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Endophytes live inside plants and are often beneficial. Kosa-
konia is a novel bacterial genus that includes many diazo-
trophic plant-associated isolates. Plant–bacteria studies on two
rice endophytic Kosakonia beneficial strains were performed,
including comparative genomics, secretome profiling, in planta
tests, and a field release trial. The strains are efficient rhizo-
plane and root endosphere colonizers and localized in the root
cortex. Secretomics revealed 144 putative secreted proteins,
including type VI secretory system (T6SS) proteins. A Kosa-
konia T6SS genomic knock-out mutant showed a significant
decrease in rhizoplane and endosphere colonization ability. A
field trial using rice seed inoculated with Kosakonia spp.
showed no effect on plant growth promotion upon nitrogen
stress and microbiome studies revealed that Kosakonia spp.
were significantly more present in the inoculated rice. Com-
parative genomics indicated that several protein domains were
enriched in plant-associated Kosakonia spp. This study high-
lights that Kosakonia is an important, recently classified genus
involved in plant–bacteria interaction.
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Rice is the most important food crop in the developing world,
being a staple food for over two billion people in Asia and for
many millions in Africa and Latin America (Khush 2003;
Zeigler and Barclay 2008). The challenge in the future will be
to increase rice yields for a growing world population and de-
crease the use of chemical pesticides and fertilizers for more
sustainable approaches (Mano and Morisaki 2008; Schütz et al.
2018). The use of microbially based biopesticides and bio-
fertilizers is currently believed to be a promising way to render
agriculture more sustainable by reducing the chemical input

(Berg 2009; Gupta and Dikshit 2010; Mahanty et al. 2017;
Schütz et al. 2018).
Plant-associated microbiota constitute the plant microbiome

playing a fundamental role in plant growth promotion (PGP)
and health (Okubo et al. 2014; Schlaeppi and Bulgarelli 2015;
Turner et al. 2013). PGP activities by plant-associated microbes
include induction of plant immunity, acquisition of nutrients,
and resistance to biotic or abiotic stresses (Compant et al. 2010;
Glick 2014; Lugtenberg and Kamilova 2009). The plant
microbiome represents many diverse microorganisms that in-
teract and colonize different plant-associated niches (Müller
et al. 2016; van der Heijden and Hartmann 2016). One of these
compartments is the rhizoplane, which consists of the root-
surrounding soil being influenced by root exudates and has a
high diversity and distribution of microbial life (Berg et al.
2005; Hartmann et al. 2008; Lundberg et al. 2012). Some
microbiome members not only colonize the rhizoplane but also
thrive as endophytes inside plant tissues (Berg et al. 2014;
Reinhold-Hurek and Hurek 2011). Endophytes mostly enter via
the roots and have evolved an intimate relationship with the
plant host; many endophytes do not elicit a plant immune re-
sponse and some display PGP properties (Garrido-Oter et al.
2018; Glick 2014; Hayat et al. 2010; Reinhold-Hurek and
Hurek 1998; Sessitsch et al. 2012). Therefore, endophytes
constitute an important class of beneficial bacteria now con-
sidered to be a potentially important group that can be used as
microbial inoculants for a more sustainable agriculture. How-
ever, more information is needed about the endophytic life style
and mechanisms of plant entry and colonization.
General features of the rice microbiome, and plant micro-

biomes in general, include less species richness in the plant
endosphere than on the rhizoplane (surface of the root) and in
the rhizosphere (Bulgarelli et al. 2012; Edwards et al. 2015;
Lundberg et al. 2012). Microbial communities of the rice rhi-
zoplane and root endosphere stabilize after 7 to 8 weeks from
germination due to the plant life cycle (Edwards et al. 2017).
The rice endophytic bacteriome has a prevalence of Proteo-
bacteria, representing more than 50% of the bacterial com-
munity, with g-proteobacteria being the most abundant class.
Many rice endophytes possess nitrogen fixation genes as well
as genes related to nitrification and denitrification processes,
which suggest that they are involved in the entire nitrogen cycle
(Sessitsch et al. 2012). Examples of PGP rice endophytes in-
clude Pantoea agglomerans YS19 (Feng et al. 2006; Jiang et al.
2015; Yang et al. 1999) and Pseudomonas stutzeri A15, a
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rhizospheric and endospheric diazotrophic root colonizer
(Pham et al. 2017). Other rice endophytes with potential use
as nitrogen biofertilizers include Gluconacetobacter diazo-
trophicus LMG7603, Herbaspirillum seropedicae LMG6513,
Azospirillum lipoferum 4B (LMG4348), and Burkholderia
vietnamiensis LMG10929 (Baldani et al. 1986; Govindarajan
et al. 2008; Rouws et al. 2010; Trân Van et al. 1996).
We previously reported the isolation and characterization of

bacterial endophytes from rice grown in Italy that resulted in a
collection of more than 1,300 putative isolates (Bertani et al.
2016). Several in vitro and in planta selection steps resulted in
a smaller set of putative endophytes, which displayed efficient
in planta colonization levels as well as having PGP traits.
Among these were two strains that belong to the recently de-
scribed Kosakonia genus (Alnajar and Gupta 2017; Brady et al.
2013), which consists mostly of plant-associated diazotrophs
(Kämpfer et al. 2016; Li et al. 2017). Some Kosakonia strains
(for example, Kosakonia radicincitans DSM 16656) are pro-
miscuous endophytes and promote plant growth in different
plants, including wheat, maize, tomato, pea, and cruciferous
vegetables (Berger et al. 2013; Höflich and Ruppel 1994;
Schreiner et al. 2009). In recent years, members of this genus
have gained attention and several genome sequences have been
reported (Becker et al. 1997; Bergottini et al. 2015; Chen et al.
2014; Kämpfer et al. 2016; Li et al. 2017; Mohd Suhaimi et al.
2014; Shinjo et al. 2016).
In this study, we characterized two Kosakonia strains that we

previously isolated as PGP endophytes of rice (Bertani et al.
2016). In order to begin to study features that make them ef-
ficient endophytic colonizers, we performed plant colonization,
genomic, and protein secretome studies. We also report a rice
field release study of one Kosakonia strain and its effect on
plant yield and on the rice root endophytic microbiome.

