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ABSTRACT In order to investigate the underlying interaction mechanisms between
plants and Gram-positive bacteria, 10 Paenibacillus and Bacillus strains were isolated
from healthy tomato rhizosphere and plant tissues.

Tomato is one of the most important horticultural crops in the world. Because of its
high nutritional value, tomato fruit ranks first among 40 fruits and vegetables in

“relative contribution to human nutrition” (1, 2). However, there are many plant
pathogens that can easily infect tomatoes during the growth season and reduce quality
and yield (2). In spite of promising results in controlling tomato diseases via chemical
treatments, pesticides, and fungicides, residues may cause a big threat to our human
health and environment (3). Alternatively, plant growth-promoting Rhizobacteria
(PGPR) can promote plant growth as well as inhibit plant pathogen growth, which is an
environmentally friendly approach to controlling tomato diseases (4).

Gram-positive bacteria, especially Bacillus and Paenibacillus strains, are among the
well-known PGPR strains that can be applied to agriculture to provide biocontrol
function (5). In order to elucidate the interaction mechanisms between plant and
Paenibacillus and Bacillus species, 10 Paenibacillus- and Bacillus-like strains were isolated
from healthy tomato rhizosphere and tissues. Briefly, rhizosphere soil (1 g) of healthy
tomato plants was suspended in 9 ml of 10 mM sterilized MgSO4 buffer. Then, the
suspension was diluted 103 to 106 times with 10 mM sterilized MgSO4 buffer. All of the
diluted samples were heat treated (80°C) for 15 min and were subsequently spread
onto Luria-Bertani (LB) agar plates. The plates were incubated at 28°C for 24 to 48 h to
obtain single colonies. For plant tissue isolation, 1 g of tomato leaves was surface
sterilized for 1 min in 70% ethanol and for 3 min in 0.5% NaClO solution supplemented
with 1 droplet of Tween 80 per 100 ml solution and then was rinsed 5 times with
sterilized deionized water. After surface sterilization, the plant tissues were macerated
in 9 ml of 10 mM sterilized MgSO4 buffer with a sterilized mortar to obtain the plant
tissue suspension. The following steps were the same as those for isolation from
rhizosphere soil. The surface sterilization process was checked by spreading aliquots of
the last rinsing solution on LB agar plates (if no growth was observed after 7 days,
surface sterilization was considered to be successful).

A single colony of each strain was grown in 5 ml LB medium at 28°C and 220 rpm.
Overnight cultures of the 10 strains in LB medium were collected. Genomic DNA was
isolated with a GenElute bacterial genomic DNA kit (Sigma) according to the manu-
facturer’s protocol. The genomes were sequenced at GATC Biotech (Germany) with an
Illumina HiSeq sequencing system. On average, 5 million paired raw reads (150 bp)
were generated per sample from each sequencing run and were checked by FastQC
version 0.11.5 (6). The low-quality reads were removed using Trimmomatic version 0.38
(7), and the reads were assembled de novo using SPAdes version 3.11.1 (8). Default
parameters were used for all software unless noted. The coverages of the 10 sequenced
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genomes all exceeded 150�, and the characteristics of the assemblies and genome
features obtained are described in Table 1. The draft genomes were then annotated by
the Rapid Annotations using Subsystems Technology (RAST) server (9) and identified to
be Paenibacillus or Bacillus by phylogenetic analysis based on the whole-genome
sequence of the isolate and other reference genome sequences from NCBI.

Data availability. The draft genome sequences of the 10 strains have been depos-
ited in GenBank under the accession numbers listed in Table 1. The raw reads have
been registered and submitted to the Sequence Read Archive (SRA) under the acces-
sion numbers listed in Table 1.

ACKNOWLEDGMENTS
We thank the Koppert company for supplying the tomato material for this research.
L. Zhou was financially supported by the China Scholarship Council (201606910037).

