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This study investigated plant growth-promoting (PGP) mechanisms in Priestia aryabhattaiVMYP6

and Paenibacillus sp. VMY10, isolated from tomato roots. Their genomes were initially assessed in
silico through various approaches, and these observations were then compared with results obtained
in vitro and in vivo. Both possess genes associated with the production of siderophores, indole acetic
acid (IAA) and cytokinins (CKs), all of which have been shown to promote plant growth. The two strains
were able to produce these compounds in vitro. Although both genomes harbor genes for phosphorus
solubilization, only VMY10 demonstrated this ability in vitro. Genes linked to flagellar assembly and
chemotaxis were identified in the two cases. Both strains were able to colonize plant roots, even
though VMYP6 lacked motility and no flagella were observed microscopically. In the greenhouse,
tomato plants inoculated with the strains showed increased biomass, leaf area, and root length. These
findings underscore the importance of integrating in vitro assays, genomic analyses, and plant trials to
gain a comprehensive insight into the PGP mechanisms of rhizobacteria like VMYP6 and VMY10. Such
insight may contribute to improving the selection of strains used as biofertilizers in tomato, a major
crop worldwide.

Plant growth-promoting rhizobacteria (PGPR) are a diverse group of bacteria that adhere to and colonize the
rhizosphere. They are known to improve soil quality, suppress plant disease, stimulate plant growth, and increase
plant yield"?. When used as inoculants, their performance depends on their survival and colonization rates, both
of which are influenced by environmental factors. Nevertheless, these bacteria are particularly well-equipped
to face adverse conditions, thanks to their ability to produce endospores, their motility mechanisms, and their
root-associated lifestyle3'4. PGPR include members of the genera Bacillus, Pseudomonas, Burkholderia, and
Azospirillum, among others>™”.

In 2020, several Bacillus species were reclassified into the newly proposed genus Priestia. Some of these
species have shown PGP activity. For instance, Priestia aryabhattai promotes soybean growth by increasing the
levels of phytohormones such as abscisic acid (ABA) and gibberellins (GA3), while also exhibiting tolerance to
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oxidative stress®. Similarly, Priestia megaterium enhances growth in mustard and pepper through phosphate and
zinc solubilization, respectively®.

On the other hand, Paenibacillus spp. were originally included within the genus Bacillus but were reclassified
as a separate genus in 1993. They are also effective PGPR with agricultural and horticultural applications as soil
inoculants'®. The genus encompasses more than 150 species. Paenibacillus polymyxa is the most studied but
many remain unexplored, while others are yet to be classified!!2,

Sequencing technology has made it possible to analyze the whole genome of isolated strains to reveal potential
microbial functions. However, many PGP mechanisms associated with the genera Priestia and Paenibacillus
have not been elucidated yet!>!%,

Tomato (Solanum lycopersicum L.) is the most in-demand horticultural crop after potato in many places
around the world', including Argentina'®!”. Its cultivation takes place mainly in greenhouses and requires
particularly high levels of fertilizers'®. PGPR alternatives can thus be particularly useful in this case.

This study explored the genomes of two bacterial strains from the rhizosphere of tomato which can promote
plant growth. It also sought to understand the mechanisms involved in this promotion. The two strains were
taken from a collection gathered in an earlier study, in which they demonstrated positive results in vitro for
phosphate solubilization, siderophore synthesis, and phytohormone production. All these capabilities are
associated with plant growth promotion. Here, whole genome sequencing and annotation were performed to
identify the strains at the species level and locate genes potentially involved in PGP activity. The genotypic data
were then correlated with phenotypes observed in vitro and effects recorded in tomato seedlings in vivo.

The overall goal was to enhance our understanding of bacterial PGP mechanisms through a comprehensive
and comparative approach that comprises phenotypic, genotypic, and in planta analyses. The information thus
gathered can contribute to improving the selection of strains with potential applications as biofertilizers in
tomato.