RESULTS

Genome sequence and analysis
of the two Kosakonia strains.
It was of interest to determine the genome sequences of the

two rice-beneficial Kosakonia sp. endophytic strains KO348
and KO774, which we previously identified (Bertani et al.
2016). We previously reported the genome sequence of strain
KO348 (Meng et al. 2015) and in this study we resequenced it;
the assembly yielded a higher-quality genome compared with
the previous version. The new sequence gave 26 scaffolds with
an average size of 192.7 kbp versus 56 scaffolds with an av-
erage scaffold size of 89.3 kbp in the new versus the old ge-
nome version, respectively. In the case of strain KO774, we
report here for the first time the genome sequence, which was
performed on an Illumina MiSeq platform (2 × 300 bp) by de
novo assembly using Velvet 1.2.09. The assembly using the
Integrate Microbial Genomes and Microbiomes (IMG/M) da-
tabase (Kosakonia sp. KO774) yielded 12 scaffolds giving a
total of 4,875,574 bp, including 4,530 putative protein-coding
genes and 153 RNA genes; the assembly also revealed a pu-
tative plasmid (74 kbp). The contig containing the putative
plasmid included loci for plasmid replication, conjugation,
segregation genes, a few toxin-antitoxin systems, and a large
cellobiose phosphorylase gene (Supplementary Fig. S1).
The bacterial genomes KO348 and KO774 had 3,853

orthologous genes identified as bidirectional best hits (BBH);
namely, 82.5% of the genes in each genome displayed at least
70% sequence identity over at least 70% of the length of the
shorter sequence in each BBH pair. The genomic average nu-
cleotide identity between the BBH pairs was 83.69% (Varghese
et al. 2015). Both strains share some PGP-related genes in-
volved in siderophore production (enterobactins), phosphate

solubilization (phytase), flagellar motility, plant tissue
degrading enzymes (cellulase), and the nif gene cluster for ni-
trogen fixation. The genome size of KO774 is approximately
100 kb smaller compared with the one of KO348. Interestingly,
the KO348 strain has extra phage-related proteins whereas
KO774 has a higher copy number of flagellin-related proteins
(Supplementary Table S1).

Comparative genomics in the Kosakonia genus.
A phylogenetic tree was constructed comprising all of the

Kosakonia complete genomes publicly available in the IMG/M
database of the Joint Genome Institute (Nordberg et al. 2014),
including strains KO348 and KO774 (n = 15); the analysis was
performed having Escherichia coli K12 MG1655 as an out-
group. The phylogenetic analysis showed that the strain
Kosakonia sp. KO348 is most closely related to the strain
K. sacchari CGMCC.1.12101, while Kosakonia sp. KO774 is
an outgroup distantly related to the phytophyla group (Fig. 1).
The hierarchical clustering in the phylogenetic tree showed a
clear separation between two groups: the Kosakonia strains
isolated from plants (phytophyla group) and the Kosakonia
isolated from human or animal samples (Fig. 1). Interestingly,
when analyzing the enriched protein domains between the ge-
nomes of the phytophyla group and the human- or animal-
associated group, we found that, in the Kosakonia phytophyla
group, nitrogen fixation, cobalamin biosynthesis, ethanol-
amine, and phosphonate metabolism domains were enriched
whereas, in the human- or animal-associated strains, the do-
mains for host adaptation and virulence such as immunoglob-
ulin A1 protease and Haem utilization were enriched (Fig. 1;
Supplementary Table S2).

Plant colonization assays on rhizoplane and endosphere.
To determine the colonization ability of the rice rhizoplane

and endosphere of both Kosakonia strains and also determine
whether they out-competed each other, we conducted coloni-
zation studies. Single-inoculation and coinoculation using both
Kosakonia strains were performed (Fig. 2). Both Kosakonia sp.
strains KO348 and KO774 were able to colonize the rice rhi-
zoplane and endosphere efficiently and at very similar levels
when inoculated independently; no statistically significant
differences were found between the colonization abilities of
both strains (Fig. 2). When both strains were coinoculated on
rice, both were able to equally colonize the two plant com-
partments; no statistically significant differences were found
between the Kosakonia strains, without out-competing each
other and likely forming stable and mixed communities.
Bacterial CFU of strain KO348 attached to the surface of the

seedling root after 1 h of inoculation was 1.2 × 107 CFU/g of
root and the number of bacterial cells recovered from the root
endosphere after 30 days postinoculation (dpi) was, on average,
1.8 × 104 CFU/g of root (Fig. 3), which indicates that KO348 is
a good endophytic root colonizer. We also determined the root
endosphere colonization at three other time points: 5, 10, and
50 dpi showed 1.8 × 104, 8.3 × 104, and 1.1 × 104 CFU/g of root,
respectively. These latter experiments are the results at each
time point of five plants handled and processed independently.
It was concluded that Kosakonia sp. KO348 is a good and stable
rice root endosphere colonizer under the tested conditions.

Visualization by confocal microscopy in the rice
rhizoplane and endosphere of Kosakonia sp. strain KO348.
In order to unequivocally determine the internal plant colo-

nization by Kosakonia sp. KO348, confocal microscopy lo-
calization was performed. Location of the strain on the
rhizoplane (including root hair zone, secondary root emer-
gence, and grain surface) and inside the root endosphere
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(transversal sections of the root) of rice roots were determined
within rice plants inoculated with Kosakonia strain
KO348(pBBRgfp) at different time points (5, 10, 30 and
50 dpi).
Strain KO348 presented higher densities in the rhizoplane

than in the root endosphere at the four time points analyzed

(Figs. 4 and 5). At 5 and 10 dpi, it was mainly found at the root
hair zone, secondary root mergence, and on grain surface,
presenting clear bacterial aggregation, especially at the root
hair zone, at 10 dpi (Fig. 4). At 30 dpi, we also observed high
densities of bacterial aggregation on the rhizoplane that was
less evident at 50 dpi (Fig. 5). Kosakonia sp. KO348 was also

Fig. 1. Kosakonia phylogenetic tree showing enriched protein domains by source of isolation (plants versus human or animals) Phylogenetic tree showing the
phylogenetic position of the Kosakonia sp. strains KO348 and KO774 based on 23 single-copy genes found among the 14 complete Kosakonia genomes from
the Integrate Microbial Genomes dataset. Escherichia coliK-12MG1655 was used as an outgroup. Enriched protein domains in the plant-associated Kosakonia
versus human- or animal-isolated Kosakonia strains are shown by genome. KO774 is indicated as AG774 and KO348 as AG348.
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observed as endophyte in the transversal root sections, up to the
arenchyma, at all the four time points, determining that the
strain was able to colonize the root endosphere (Fig. 4 and 5).
The uninoculated plants did not present fluorescence at any
time point analyzed in either the rhizoplane or the root endo-
sphere (Fig. 5; Supplementary Fig. S2). Therefore, it was
concluded that KO348 was able to attach and colonize the
rhizoplane of rice plants and as endophyte forming communi-
ties observable until 50 dpi.

Secretome profile determination of Kosakonia KO348.
It was of interest to determine which proteins Kosakonia sp.

