  5 

Methylophilus  -  - - 

 - g__Methylotenera  - - 

 - g__Methyloversatilis  - - 

Microbacterium g__Microbacterium Microbacterium  12 

Micrococcus g__Micrococcus  - - 

Microvirgula  -  - - 

Mitsuaria  -  - - 

Mucilaginibacter  -  - - 

Mumia  -  - - 

Mycetocola  -  - - 

Mycobacterium  -  - - 

Mycoplana g__Mycoplana  - - 

 -  - Naasia  1 
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Table 1. Contd. 
 

Nakamurella  -  - - 

Naxibacter  -  - - 

 - g__Neisseria  - - 

Neochlamydia  -  - - 

Neorhizobium  -  - - 

 - g__Niabella  - - 

 - g__Niastella  - - 

Nocardioides g__Nocardioides  - - 

 - g__Nocardiopsis  - - 

 - g__Nonomuraea  - - 

Novosphingobium g__Novosphingobium Novosphingobium  1 

Nubsella  -  - - 

Oceanobacillus  -  - - 

Ochrobactrum  -  - - 

Okibacterium  -  - - 

 - g__Opitutus  - - 

Orientia  -  - - 

Paenibacillus g__Paenibacillus  - - 

Pantoea g__Pantoea Pantoea  1 

Parachlamydia  -  - - 

Parachlamydia  -  - - 

Paracoccus g__Paracoccus  - - 

Patulibacter  -  - - 

Pedobacter g__Pedobacter  - - 

Pelomonas  -  - - 

Peptoniphilus  -  - - 

Peredibacter  -  - - 

 - g__Phaeospirillum  - - 

 - g__Phenylobacterium  - - 

 - g__Phyllobacterium  - - 

 - g__Pirellula  - - 

 - g__Planctomyces  - - 

 - g__planctomycete  - - 

Pluralibacter  -  - - 

Polaromonas  -  - - 

Propionibacterium g__Propionibacterium  - - 

Prosthecobacter g__Prosthecobacter  - - 

Providencia  -  - - 

Pseudacidovorax g__Pseudacidovorax  - - 

Pseudochrobactrum  -  - - 

Pseudomonas g__Pseudomonas  - - 

Pseudophaeobacter  -  - - 

 - g__Pseudonocardia  - - 

 - g__Pseudonocardia  - - 

 - g__Pseudoxanthomonas  - - 

Quadrisphaera  -  - - 

Ralstonia  -  - - 

Rathayibacter  - Rathayibacter  1 

Rhizobacter  -  - - 

Rhizobium g__Rhizobium  - - 
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Rhizorhabdus  -  - - 

 - g__Rhodobacter  - - 

Rhodanobacter  -  - - 

Rhodococcus g__Rhodococcus  - - 

 - g__Rhodoplanes  - - 

Rhodopseudomonas  -  - - 

Rickettsia  -  - - 

Rivibacter  -  - - 

Roseateles  -  - - 

Roseomonas g__Roseomonas  - - 

 - g__Rothia  - - 

 - g__Rubrivivax  - - 

Rudanella  -  - - 

Salirhabdus  -  - - 

Salmonella  -  - - 

Samsonia  -  - - 

 - g__Sedimentibacter  - - 

Segniliparus  -  - - 

Serpens g__Serpens  - - 

Serratia  -  - - 

 -  - Siccibacter 1 

Shimwellia  -  - - 

 - g__Shinella  - - 

Simonsiella  -  - - 

Siphonobacter  -  - - 

 - g__Solimonas  - - 

Snodgrassella  -  - - 

Soonwooa  -  - - 

Sphingobacterium g__Sphingobacterium  - - 

Sphingobium g__Sphingobium  - - 

Sphingomonas g__Sphingomonas Sphingomonas 9 

Sphingopyxis  -  - - 

Spirosoma g__Spirosoma  - - 

Staphylococcus g__Staphylococcus  - - 

Stenotrophomonas   g__Stenotrophomonas  - - 

 - g__Steroidobacter  - - 

Streptococcus g__Streptococcus Streptococcus  3 

 - g__Streptomyces  - - 

 - g__Symbiobacterium  - - 

Taibaiella  -  - - 

Tepidisphaera  -  - - 

Terrabacter  -  - - 

 - g__Terrimonas  - - 

 - g__Thermomonas  - - 

    