Results

Selection and identification of bacteria with PGP traits

In a previous study, 106 rhizobacteria were isolated from healthy tomato plants'®. In the present study, those
isolates were screened for the production of indole acetic acid (IAA) and siderophores (Fig. S1a), as well as for
phosphate solubilization (Fig. S1b). VMYP6 was selected because of its capacity to produce TAA (5.42+0.14 ug
mL1) and siderophores (4.06 +2.52 mm). VMY 10 was selected based on its ability to produce IAA (5.89 £0.15 pug
mL!) and siderophores (3.84 + 1.08 mm), and also to solubilize phosphate (6.43 +0.75 mm). These traits made
the two rhizobacterial isolates potential plant growth promoters. Additionally, both were identified as Gram-
positive rods and spore-forming bacilli (Fig. S1c). Analysis of their 16S rDNA gene sequence revealed that
VMYP6 belongs to the genus Priestia (GenBank accession number: PQ362315) and VMY10 to Paenibacillus
(GenBank accession number: PQ362316).

Whole genome sequencing and phylogenomic analysis

Identification of VMYP6 and VMY 10 at the species level was carried out through whole genome sequencing.
The sequences were obtained on the Illumina HiSeq 2500 platform. After being assembled, their final sizes were
6,073,033 bp for VMYP6 and 6,702,291 bp for VMY10. They respectively contained 46 and 22 contigs, and
37.3% and 46.91% GC. Assembly completeness and contamination were confirmed to meet the 95% and 5%
thresholds (Table S1), as established by previous studies®. Then, the values for average nucleotide identity (ANI)
and DNA-DNA hybridization ({DDH) were calculated through comparison with type strains of Paenibacillus
and Priestia genera. VMYP6 exhibited over 96% ANI and 70% dDDH with type strain P. aryabhattai JCM 13839.
It was thus classified as a member of that species (Table S2a-b). On the other hand, although VMY10 showed the
highest ANI and dDDH with type strain Paenibacillus illinoisensis NBRC 15959 (Table S2c-d), the values did not
surpass species delineation thresholds.

In a further attempt at identification, a core-based phylogenetic tree was built for VMY10 and other
Paenibacillus spp. strains with available genome sequences. In this tree, VMY10 clustered with strains identified
as P, illinoisensis, including type strain NBRC 15959 (Fig. 1b). VMY10 and the strain 7523-1 were grouped
together (Fig. 1b), and shared ANI and dDDH values of 98.5% and 87.8%, respectively. However, neither VMY10
nor 7523-1 shared the required ANI or dDDH values with NBRC 15959 to be classified as P. illinoisensis. This
suggests that both strains should be considered a new species, from here on referred to as Paenibacillus sp.

The phylogenetic tree made for VMYP6 showed it in a cluster with type strain P. aryabhattai JCM 13839
(Fig. 1a), which confirms the taxonomic classification made on the basis of whole genome sequence analysis.

PGP traits of VMYP6 and VMY10
To investigate the presence of genes that encode proteins involved in promoting plant growth, a BLASTP search
was conducted and agnostic annotation was performed on RAST. In VMYP6, 364 proteins with functions
reported in PGPR strains were identified through BLASTP. Notably, 30% of those proteins are involved in
motility, chemotaxis, and adhesion to plant surfaces, while 13% are associated with phytohormone production
and modulation (Fig. 2a). For the same genome, RAST annotated 2077 features in 334 subsystems (Table S3).
Only 13 protein-encoding genes were detected in VMY10 with BLASTP (Fig. 2b). This may be due to
the strain’s lower phylogenetic relatedness to those bacteria used as queries, whose PGP proteins are well-
documented. RAST annotated 1724 features in 334 subsystems for the VMY10 genome (Table S3), which
resulted in the identification of 159 additional proteins linked to PGP. Twenty-four percent of these are associated
with motility, chemotaxis, and attachment to plant surfaces, 19% are involved in sulfur metabolism; 16% in
phosphorus metabolism, and 15% in iron transport and siderophore production (Fig. 2b). Identifying more
divergent proteins, beyond those that have already been characterized, is challenging?. To address this, query
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Fig. 1. Phylogenetic trees for VMYP6 and VMY 10 with their related strains. A total of 133 and 136 common
ancestral genes were identified across all studied strains using BLASTN searches with an E-value of 107
Genes of P. megaterium ATCC 14581 (a) and P, illinoisensis NBRC 15959 (b) were respectively used as queries.
The identified genes were aligned and trimmed individually. For the Priestia genus (a), genes with at least 80%
query coverage and 80% identity were selected. For the Paenibacillus genus (b), the selection criteria were set
at 90% query coverage and 90% identity. The trees were built with the RAXML algorithm’”, and visualized

and annotated using iTOL’®. Tree reliability was assessed through bootstrapping with 200 and 300 replicates,
respectively, using the MRE-based Bootstopping criterion””. Type strains are indicated with a blue star.
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Fig. 2. PGP genes identified in Priestia aryabhattai VMYP6 and Paenibacillus sp. VMY 10. A total of 504 and
390 annotated genes are respectively shown for VMYP6 (a) and VMY10 (b). BLASTP was implemented first,
then RAST, and finally PSI-BLAST. Only non-redundant genes identified by each method are shown.
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Table 1. Genes associated with PGP traits in the genomes of P. aryabhattai VMYP6 and Paenibacillus sp.
VMY10.