KO348 produced and secreted in the extracellular medium
because these could play a role in the endophytic colonization
process. In total, 144 putative secreted proteins were detected

when strain KO348 was grown in a minimal plant-mimicking
medium (Table 1; Supplementary Tables S3 and S4). Among
the ones found were 10 flagella-related proteins (FliD, FliK,
FlgK, FlgL, FlgE, FlgJ, FlhA and 3 different proteins of fla-
gellin) and 5 proteins belonging to the type VI secretory system
(Hcp, a protein with an FHA domain, and three different pro-
teins of VgrG) (Table 1).

Role of type VI secretory system in rhizoplane and
root endosphere colonization in Kosakonia sp. KO348.
The secretome profile of strain KO348 determined in this

study demonstrated that several proteins of the type VI secre-
tion system (T6SS) were present (discussed above). A database
search for T6SS domains among the Kosakonia available ge-
nomes at the IMG/M showed that the T6SS was present among
all genomes, including the two strains of this study (Supple-
mentary Table S5). We searched for T6SS known annotations,
found two loci and, in one of them, identified a complete gene
cluster of T6SS of strain KO348 (Supplementary Fig. S3). We
further searched for putative T6SS effectors by aligning the 70
proteins found in the T6SS loci (Supplementary Table S6)
against the proteins identified in the secretome and it was then
shown that three proteins matched; two were T6SS VrgG tip
proteins (gi|780193605 and gi|780193664) and one the secretion
system-associated FHA domain protein TagH (gi|780193691).
Because T6SS component proteins and candidate effectors

were expressed in plant-mimicking medium, it was of interest
to determine the possible role of T6SS in rhizoplane and root
endosphere colonization. A knock-out mutant of the T6SS hcp
gene (responsible for the formation of the needle-like structure
for the passage of the effectors) called KO348hcp and its com-
plement KO348hcp(pBBRhcp) (carrying a plasmid with the
complete hcp gene) were generated. Growth curves of the three
strains—KO348, KO348hcp, and KO348hcp(pBBRhcp)—were
performed in triplicate in Luria-Bertani (LB) media; the three
strains had comparable growing rates or curves (Supplementary
Fig. S4). In order to assess the rice colonization ability of the hcp
knock-out mutant of Kosakonia sp. KO348, the four follow-
ing inoculation groups were performed; the KO348 wild-type
(WT), the KO348hcp mutant, the complemented hcp mu-
tant KO348hcp(pBBRhcp), and the KO348 WT and mutant
KO348hcp together in a competition experiment. For all four
groups, the same amount of total bacteria (1.3 × 107 CFU/ml)
was used for plant inoculation. In the case of the competition
experiment, we used each strain at 0.65 × 107 CFU/ml.
In planta experiments determined that, at 14 dpi, the colo-

nization of the rhizoplane by WT strain KO348 was nearly 70-
fold higher than the colonization of the hcp mutant KO348hcp
(2.3 × 106 versus 3.3 × 104 CFU/g of root, respectively) (Fig. 6).
A significant difference was also observed between the WT
KO348 and the hcp mutant when they where coinoculated
(7.2 × 105 versus 3.6 × 104 CFU/g of root, respectively).
Complementing the mutant with the hcp gene harbored in a
plasmid resulted in restoration of its ability to colonize the
rhizoplane (2.3 × 105 CFU/g) (Fig. 6A). In this complementa-
tion experiment, the percentage of bacterial strains that re-
tained the plasmid was 78%, indicating a low incidence of
plasmid loss. Rhizoplane colonization was not affected by the
presence of the empty plasmid vector in the mutant strain
KO348hcp(pBBRMCS-1); the plasmid retention was 69%
(Supplementary Fig. S5).
We also performed studies of root endosphere colonization

and results showed a significant difference between the colo-
nization ability of the WT and the hcp mutant in plants in-
oculated independently (6.4 × 104 versus 2.2 × 103 CFU/g of
root, respectively). This significant difference between the WT
and mutant was maintained when plants were coinoculated

Fig. 2. Rhizoplane and root endosphere colonization by the two Kosakonia
strains. Rhizoplane and root endosphere colonization by Kosakonia strains
was evaluated in rice plants at 14 days postinoculation by antibiotic se-
lection (KO348 rifampicin resistant and KO774 streptomycin resistant).
Three treatment groups were evaluated: KO348 and KO774 in single in-
oculation (1 × 108 CFU/ml) and a third group of plants coinoculated with
each strain at 0.5 × 108 CFU/ml. Three biological replicates were performed
at different times. Each handled sample consisted of roots of four rice
plants. The first biological replicate was performed with 12 plants per group
(three handled samples) while the second and the third were performed with
8 plants (two handled samples each). A Kruskall-Wallis test was performed
between strains in single and coinoculation; no significant differences were
found.

Fig. 3. Endophytic colonization by Kosakonia strain KO348. The endo-
sphere colonization of strain KO348 was evaluated in roots of rice plants at
30 days postinoculation by plating serial dilutions from previously steril-
ized plant tissues. The endosphere colonization was evaluated in roots of
three different biological replicates performed at different times. Each
replicate consisted of 10 plants and all plants were analyzed for CFU per
gram independently for confirming colonization ability.
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(2.7 × 104 versus 1.4 × 104 CFU/g of root, respectively) (Fig.
6B). However, unlike in the rhizoplane experiment, the com-
plemented mutant did not result in the restoration of endophytic
colonization to WT levels (4.9 × 102 CFU/g). The low plasmid
retention (22%) at the root endosphere colonization level was
also observed in the mutant strain harboring the empty plasmid
vector KO348hcp(pBBRMCS-1). The hcp mutant strain not

carrying the plasmid was significantly more recovered in the
root endosphere than the mutant harboring the empty vector
KO348hcp(pBBRMCS-1), indicating plasmid loss (Supple-
mentary Fig. S5). In this case, the percentage of bacterial cells
which retained the plasmid harboring the hcp gene was only
23%; this is the most likely the reason for the lack of com-
plementation. In summary, these results suggest a significant

Fig. 4.Microscopic visualization of Kosakonia strain KO348(pBBRgfp) in rice roots at rhizoplane and root endosphere level at 5 and 10 days postinoculation
(dpi). KO348(pBBRgfp) was visualized by fluorescence microscopy at 5 and 10 dpi in the root hair zone (rhizoplane) and in the root aerenchyma (endosphere).
In total, 10 plants were analyzed for each time point.
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role for T6SS in the rhizoplane colonization and, to a much
lesser extent, in the root endosphere colonization by Kosakonia
sp. KO348.