Variovorax g__Variovorax Variovorax  1 

 - g__Verrucomicrobium  - - 

Williamsia  -  - - 

Xanthomonas g__Xanthomonas  - - 

Yokenella  -  - - 
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Figure 2. Diagram of bacterial isolates from asymptomatic samples; they are represented at genus level.  

 
 
 

 
 

Figure 3. Phenotypes assay of the bacterial isolates. (a) Proteolytic activity assay; (b) Exopolysaccharides 
production assay; (c) Alcaligenes spp. antibacterial activity against P. fuscovaginae (P. fuscovaginae is 
mixed  in the medium and the Alcaligenes spp. or its supernatant were in the center of the plate)  in the 
presence or not of pronase. Both the Alcaligenes bacterial culture alive and its supernatant were used. 
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Table 2. In vitro assays on the bacterial isolates from rice asymptomatic samples of sheath rot disease. 
 

Number Bacterial isolates  
Proteolytic 

activity 
EPS 

Antimicrobial 
activity 

Swimming Swarming IAA 

1 Acidovorax spp. - +++ - - - - 

2 Acinetobacter spp. + - - ++ + - 

3 Acinetobacter spp. + - - ++ + + 

4 Acinetobacter spp. - +++ - - - + 

5 Alcaligenes spp. - - + ++ + ++ 

6 Aureimonas spp.  - + - - - + 

7 Bacillus spp. - - - - - - 

8 Bacillus spp. - - - - - ++ 

9 Bacillus spp. ++ - - - - + 

10 Bacillus spp. ++ - - - - + 

11 Bacillus spp. - - - - - + 

12 Bacillus spp.  - - - + - ++ 

13 Bacillus spp. - - - + - - 

14 Bacillus spp. ++ - - - - - 

15 Bacillus spp. ++ - - - - + 

16 Chryseobacterium spp. +++ - - - - - 

17 Chryseobacterium spp. +++ - - - - - 

18 Curtobacterium spp. +++ - - - - - 

19 Curtobacterium spp. +++ - - - - - 

20 Deinococcus spp. +++ + - - - - 

21 Huakuichenia spp. ++ - - - - - 

22 Humibacter spp. - - - - - ++ 

23 Massilia spp. ++ +++ - - - - 

24 Methylobacterium spp. - - - - - - 

25 Methylobacterium spp. - - - - - - 

26 Methylobacterium spp.  - - - - - - 

27 Methylobacterium spp. - - - - - - 

28 Methylobacterium spp. - - - - - - 

29 Microbacterium spp. + + - - - - 

30 Microbacterium spp. ++ ++ - - - - 

31 Microbacterium spp. ++ ++ - - - - 

32 Microbacterium spp. 
 

++ - - - - 

33 Microbacterium spp. ++ + - - - + 

34 Microbacterium spp. ++ + - - - - 

35 Microbacterium spp. ++ +++ - - - - 

36 Microbacterium spp. ++ + - - - - 

37 Microbacterium spp. + + - - - - 

38 Microbacterium spp. ++ ++ - - - - 

39 Microbacterium spp.  +++ ++ - - - - 

40 Microbacterium spp. +++ ++ - - - - 

41 Naasia spp. - - - - - - 

42 Novosphingobium spp. - - - - - - 

43 Pantoea spp. - - - - - - 

44 Rathayibacter spp. - - - - - - 

45 Siccibacter spp. - - - +++ + ++ 

46 Sphingomonas spp. - - - - - - 

47 Sphingomonas spp. + - - - -  

48 Sphingomonas spp. - - - - - ++ 
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49 Sphingomonas spp. - - - - -  

50 Sphingomonas spp. - - - - -  

51 Sphingomonas spp. - - - - - +++ 

52 Sphingomonas spp. - - - - - +++ 

53 Sphingomonas spp. - - - - - +++ 

54 Sphingomonas spp. - - - - - ++ 

55 Streptococcus spp. - - - - - - 

56 Streptococcus spp. - - - - - - 

57 Streptococcus spp. - - - - - - 

58 Variovorax spp. - - - +++ - ++ 
 

-: no activity, +: low activity or presence of the activity, ++: medium activity and +++: high activity. 
 
 
 

isolates showed a diversity of phenotypes; 24 isolates 
had a proteolytic activity which is an important property 