Phytohormones | VMYP6 (ng/ml) | VMY10 (ng/ml)
GA3 28.15+6.99 28.2+6.35
KIN 123.7+£1.04 177.75+6.0
ZEA 108.45+0.4 109.45+0.17
6BAP 14.25+3.18 19.05£0.75
SA 5858 +335 5010+1180
IBA nd 60.65+0.52

JA nd 12.45+1.79
ABA 88.7+9.24 3.95+0.64

Table 2. Characterization of phytohormone production by PGPR strains in vitro. Nd, not detectable. GA3,
gibberellic acid; KIN, kinetin; ZEA, zeatin; 6-BAP, 6-benzylaminopurine; SA, salicylic acid; IBA, indole butyric
acid; JA, jasmonic acid; ABA, abscisic acid. Values are means + standard deviation (SD) of two independent
replicates.

proteins were used to define position-specific scoring matrices (PSSMs), and to identify homologs among the
predicted proteins encoded in the VMY10 genome using psi-BLAST. Another 218 PGP-related proteins were
identified in this way. A significant proportion (32%) is implicated in the production of antagonist traits, while
others (15%) are connected with phytohormone production and modulation (Fig. 2b).

The genome of VMYP6 was explored with psi-BLAST as well. This approach led to the identification of 89
additional proteins (Fig. S2), 74% of which are associated with the production of antagonist traits (Fig. 2a).

As described above, the in silico analyses not only found a plethora of genes that encode PGP proteins,
but also others that signal the presence of antagonist traits. Since such traits are clearly related to the synthesis
of secondary metabolites, we looked into the possible existence of gene clusters for this synthesis?!. VMYP6
has clusters for three terpenes (two that contain RRE and one which is RIPP-like) and clusters for T3PKS,
Ni-siderophore, and phosphonate production (Table S4). VMY 10 features clusters for two terpenes, one lasso
peptide, non-ribosomal peptide synthetase, T3PKS, opine-like metallophore, proteusin, and phosphonate
production. In all cases, the cluster components were identified by BLAST, RAST, or PSI-BLAST, except for non-
ribosomal peptide synthetase in VMY10 (Table S4).

Table 1 shows the genes involved in the synthesis of phytohormones such as IAA and cytokinins (CKs), and
those related to iron uptake, phosphate solubilization and mineralization, motility, chemotaxis, and adhesion to
plant surfaces. A complete description of the genes found in VMYP6 and VMY 10 is given in Table S5a, b.

Phytohormone production

The in silico analyses revealed numerous genes related to the pathways for auxin and cytokinin biosynthesis in
the genomes of VMYP6 and VMY10 (Table 1). These data were supported by phenotypic observations made
in vitro: both strains were able to produce IAA, which was assessed in the initial screening, and several other
phytohormones. These included different CKs, namely kinetin (KIN), zeatin (ZEA), and 6-benzylaminopurine
(BAP), as well as salicylic acid (SA), GA3, and ABA. However, only VMY10 produced indole butyric acid (IBA)
and jasmonic acid (JA) (Table 2).
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Motility and root colonization
VMYP6 and VMY10 possess genes involved in chemotaxis and the assembly and regulation of flagellum-
dependent movement (Table 1).

As shown by transmission electron microscopy (TEM), VMYP6 lacks flagellar filaments while VMY10
has multi-flagellar filaments of considerable length (Fig. 3a). Flagellar functionality was assessed with a 0.3%
agar swimming assay. After 15 h of incubation at 28 °C, VMY10 showed swimming motility but VMYP6 did
not (Fig. 3b). Motility was likewise evident in VMY10 and absent in VMYP6 when the strains were observed
through light microscopy (videos S1 and S2, respectively).

Scanning electron microscopy (SEM) showed that the two strains adhered to the root surface of 10-day-old
tomato seedlings in vitro, though colonization density differed from one to the other (Fig. 4). No bacterial cells
were found on the root surface of the control treatment.