Field rice inoculation with Kosakonia sp. KO774.
Because it was previously determined that the diazotrophic

Kosakonia strains studied here displayed plant-growth-

promoting properties (Bertani et al. 2016), it was of interest to
perform a field rice experiment in order to assess whether it
could compensate for a reduction in nitrogen fertilization.
Between May and October 2016 in Valencia, Spain, we per-
formed a rice field trial with diazotrophic Kosakonia sp.
KO774 with the aim of testing whether rice seed inoculated
with the bacterial strain can compensate for a 50% reduction

Fig. 5.Microscopic visualization of Kosakonia strain KO348(pBBRgfp) in rice roots at rhizoplane and root endosphere level at 30 and 50 days postinoculation
(dpi). KO348(pBBRgfp) was visualized by fluorescence microscopy at 30 and 50 dpi in the root hair zone (rhizoplane) and in the root aerenchyma
(endosphere) and compared with control plants. In total, 10 plants were analyzed for each time point.
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in nitrogen fertilization. In total, 16 growth plots were grown,
which were divided into four groups: (i) 8 plots receiving
100% nitrogen/urea fertilization, 4 planted with seed in-
oculated with strain KO774, and the other 4 with the seed not
inoculated and (ii) 8 plots receiving only 50% of urea/nitrogen
fertilization, 4 of these planted with seed inoculated with
strain KO774 and the other 4 with the seed not inoculated
(Supplementary Fig. S6).

All of the plots were harvested 100 days postsowing and
different growth parameters such as germination/plot, weight of
1,000 grains/plot and 25 panicles/plot, and yield (kilograms
per hectare) were then assessed or measured (Table 2). No
statistically significant differences in any of the measured
parameters were found between the inoculated and un-
inoculated plots. This indicated that inoculation with Kosa-
konia spp. did not result in any plant growth promotion or

Table 1. Flagella-related proteins and type VI secretion system (T6SS)-related proteins in the Kosakonia KO348 secretome

Uniprot ID Protein name Unique peptides log(e)a

Flagella-related proteins
A0A369A2B9 Flagellin 73 _820.4
A0A368ZZS7 Flagellar hook-associated protein 2 64 _743.7
A0A369ACC2 Flagellar hook-associated protein 1 (FlgK) 47 _556.8
A0A368ZXF8 Flagellin-like protein (Fragment) 4 _471.4
A0A369ADA8 Flagellin 5 _261
A0A368ZX89 Flagellar hook-length control protein FliK 15 _113.9
A0A369A9W2 Flagellar hook-associated protein 3 FlgL 11 _100.6
A0A369A9A4 Flagellar hook protein FlgE 2 _11.6
A0A368ZXA5 Flagellar biosynthesis protein FlhA 3 _11.5
A0A369ACY1 Flagellar protein FlgJ 2 _6.8

T6SS proteins
A0A368ZWR4 T6SS-secreted protein Hcp 7 _61.9
A0A368ZZA3 T6SS-secreted protein VgrG 8 _47
A0A368ZRA6 T6SS-secreted protein VgrG 3 _42.1
A0A368ZYZ5 Rhs element Vgr protein (fragment) 2 _28.3
A0A368ZZB3 FHA domain protein 3 _11.1

a Statistical confidence.

Fig. 6. Role of the type VI secretion system (T6SS) of KosakoniaKO348 in rhizoplane and endosphere rice root colonization. The effect of T6SS was tested in
A, the rhizoplane and B, the endosphere colonization of rice root plants at 10 days postinoculation. The KO348hcp mutant was inoculated independently and in
competition assays (in the same rice plant) with the KO348 wild type. Three different biological replicates were performed at different times. In A, each
replicate had three plants analyzed individually; in B, each replicate had four plants analyzed individually. For the calculation of plasmid loss during rhizoplane
and root endosphere colonization, the complemented mutant KO348hcp(pBBRhcp) was plated in kanamycin (Km) for KO348hcp and in Km and gentamicin
(Gm) for KO348hcp(pBBRhcp).

Table 2. Field trial biological parameters by group

Weight (1,000 grains/plot) Weight (25 panicles/plot) Yield (m2) Yield (kg/ha)

Nitrogen 100% 35 96.8 958.8 9,587.5
Nitrogen 100% + KO774 35 90 943.8 9,437.5
Nitrogen 50% 34.3 98.8 853.5 8,585
Nitrogen 50% + KO774 35.3 101.3 828.5 8,285
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nitrogen biofertilization under the conditions tested
(Table 2).

Rice microbiome analysis of the rice field trial using
seed inoculated with Kosakonia sp. KO774.
Following the rice seed inoculation with Kosakonia sp.

KO774 in the field trial (discussed above), it was also of interest
to determine the colonization of strain KO774 and the effect on
the total endospheric microbial community of rice plants. We
determined the root endomicrobiome at three different time
points (30, 60, and 90 days postsowing) in plants which had
been fertilized with 50% of the recommended amount of ni-
trogen and had been inoculated with KO774 as well as in ones
that were not.

In the endomicrobiome, we first determined the presence of
bacterial sequences with 100% identity to the 16S ribosomal
DNA gene fragment of Kosakonia sp. KO774. This sequence
was present in all three samples in the group with Kosakonia-
inoculated seed at 30 dpi; however, at 60 dpi, we only observed
the sequence at much lower levels in one of the three samples.
At 90 dpi, this 16S ribosomal RNA (rRNA) gene sequence of
Kosakonia sp. KO774 was not detected (Supplementary Fig.
S7). In the group which was not seed inoculated with strain
KO774, the 100% identity Kosakonia DNA sequence was ob-
served in only one sample at 90 dpi, and at low abundance
(Supplementary Fig. S7).
A total root endomicrobiome analysis was also performed to

analyze the main bacterial genera (>1% abundance) at 30 dpi,

Fig. 7. Heatmap of the most abundant genus (>1%) by sample and treatment at 30 days postinoculation in the field trial. The clustering of the most abundant
bacterial genera and operational taxonomic units present in rice root endosphere at 30 days postinoculation among different samples is shown in the heatmap.
The heat map scale displays the row Z score, where the Z score is calculated as (relative abundances of a genus in one sample _mean relative abundance of the
same genus among total samples )/standard deviation.
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when Kosakonia sp. KO774 was still present. It was observed
that the hierarchical clustering positioned the samples closer
within each treatment group, indicating that all seed-inoculated
samples were clustered together and all the uninoculated
samples were closer among them (Fig. 7). However, when
observing the Z-scores based on distribution and relative
abundance of each genus, we observed a significant difference
between the two group sets (inoculated versus uninoculated) in
only a few genera such as Kosakonia (as expected), Rhodo-
spirillum, Asticcacaulis, and Enterobacteriaceae NA (Fig. 7).
When analyzing the clustering and patterns of distribution of

all samples by treatment and time point by nonmultidimen-
sional scaling analysis, it was observed that all samples were
mainly clustered by time point, with seed inoculation of
Kosakonia sp. KO774 not being a major factor for clustering.
One sample at 30 dpi belonging to the untreated group can be
clearly identified as an outlier (Fig. 8).
These findings suggested that Kosakonia sp. KO774 was able

to colonize the rice root endosphere at the given conditions only
at the first time point analyzed (30 dpi) after seed sowing and
that the endosphere microbial community was not significantly
affected by the inoculation.