C. Song was supported by a grant of NWO-STW for the Back to the Roots project.

REFERENCES
1. Bourne MC. 1977. Post harvest food losses—the neglected dimension in

increasing the world food supply. Cornell Int Agric Mimeogr 53.
2. Salhi A, Negrão S, Essack M, Morton MJL, Bougouffa S, Razali R, Rado-

vanovic A, Marchand B, Kulmanov M, Hoehndorf R, Tester M, Bajic VB.
2017. DES-TOMATO: a knowledge exploration system focused on tomato
species. Sci Rep 7:5968. https://doi.org/10.1038/s41598-017-05448-0.

3. Janahiraman V, Anandham R, Kwon SW, Sundaram S, Karthik Pandi V,
Krishnamoorthy R, Kim K, Samaddar S, Sa T. 2016. Control of wilt and rot
pathogens of tomato by antagonistic pink pigmented facultative methy-
lotrophic Delftia lacustris and Bacillus spp. Front Plant Sci 7:1626. https://
doi.org/10.3389/fpls.2016.01626.

4. Parray JA, Jan S, Kamili AN, Qadri RA, Egamberdieva D, Ahmad P. 2016.
Current perspectives on plant growth-promoting Rhizobacteria. J Plant
Growth Regul 35:877–902. https://doi.org/10.1007/s00344-016-9583-4.

5. Emmert EA, Handelsman J. 1999. Biocontrol of plant disease: a (Gram-)
positive perspective. FEMS Microbiol Lett 171:1–9. https://doi.org/10
.1111/j.1574-6968.1999.tb13405.x.

6. Andrews S. 2010. FastQC: a quality control tool for high throughput
sequence data. http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/.

7. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114 –2120. https://doi.org/10
.1093/bioinformatics/btu170.

8. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin
VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, Vyahhi N,
Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new genome as-
sembly algorithm and its applications to single-cell sequencing. J Comput
Biol 19:455– 477. https://doi.org/10.1089/cmb.2012.0021.

9. Aziz RK, Bartels D, Best A, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL,
Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD,
Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. 2008. The
RAST server: Rapid Annotations using Subsystems Technology. BMC
Genomics 9:75. https://doi.org/10.1186/1471-2164-9-75.

TABLE 1 Genome features and GenBank accession numbers of the 10 Paenibacillus and Bacillus strains

Straina

Genome
size (bp)

G�C
content (%)

No. of
coding sequences N50 (bp)

No. of
contigs

GenBank
accession no.

SRA
accession no.

Bacillus subtilis BH5 4,140,601 44.0 4,221 997,181 29 RPHI00000000 SRR8443430
Bacillus subtilis BH6 4,139,877 44.0 4,224 997,721 28 RPHC00000000 SRR8443431
Bacillus subtilis DH12 4,180,980 43.3 4,329 1,062,805 27 RQPH00000000 SRR8443428
Bacillus subtilis EH2 4,125,144 43.5 4,327 1,048,476 23 RPHG00000000 SRR8443427
Bacillus subtilis EH5 4,157,573 43.5 4,352 1,073,629 21 RPHF00000000 SRR8443424
Bacillus subtilis EH11 4,179,885 43.3 4,335 1,062,805 26 RPHE00000000 SRR8443426
Bacillus endophyticus FH5 5,366,783 36.4 5,462 351,654 53 RPHD00000000 SRR8443432
Bacillus velezensis FH17 4,280,415 45.7 4,408 362,129 29 RQPG00000000 SRR8443425
Bacillus velezensis TH16 3,952,155 46.4 3,975 298,227 43 RQPF00000000 SRR8443433
Paenibacillus xylanexedens EDO6 7,354,453 45.6 6,553 1,358,350 26 RPHH00000000 SRR8443429
a Paenibacillus xylanexedens EDO6 was isolated from tomato plant leaves; the other nine strains were isolated from tomato plant rhizosphere soil.
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