Effects of inoculation with VMYP6 and VMY10 on tomato growth under greenhouse
conditions

Inoculation with either VMYP6 or VMY 10 had a positive effect on the growth of tomato plants compared to the
uninoculated control (Fig. 5). All the inoculated plants showed a significant increase (P <0.05) in stem and leaf
dry weight, leaf area, and root length with respect to the control.

No differences were observed in the number of leaves or flowers between plants treated with the bacteria
and the control. In addition, no symptoms of disease were visible in roots or shoots (Fig. S3), which suggests the
strains are not pathogenic in tomato plants.

Total chlorophyll was significantly higher in plants inoculated with VMYP6 than in the control, but the
carotenoid content remained unchanged. In contrast, total chlorophyll did not differ between plants treated with
VMY 10 and the control, but the carotenoid content was lower than in the control (Fig. 5).

Discussion

This work adopted a holistic approach to study two native bacterial strains isolated from the tomato rhizosphere,
VMYP6 and VMY10. It compared genomic data with the results of in vitro and in planta assays to explore PGP
traits in these bacteria that could benefit tomato growth and productivity.

The strains were taxonomically classified as a P. aryabhattai (VMYP6) sp. and a Paenibacillus sp. (VMY10).
Members of these genera are used as PGP inoculants in many crops?»?. In addition to engaging in diverse
growth-promoting mechanisms, they are capable of forming spores. This makes them more resilient to a wide
range of environmental stresses and ensures their long-term survival in the soil*.

Gene-encoded functions in a given bacterium determine its phenotype and behavior in the environment®.
To find bacterial species with plant-beneficial traits, an effective strategy consists in searching their genomes for
encoded proteins that have already been confirmed to exist in the genome of other PGPR reference strains?.
In this study, three complementary tools were used to explore the genomes of VMYP6 and VMY 10, in search
of homologs of proteins known to be involved in direct or indirect PGP activity: (i) BLASTP, for close homolog

a VMYP6 VMY10

v

Fig. 3. Transmission electron micrographs of VMYP6 and VMY 10. The arrows indicate the flagellar basal
bodies (a). Swimming motility of VMYP6 and VMY10 on a soft agar plate. Bacteria were stabbed in the center
of the agar plate and incubated at 28 °C for 15 h. The ‘< indicates positive motility by diffuse growth around
the inoculation point.
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CONTROL VMYP6 VMY10

Fig. 4. Scanning electron micrographs of the root surface of 10-day-old tomato plants: uncolonized control
treatment; colonization by VMYP6; colonization by VMY10.

assignation; (ii) de novo annotation on RAST, which depends on reliable subsystem-based assertions for genome
annotation; and (iii) PSI-BLAST with custom PSSMs, to identify more distantly related evolutionary homologs.

As expected, protein identification via BLASTP was more successful when homolog proteins were more
phylogenetically similar to query proteins. When there was a lower degree of relatedness, RAST was crucial
to uncover the broader genomic potential of VMYP6 and VMY10. Given that the latter belongs to a species
which is more distantly related to the query-harboring strains, the use of PSI-BLAST was also fundamental. This
tool, moreover, enabled the identification of antagonist traits in VMYP6, likely because these pathways often
comprise more heterogeneous members®.

An important characteristic in PGP bacteria is the production of siderophores, which make it possible to
scavenge iron from the environment. Through the action of siderophores, PGPRs may not only make iron more
readily available for plant growth but also limit iron availability for pathogens in the same niche. In turn, this
may protect plants from pathogenic attack and facilitate bacterial colonization of plant surfaces?®?”. According
to our results, VMYP6 and VMY10 have gene clusters associated with siderophore production (rhb, yfm)?.
Additionally, VMYP6 harbors the efe and feo gene cluster, implicated in iron transport?. The two strains produced
siderophores in vitro. Interestingly, a cluster in the genome of VMY10 (identified with antiSMASH) showed
100% similarity with the complete cluster dhbACEBF, associated with a siderophore called bacillibactin®. This
secondary metabolite has been studied in B. amyloliquefaciens as a biocontrol agent®!.

Another significant PGP trait is the ability to dissolve inorganic phosphorus (P), an essential macronutrient.
Eighty percent of soluble P in the soil is immobile and unavailable for plant uptake®, but rhizobacteria can
increase its availability by solubilizing it**. We found that VMY 10 dissolved inorganic phosphorus in vitro and
harbors genes gcd, phoARP, pstABCS and pqqEFG, which play a key role in P solubilization®***.