DISCUSSION

Different strains of the recently described genus Kosakonia
have been isolated from crops and vegetables (Berger et al.
2018; Bergottini et al. 2015; Kämpfer et al. 2016; Shinjo et al.

2016; Witzel et al. 2012) and many possess plant-beneficial
phenotypes such as nitrogen fixation and phosphate solubili-
zation. In this study, we report the characterization of two en-
dophytic diazotrophic Kosakonia strains.
Genome analysis of some members of the Kosakonia genus,

including strains KO774 and KO348 studied here, has revealed
that they share some common genetic loci such as enzymes
which can facilitate endophytic colonization by degrading
plant-cell-wall polysaccharides or by removing reactive oxygen
species (Li et al. 2017; Reinhold-Hurek and Hurek 2011). In the
case of KO774, its genomic analysis revealed a plasmid con-
taining a putative large cellobiose gene, an enzyme possibly
involved in cellulose degradation; a similar enzyme has been
previously reported in other endophyte, Enterobacter sp. 638
(Taghavi et al. 2015). A recent comparative genomics study
based on K. radincincitans DSM 16656 described multiple
flagellar and secretion systems contributing to high motility
and high competitiveness, thus increasing bacterial fitness
(Becker et al. 1997). Comparative genomics revealed that
enriched protein domains include the nitrogen fixing cluster
(nif regulon), which has been reported in diverse Kosakonia
plant-associated strains (Becker et al. 1997). Other enriched
protein domains include functions related to cobalamin bio-
synthesis; this is an enzyme cofactor synthesized only by pro-
karyotes which in Sinorhizobium meliloti involved in symbiosis
and nodule formation (Taga and Walker 2010). Phosphonate
metabolism is also enriched in plant-associated Kosakonia
strains; phosphonate is a rich source of soil phosphate which

Fig. 8. Distribution patterns analysis by nonmultidimensional scaling (NMDS) analysis of the microbiomes by time and treatment. NMDS analysis plot
showing clustering of samples of rice endophytic microbial communities by time and treatment based on Bray-Curtis dissimilarity.
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plays a role in plant–bacteria interactions (Kamat and Raushel
2013). Phosphonate utilization strains of Stenotrophomonas
rhizophila, Cupriavidus basilensis, and Caulobacter segnis,
among others, have been isolated from the rhizoplane of Lolium
perenne (Fox et al. 2014). Finally, some ethanolamine utiliza-
tion protein domains were also enriched; ethanolamine can be
used in some bacteria as a valuable source of carbon and ni-
trogen (Kaval and Garsin 2018). Ethanolamine utilization is
important for bacterial pathogens of animals and plants (for
example, in the plant pathogen Erwinia chrysanthemi) (Kaval
and Garsin 2018). Interestingly, recently, ethanolamine and
derivatives have been linked to plant bacterial interkingdom
signaling (Coutinho et al. 2018).
Previous studies have shown that good endosphere colonizers

are recovered in vitro on the order of 104 to 106 CFU/g after
more than 1 week postinoculation (Luna et al. 2010; Schmidt
et al. 2011). Colonization studies performed here indicate that
the two Kosakonia strains are very efficient root endosphere
and rhizoplane colonizers. Fluorescence microscopy visuali-
zation also confirmed the KO348 ability to colonize the rice
roots endosphere. K. radicincitans DSM 16656 has also been
recently observed in the root cortex of cucumber by confocal
microscopy (Sun et al. 2018). The weak green fluorescent
protein (GFP) signal observed in the endosphere could be due
to plasmid loss, as we have also observed in this study. Other
studies have shown that transmission electron microscopy
allowed the localization of bacterial diazotrophs in rice in the
apoplasm (Egener et al. 1999; Gyaneshwar et al. 2001; Hurek
et al. 1994).
Endophytes are likely to have evolved an intimate relation-

ship with their plant host, probably involving interkingdom
signaling (Lòpez-Fernàndez et al. 2017; Reinhold-Hurek and
Hurek 2011). We detected approximately 144 putative secreted
proteins of Kosakonia sp. KO438 and many of these can be
involved in plant–bacteria interactions; flagellar and T6SS
proteins were among the most abundant found. The secretome
profile contained several membrane-associated proteins; these
are not necessarily secreted because some proteins can end up
in the supernatant because they are loosely associated with the
membrane or due to cell lysis. A similar secretome analysis has
been performed in the endophyte H. seropedicae SmR1, and 41
secreted proteins have been reported, including 19 flagella-
related proteins (Chaves et al. 2009). No proteins belonging to
the T6SS have been found in the secretome of H. seropedicae;
however, the presence of T6SS in genomes is very common
among plant-associated bacteria (Levy et al. 2018) and in en-
dophytes (Frank 2011). Interestingly, T6SS genes have been
found enriched in the rhizoplane of barley (Bulgarelli et al.
2015). The T6SS is a phage-like secretion system found in
approximately 25% of Gram‐negative bacteria, mainly in Pro-
teobacteria, including many plant-associated bacteria (Bernal
et al. 2018; Boyer et al. 2009). Interestingly, it is a host-
specificity factor in the symbiont Rhizobium leguminosarum
(Van Brussel et al. 1986). K. radicincitans possesses three
different types of T6SS; however, their function or mechanism
of action have not been studied (Becker et al. 1997). T6SS in
endophytes can be involved in host interaction or antagonizing
other microbes in the endosphere (Frank 2011). Here, we re-
port that a T6SS mutant of Kosakonia sp. KO348 displayed a
significant decrease in rice rhizoplane and root endosphere
colonization, thus suggesting a role in the host–bacteria
colonization or interaction. The hcp mutant was not affected in
bacterial growth under the conditions tested; hence, the T6SS
system does not play a role in bacterial growth. A limitation in
the T6SS root endosphere colonization experiment was that the
many Kosakonia cells in planta lose the pBBR1MCS-5 plasmid
vector, regardless of whether or not it harbors the hcp gene.