involved in the virulence of plant pathogens (Figaj et al., 
2019) as well as in the biological control of plant disease 
(Mota et al., 2017). 17 isolates were able to produce 
EPS, these molecules are known to be produced also by 
some plant pathogens like Pseudomonas and the EPS 
produced by Pseudomonas syringae is involved in biofilm 
formation, virulence and epiphytic fitness (Yu et al., 1999; 
Laue et al., 2006). It is possible that bacterial EPS 
provides some protection to the plant, both from 
desiccation and from UV damage. Biofilms in the 
phyllosphere may provide resistance to desiccation unlike 
those found in water; for example, Pseudomonas putida 
biofilms grown in air retained their morphology better 
after drying than biofilms were grown in liquid medium 
(Auerbach et al., 2000). Pseudomonas species are often 
dominant constituents of the phyllosphere suggesting that 
naturally occurring biofilms may limit the loss of water 
and exposure to UV radiation. Plants are exposed to high 
levels of UV radiation and can suffer developmental and 
genetic damage (Jansen et al., 1998). Pigmented 
bacteria are more UV resistant, and the phyllosphere 
microbiome as a whole becomes more UV tolerant 
towards the end of the growing season (Jacobs and 
Sundin, 2001). Phyllosphere microorganisms may 
provide some UV protection to the plant through 
pigmented compounds; interestingly several isolates 
(many Microbacterium species) produced EPS that were 
yellow pigmented. It is also known that EPS production is 
involved in the endophytic colonization of 
Gluconacetobacter diazotrophicus since EPS mutants 
were defective in the colonization of the rice root 
endosphere (Meneses et al., 2011).  

IAA was produced mostly by isolates that belonged to 
Bacillus and Sphingomonas. The plant hormone (IAA) 
from phyllosphere microorganisms  influences plant 
growth and the evidence suggests that phyllosphere 
microorganisms producing it could be involved in 
increasing plant productivity (Glick, 1995; Romero  et  al., 

2016) and also be involved in the activity of stomata 
(Tanaka et al., 2006). Swimming and swarming 
movement was detected on a few isolates; these 
phenotypes can have an important role in the motility for 
the acquisition of nutrients. 

The antimicrobial activity assay against P. fuscovaginae 
showed that only one isolate belonging to the Alcaligenes 
genus displayed a positive test in vitro. Alcaligenes 
species strains exist in soil, water, and environment, as 
well as in association with humans. The bacteria of this 
genus are usually non-pathogenic but occasionally can 
cause opportunistic human infections. Bacterial species 
belonging to the genus Alcaligenes have also 
demonstrated versatile pollutant bioremediation capability, 
including phenols (Rehfuss and Urban, 2005; Kumar et 
al., 2013), phenanthrene (Singleton et al., 2009) as well 
as having algicidal activity (Sun et al., 2015). The in vitro 
antimicrobial assay performed here excludes the isolates 
that attenuate/block P. fuscovaginae pathogenesis/ 
invasion via other mechanisms like competition for 
nutrients or quorum quenching. It is therefore likely other 
bacteria that live in the phyllosphere are involved in 
promoting plant health by keeping away pathogens like 
P. fuscovaginae. 
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