Although VMYP6 features the same genes, it did not solubilize P in vitro. Other authors reported that certain
microorganisms with the necessary orthologous genes for P solubilization (e.g. pqq and gcd) do not solubilize
the element in vitro without an external pqq coenzyme®. Likewise, VMYP6 might only solubilize P if other
inhabitants in its microbiome provide it with a necessary coenzyme. This shows the importance of considering
soil microbiota as a whole when studying a given microorganism.

Successful colonization of the rhizosphere is essential for PGP*. Colonization involves reaching the root
surface through passive movement or active flagellar propulsion®”%. Both VMYP6 and VMY10 were able to
attach to and colonize tomato roots in this study, and both contain genes associated with flagellar synthesis
and its regulation, including fIh, fli, flg* and motAB*. They also possess genes linked with chemotaxis, such as
cheABDRVWY*!, However, transmission electron microscopy (TEM) and a swimming assay on agar did not
produce similar results for the two strains. In the case of VMY10, TEM revealed peritrichous flagella, which
is consistent with the characteristics reported for other Paenibacillus spp.*>. Moreover, this strain was able to
swim on agar. In contrast, VMYP6 exhibited no swimming motility and TEM failed to detect any flagella in it.
Flagellum assembly and functioning require the coordinated expression of over 30 proteins*’. Consequently,
flagellar presence or absence depend on the comprehensive regulation of gene expression at the transcriptional,
translational, and transport levels*!. In another study, the root exudates of potato plants were found to have
a profound impact on gene expression levels in B. mycoides, including the motility gene set**. Similarly, the
expression of the flagellum-related genes identified in silico in VMYP6 may rely on tomato root exudates which
were absent in vitro. This is a possible explanation for the lack of flagella ascertained through TEM in this strain.

In the greenhouse, tomato plants inoculated with VMYP6 or VMY10 had increased stem and leaf dry weight,
leaf area, and root length with respect to the control. Similar results were obtained when tomato plants were
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Fig. 5. Effect of treatment with VMYP6 and VMY 10 on plant growth attributes in tomato plants 75 days

after sowing: (a) leaf dry weight; (b) stem dry weight; (c) leaf area; and (d) root length. Bars represent mean
values + standard deviation (SD) of three independent replicates. FW: Fresh weight. For each variable, different
lowercase letters between columns indicate significant differences at P<0.05 according to Fisher’s LSD test.

inoculated with other strains of the genera Paenibacillus or Priestia*>*®. These improvements are likely due in
part to the production of phytohormones by the bacteria. Phytohormones regulate a range of physiological
processes in plants, including growth, development, and nutrient uptake®’. In this study, VMYP6 and VMY10
produced auxins in vitro, such as IAA, gibberellins, and CKs.

Bacterial production of IAA has been reported to have PGP effects®®=>’. Our genomic analyses found that
VMYP6 and VMY 10 respectively contain trpABC and trpABCDEF cluster genes, which are related to tryptophan
pathways that intervene in IAA synthesis. Furthermore, genes ycIC, ycIB, ysnE, ipdC, and dhaS in VMY10 encode
enzymes responsible for the pathways of indole-3-pyruvic acid (IPyA) and tryptamine (TAM)-dependent IAA
synthesis in bacteria®!~53,

VMYP6 and VMY10 also contain several genes associated with CK biosynthesis, including miaA, miaB,
yvdD, and log. CKs perform a specific role in delaying plant senescence by regulating protein levels and
promoting chlorophyll synthesis in leaves, thereby mitigating leaf yellowing®. Tomato plants treated with the
two strains used in this study showed a significant increase in total chlorophyll content, a phenotype to which
the presence of CKs may contribute.
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Our research found that the presence of genes encoding PGP traits in bacterial genomes is sometimes but
not necessarily correlated with phenotypic observations, in agreement with previous findings®>*°. Nevertheless,
it highlights the importance of genomic analysis to predict PGPR behavior, as previously reported®>>"8, Even
greater insight may be gained by complementing functional annotation with in vitro and in vivo results, as was
done here with two different PGPRs tested on tomato. This comprehensive approach provides a more in-depth
understanding of the mechanisms underlying PGP activity in relevant genera. It also helps to narrow the gap
between laboratory findings and real outcomes in the complex rhizosphere environment, and may be a valuable
means of identifying good bacterial candidates to be used as biofertilizers.