This vector is stable in Kosakonia KO348 in laboratory media;
thus, it is lost during Kosakonia in planta colonization due to
the lack of selection and, therefore, affecting the studies in-
volving complementation of genomic mutants.
Nitrogen is one of the most used fertilizers worldwide for all

cereals, including rice, with an annual growing rate of utiliza-
tion of 1.9, and it is expected that 201.66 million tons will be
used in 2020 (FAO 2017). Biofertilizers are considered an al-
ternative to decrease the use of chemicals; however, only a few
reports of greenhouse and field trials using rhizospheric or
endospheric diazotrophic strains have been performed thus far.
Most of these are in wheat or maize and report an increase
between 6 and 33% in total yield (Santi et al. 2013). Further-
more, plant-associated microorganisms applied in agriculture
as biofertilizers or biopesticides are usually subject to a rigor-
ous risk assessment which requires a better understanding of
the mechanisms involved in the mutualism to facilitate and
promote the development and application of sustainable mi-
crobial solutions in crop production (Brader et al. 2017). The
associative microbial nitrogen fixation supplied by microbes in
rice is predicted to be between 20 and 25% of the total nitrogen
needed by the plant (Ladha et al. 1987; Saikia and Jain 2007).
Inoculation experiments using H. seropedicae or Burkholderia
spp. revealed that 11 to 20% of the total nitrogen accumulated
in rice plants can be attributed to the bacterial strains (Divan
Baldani et al. 2000). Similarly, inoculation studies using
K. radicincitans (DSM 16656) increased plant root or shoot dry
weight by 150% under high nitrogen conditions (350 mg/plant)
and 130% in low nitrogen conditions (150 mg/plant) (Berger
et al. 2013). This latter study also showed that plants with low
nitrogen supplementation increased the pathogen defense-
related markers and suggested that this plant response could
negatively affect or inhibit the PGP effect of Kosakonia. A
recent report using the AbiVital product (67% K. radicincitans
DSM 16656T and 37% cryopreservation additives) in maize
resulted in an increase in yield of approximately 30% in field
trials, including organic and conventional cultivation systems
(Berger et al. 2018). In our field trial, we decreased the nitrogen
fertilization by 50%, hoping that supplementation via seed in-
oculation of the Kosakonia strain could, at least in part, over-
come nitrogen deficiency; this was not the case in any of the
measurements performed. This experiment could have
benefited from knowing the nitrogen concentration in the soil
used for the field trial. We observed that, under the conditions
used, the colonization of the inoculated strain was rather in-
efficient over a longer period of time (more than 30 days) and
that it did not affect the root endosphere microbiome; thus, a
possible limiting factor was likely to be the establishment of the
strain in the plant endosphere. This could have been due to
inoculation method, soil microbial community, or abiotic fac-
tors which are not favorable for the Kosakonia strain that we
used. Interestingly, Becker et al. (1997) reported a significant
impact on the bacterial community composition of tomato
following inoculation of K. radicincitans DSM 16656T. This
field trial was performed in Spain on a different rice variety
used in the laboratory experiment; hence, colonization effi-
ciencies of Kosakonia spp. could be different from the ones
reported in this study. However, other members of genus
Kosakonia have been shown not to display host specificity and,
in general, endophytes are generalists, being able to colonize
many different hosts (Compant et al. 2005; Ma et al. 2011).
Due to the recent description of the genus Kosakonia (Brady

et al. 2013), there are only a few reports on the presence of
Kosakonia spp. in the rice microbiome. Kosakonia spp. are
dominant colonizers in seed of three salt-tolerant rice varieties
(Walitang et al. 2017, 2018). In addition, when inbreeding seed
varieties containing Kosakonia spp., they were then present
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with a similar abundance or at even higher levels within the
offspring, suggesting that genus Kosakonia is part of the core
microbiota of some rice varieties (Walitang et al. 2019).
Kosakonia spp. have been isolated from different rice varieties,
largely representing approximately one-third of the total iso-
lates (Hardoim 2015). This indicates that members of genus
Kosakonia are common endophytes of rice.
This work has characterized two Kosakonia strains, pro-

viding some highlights of their interaction with the plant host
and its colonization. Further studies on the genus Kosakonia are
important for understanding the mechanisms that allow mem-
bers of this genus to be successful endophytic colonizers and be
part of the microbiome of economically important crops.

MATERIALS AND METHODS

Bacterial strains and growth conditions.
The Kosakonia strains used in this study (KO348 and

KO774) were previously isolated from the root endosphere
from rice grown in Italy (Bertani et al. 2016). Strains KO774,
KO348, KO348(pBBRgfp), KO348hcp, and KO348hcp(pBBRhcp)
were routinely grown in LB broth at 30�C. In order to obtain
spontaneous rifampicin (Rif)-resistant KO348 and streptomycin
(Sm)-resistant KO774, strains were grown in one-sixth tryptic soy
broth (TSB) medium supplemented with gradually increasing
amounts of Rif or Sm, respectively, ranging from 15 to 100 µgml

_1.
Finally, cultures were plated on tryptic soy agar (TSA) and single
colonies were reinoculated in TSB containing Rif at 100 µg ml

_1 or
Sm at 100 µg ml

_1. When required, antibiotics for Kosakonia strain
growth were added at the following concentrations: Rif at 50 µg
ml

_1, gentamicin (Gm) at 25 µg ml
_1, and kanamycin (Km) at

100 µg ml
_1. Escherichia coli DH5a and S17 were grown at 37�C

in LB broth and, when appropriate, antibiotics were added at the
following concentrations: ampicillin at 100 µg ml

_1 and Gm at
15 µg ml

_1
.

Genome sequencing of Kosakonia strains.
The genome of Kosakonia sp. KO348 has been previously

sequenced and was deposited at DNA Data Bank of
Japan/European Molecular Biology Laboratory/GenBank un-
der the accession number JZLI00000000 (Meng et al. 2015)
and in IMG/M (U.S. Department of Energy–Joint Genome
Institute) as genome ID 2651869662. We resequenced KO348
using Illumina HiSeq technology at 230× sequencing depth.
The genomewas assembled using spades v. 3.10.1. The genome
was annotated via IMG Annotation Pipeline v.4.16.0. The draft
genome sequence of Kosakonia sp. KO774 was also de-
termined in this study. For this, the genomic DNAwas obtained
by the Sarkosyl-Pronase lysis protocol, as described by Better
et al. (1983), then used to prepare a sequencing-ready library.
Sequencing was performed on Illumina MiSeq platform using
150-bp paired-end reads. The genome of Kosakonia sp. KO774
was deposited in IMG/M as genome ID 2758568389. Auto-
mated annotation of Kosakonia sp. KO774 draft genome se-
quence was performed using IMG/M (U.S. Department of
Energy-Joint Genome Institute).

Kosakonia genome analysis.
In order to analyze the genomes for a phylogenetic analysis,

15 Kosakonia genome sequences were retrieved from the In-
tegrated Microbial Genomes database IMG/M (U.S. De-
partment of Energy-Joint Genome Institute).
E. coli K12 MG1655 served as an outgroup. The list of

single-copy marker genes was retrieved for all genomes and
consisted of mainly ribosomal proteins. Only genes that were
present in all 15 genomes were used, and these included the
following clusters of orthologous groups (COGs): COG0012,

COG0016, COG0052, COG0087, COG0090, COG0091, COG0092,
COG0094, COG0096, COG0097, COG0098, COG0099, COG0102,
COG0103, COG0124, COG0186, COG0197, COG0200, COG0201,
COG0522, COG0525, COG0533, and COG0541. The genes of each
COG in all 15 genomes were aligned separately using MAFFT
multiple aligner, version 7.221 (K. Katoh and D. M. Standley)
using default parameters. The multiple sequence alignment
was trimmed with trimAl v1.3 using default parameters. Next,
the different COG alignments were concatenated together
using a custom script to yield 15 sequences of all 23 single-
copy genes. RAxML version 7.6.3 (The Exelixis Lab, Heidelberg
Institute for Theoretical Studies) was used to construct the tree
using the following parameters: raxmlHPC-PTHREADS-SSE3-f
a-p 12345-x 12345-# 1000-m PROTGAMMALG-T 8, with the
outgroup being E. coli. The best-scoring maximum-likelihood
tree with support value was visualized using iTOL (I. Letunic
and P. Bork).
We retrieved all proteins (n = 70) located within and adjacent

to the T6SS operons in the KO348 genome and we blasted them
with the proteins found in the secretome (discussed below),
searching for possible hits which might be T6SS effectors.

Plant colonization experiments.
For all of the rice endosphere colonization experiments, we

followed the inoculation protocol described previously by Bertani
et al. (2016), with a few modifications. Kosakonia Rif- or Sm-
resistant strains were grown on LB media to an optical density at
600 nm (OD600) of 0.8 and 7-day-old germinated Baldo rice
plantlets were then submerged in this bacterial suspension for 1 h
and transferred independently to a tube containing Hoagland’s
semisolid solution (Steindler et al. 2009). Plantlets were then
watered and grown for a number of days; Kosakonia strains were
then reisolated from roots or the green aerial part of the plant after
surface sterilization and sterility controls were performed, as
previously reported (Bertani et al. 2016). Plant material was finally
macerated in phosphate-buffered saline (PBS) solution and serial
dilutions of this macerate were plated in TSA containing the ap-
propriate antibiotics, then incubated at 30�C for 24 h and counted
for CFU/g calculation.
In the case of rhizospheric colonization: roots were rinsed

with sterile water removing all remaining Hoagland’s semisolid
solution and then vortexed in 5ml of PBS solution for 1 min.
Serial dilutions of this PBS solution were then plated on the
appropriate selection media for calculation of CFU per gram.
Plasmid-loss calculation of Kosakonia plant colonization

strains was performed by plating complemented Kosakonia
cells KO348hcp(pBBRhcp) isolated from the rhizoplane and
root endosphere in the following selective media: LB supple-
mented with Km at 100 µg ml

_1 plus Gm at 25 µg ml
_1 for

plasmid-complemented cells and LB supplemented with only
Km at 100 µg ml

_1 for cells which lost the plasmid. CFU per
gram and percentage of plasmid loss was calculated.
For comparing the rhizoplane and endosphere colonization

ability (Fig. 2) between KO348 and KO774 strains, a Kruskall-
Wallis test was used for specific pairs of data (KO348 versus
KO774) in single and coinoculation by Prism 7 (Graphpad
Software, Inc.). In the analysis of the rhizospheric and endo-
phytic colonization of KO348 (Fig. 3) and on the effect of T6SS
in colonization ability of KO348 (Fig. 6), a Kruskall-Wallis test
was also used for corresponding specific pairs of data. All
statistical analyses were performed with Prism 7 (Graphpad
Software, Inc).

Visualization of Kosakonia sp. KO348
in rice roots by confocal microscopy.
To further describe the colonization process by Kosakonia

strains, rice plantlets were inoculated with strain KO348(pBBRgfp)
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harboring plasmid pBBR2GFP, which constitutively expressed the
autofluorescent GFP protein (da Silva et al. 2014), as described
above. Colonization assessment of rice by strain KO348 harboring
the pBBR2GFPwas performed at several time points (5, 10, 30, and
50 dpi). For surface visualization, samples (roots and shoots) taken
from 10 plants at different time points were rinsed with distilled
water and directly observed under a confocal microscope (Olympus
Fluoview FV1000 with multiline laser FV5-LAMAR-2 HeNe(G)
and laser FV10-LAHEG230-2). For internal colonization, samples
were surface sterilized after being rinsedwith 75% ethanol for 2min
and rinsed thrice with distilled water. Then, samples were treated
with sodium hypochloride (7%) solution for 2 min and rinsed,
followed by two 75% ethanol treatments for 1 min, and finally
rinsed thricewith distilled water. Samples were then cut with a razor
transversally or longitudinally and observed under the confocal
microscope. X, Y, and Z pictures were taken at 405, 488, and
633 nm, respectively, and with ×10, ×20, or ×40 objectives. Z stacks
were observed using Imaris software or with Image J (National
Institutes of Health, United States). Pictures were cropped and, due
to the convolution process in the microscope, whole pictures were
sharpened and the light/contrast balance improved to better observe
the image details, as seen when samples are observed in the dark
under the microscope (Glassner et al. 2015).

Determination of the Kosakonia sp. KO348
protein secretome.
In order to determine the proteins which were secreted by

Kosakonia sp. KO348, the strain was grown in 200 ml of plant-
mimicking AGF liquid media (Ryan et al. 2007) at 30�C for
16 h The culture was then centrifuged at 3,800 × g at 4�C for
15 min and the spent supernatant was filtered through a 0.45-
µm membrane in order to remove any residual bacterial cells.
TCA was then added to a final concentration of 10% (wt/vol)
and incubated for 16 h at 4�C. Samples were then centrifuged
for 60 min at 15,000 × g at 4�C. Pellets were washed with
acetone and air dried. Protein pellets were then resuspended
in NuPage 1× LDS buffer (Thermo Fisher Scientific Inc.,
Waltham, MA, U.S.A.), boiled for 5 min, then run 3 cm in a
precast NuPAGE 12% Bis-Tris gel (Thermo Fisher Scientific
Inc.). The gels were stained with colloidal Coomassie brilliant
blue (Sigma-Aldrich Inc., St. Louis, MS, U.S.A.). The stained
area of the gel was cut into five bands and processed for in-gel
digestion with trypsin using standard procedures (Wysocka
et al. 2003). Liquid chromatography tandem mass spectrometry
of the digests was performed using an Easy-nLC II coupled to
an Amazon ETD mass spectrometer (Bruker Daltonics, Ham-
burg, Germany). The resulting spectra were searched using the
X!tandem (The Global Protein Machine Organization) search
engine and the Uniprot Kosakonia sp. KO348 published pro-
teome (UP000253187) and filtered at a 2% false discovery rate.
Table 1; Supplementary Tables S3 and S4 show the unique
peptides and the statistical confidence of the protein matches.

Construction of the Kosakonia strain KO348 hcp genomic
knock-out mutant and its genetic complementation.
A genomic knockout mutation of the hcp gene was con-

structed, using genomic DNA as template, by amplifying the
59 DNA flanking regions with primers pEXhcp1Fw 59-
AGGATCCTTTAATTTCTACCCGCCTGG-39 and pEXhcp1Rv
59-ACTCGAGTTTGCAGACAGACAGCTCAAC-39 and 39
DNA flanking regions with primers pEXhcp2Fw 59-AGAATT-
CAGGTGTGACCTATGCATTCCA-39and pEXhcp2Rv
59-AGGTACCTTGTTTGACAGCCATTTCGG-39. The 59 and 39
fragments were then ligated on either side of a Km resistance
gene and the final fragment cloned in gene-replacement vector
pEX19Gm (Hoang et al. 1998) generating pEX19Kmhcp. This
latter plasmid was then electroporated into strain KO348 and,

following selection (Km resistant [KmR] and Gm susceptible
[GmS]), resulted in the generation of an hcp knock-out mutant
strain which was named Kosakonia KO348hcp.
The hcp full-length gene (including its gene promoter)

was amplified with the primers prom+hcpFW 59-AGG-
TACCTGTTTCTGAAGGTCGATGGAG-39 and prom+hcpRv
59-AGGATCCTGTTTGACAGCCATTTCGGT-39, the se-
quence was verified via DNA sequencing, and the 802-bp
fragment was cloned in the Gm-resistant (GmR) pBBR1MCS-5
vector (Kovach et al. 1995). This plasmid was electroporated in
the mutant strain KO348hcp and selected for KmR and GmR,
and the resulting KO348hcp-complemented strain was named
KO348hcp(pBBRhcp). The pBBR1MCS-5 plasmid vector
(Kovach et al. 1995) was also electroporated in KO348hcp,
resulting in KO348hcp(pBBRMCS-1).

Bacterial growth curves.
Three biological replicates of cultures of strains KO348,

KO348hcp, and KO348hcp(pBBRhcp) were grown in LB broth
supplemented with appropriate antibiotics and grown at 30�C
with shaking at 200 rpm. OD600 values were measured every
hour until reaching the stationary phase.

Rice field trial using seed inoculated
with a Kosakonia strain.
A rice field trial using seed inoculated with Kosakonia sp.

KO774 was carried out between May and October 2016 at
Catarroja, Valencia, Spain (39.3859292�N, 0.376225411�W). It
consisted of 16 experimental plots of wet-seeded J. Sendra
paddy rice divided into four groups of treatment as follows: (i) 8
plots received 100% nitrogen/urea recommended fertilization,
with 4 of these planted with seed inoculated with Kosakonia sp.
KO774 and the other 4 with seed not inoculated and (ii) 8 plots
received 50% urea/nitrogen recommended fertilization, with 4
of these planted with seed inoculated with Kosakonia sp.
KO774 and the other 4 with seed not inoculated. The seed
inoculation with Kosakonia sp. KO774 was performed by
soaking rice seed in a solution containing the strain at 108

CFU/ml for 24 h. Rice plants were harvested at day 100
postrice-sowing and measurements, including germination/plot,
weight (1,000 grains/plot and 25 panicles/plot), yield (per square
meter), and yield (kilograms per hectare), were performed. Sta-
tistical analysis of variance was performed for analyzing the
phenotypic differences between groups using Prism 7 (Graphpad
Software, Inc).

Microbiome studies.
Microbiome analysis was performed on rice roots grown in

two plots of the following two treatment groups of the field
trials: (i) rice seed soaked in Kosakonia and the soil fertilized
with 50% of the recommended nitrogen (treated group) and (ii)
rice seed which were not inoculated with Kosakonia and the
soil fertilized only with 50% of the recommended nitrogen
(untreated group). Rice plants were collected at 30, 60, and 90
dpi and rice roots were washed and surface sterilized. In order
to maintain the variability but decrease the number of samples,
one sample was considered to be the sterilized roots of three
different plants of rice derived from the same plot and collected
at the same time point (Supplementary Fig. S7).
DNA from sterilized roots was extracted using PowerMax

Soil DNA isolation kit (MO BIO Laboratories, Carlsbad, CA,
U.S.A.) following the manufacturer’s protocol and using 0.5 g
of each sample. The 16S rRNA gene amplicon library was
prepared following the manufacturer’s protocol (15044223 B;
Illumina Inc., San Diego, CA, U.S.A.). Briefly, samples were
amplified in the V3 and V4 regions using denaturated primers
(Klindworth et al. 2013) in a limited-cycle PCR, followed by an
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AMPure XP bead clean-up (A63880l; Beckman Coulter Inc.,
Brea, CA, U.S.A.). A second PCR was then performed to attach
dual index and Illumina sequencing adapters using the Nextera
XT Index Kit, followed by a final AMPure XP bead clean-up.
16S rRNA gene concentration was measured by fluorimetric
quantification using Qubit 2 (Invitrogen Inc., Carlsbad, CA,
U.S.A.). Sequencing was performed using the Illumina Miseq
technology. The sequences of raw data were filtered out and the
reads were trimmed to a consistent length. Then, the data were
denoised, and chimera were filtered and taxonomically
assigned using DADA2 v1.1.5 (Callahan et al. 2016). For the
taxonomic analysis, the sequencing reads were clustered into
operational taxonomic units, defined as groups of sequencing
reads that differ by less than a fixed dissimilarity threshold
(97%) generated in DADA2 using the Greengeenes database
v13.5 (The Greengenes Database Consortium) modified for
including sequence “CTACGGGTGGCAGCAGTGGGGAA
TTTTCCGCAATGGGCGAAAGCCTGACGGAGCAATGCC
GCGTGGAGGTGGAAGGCCCACGGGTCGTCAACTTCTT
TTCTCGGAGAAGAAACAATGACGGTATCTGAGGAATA
AGCATCGGCTAACTCTGTGCCAGCAGCCGCGGTAAGA
CAGAGGATGCAAGCGTTATCCGGAATGATTGGGCGTA
AAGCGTCTGTAGGTGGCTTTTCAAGTCCGCCGTCAAA
TCCCAGGGCTCAACCTGGGAACTGCATTCGAAACTGG
CAGGCTGGAGTCTCGTAGAGGGAGGTAGAATTCCAGG
TGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACC
GGTGGCGAAGGCGGCCTCCTGGACGAAGACTGACGC
TCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGA
TACCCCTGTAGT” as Bacteria Proteobacteria g-Proteobacteria
Enterobacterales Enterobacteriaceae Kosakonia_S (belonging
to our strain KO774).
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Isolement et activité nitrogénasique de Burkholderia vietnamiensis,

bactérie fixatrice d’azote associée au riz (Oryza sativa L) cultivé sur un sol
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