Materials and methods

Isolation of strains and screening for PGP traits

The bacteria chosen for this study were taken from a collection gathered and described by'®. The strains in
this collection were isolated from five horticultural farms in Villa Maria and Villa Nueva, Cérdoba, Argentina.
To find those with PGP traits, Gram-positive isolates were separated from the rest and assessed for IAA and
siderophore production, as well as for phosphorus solubilization. IAA production was detected through a long-
standing method®’, following the protocol described in another study®. Siderophore production was determined
with chrome azurol S (CAS) and hexadecyltrimethylammonium bromide (HDTMA) as indicators®!, with slight
modifications®?. Phosphate solubilization was tested through a plate assay using the National Botanic Research
Institute’s phosphate medium (NBRIP), which contains insoluble tricalcium phosphate as the sole source of
phosphorus®.

Bacterial cultures
A colony of each strain (VMYP6 and VMY10) was pre-cultured in Luria broth base (LB) in an orbital shaker at
28 °C and 120 rpm, until reaching a concentration of 10® colony forming units (CFU) mL™!. Each culture was
harvested by centrifugation at 5000 rpm for 10 min, and the pellets were washed with sterile distilled water. For
the inoculations in planta, the cultures were diluted in sterile distilled water at a concentration of 10° CFU mL™L.
The 16S rRNA gene was amplified by polymerase chain reaction (PCR) using universal primers 27F y 1462R.
Genomic DNA was extracted with the Wizard DNA Purification kit (Promega) according to the manufacturer’s
instructions, and sent to MACROGEN Inc. to be sequenced. The sequences were analyzed with the BLAST
algorithm in GenBank (http://www.ncbi.nlm.nih.gov), and aligned with sequences retrieved from that database.

Sequencing, quality control, and de novo assembly of VMYP6 and VMY10

The genomes of VMYP6 and VMY1 were sequenced on the Illumina NovaSeq 6000 platform at Novogene Co.
Briefly, genomic DNA was randomly sheared into short fragments, which were then end-repaired, A-tailed, and
further ligated with Illumina adapters. The fragments with adapters were amplified by PCR, size selected, and
purified. The library was checked using Qubit and real-time PCR for quantification, and Bioanalyzer for size
distribution detection. Low-quality reads were filtered, and quality control (QC) reports were generated for
each sequence on FastQC (Version 0.11.98)%4. The genomes were assembled de novo on SPAdes 3.15.4%. The
quality of the resulting assemblies was checked on ABySS (Version 2.3.5)%7. To this end, genome size, contig
number, and N50 values were compared to mean values for these parameters. Such values corresponded to the
database genomes of other members of the genera to which each strain belongs. Quality thresholds were set as
follows: genome size was compared to the mean + 2 standard deviations (SD), N50 to the mean—2 SD, and the
number of contigs to the mean+2 SD. The completeness and contamination of the assembled genomes were
assessed using the BV-BRC implementation in CheckM (BV-BRC Version 3.32.13a). Data management and
mathematical operations were performed with the R programming language (version 4.4.1) and the tidyverse
package (version 2.0.0)%,

Annotation and gene mining
Genes were annotated and their functions were predicted with the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP) and the RAST de novo annotation platform (https://rast.nmpdr.org/ accessed 2023-12-01).
Genes of interest were additionally mined with BLAST and PSI-BLAST (version 2.14.0)%°. To construct the
PSSMs, amino acid sequences of interest served as queries using PSI-BLAST and four iterations. The resulting
matrices were then the input for a PSI-BLAST search within the assembled sequences of VMYP6 and VMY 10.
Only those hits with an E value of 10~ or less were retained.

Gene clusters involved in secondary metabolite production were predicted with the antiSMASH annotation
tool (version 7.1.0) using the default parameters.

Identification of isolates at the species level using genomic data
Genomic sequence datasets and predicted coding sequences for the strains used in the comparative analysis were
retrieved from Refseq (ftp.ncbinlm.nih.gov/genomes/), using the Download Genomes tool (https://github.co
m/torresmanno/Download_Genomes). The datasets were composed of sequences submitted until 2023-02-09.
Reference or type sequences were defined on the basis of the RefSeq or EZBioCloud databases’’. The assembly
accession numbers of the selected sequences are detailed in Supplementary Table S6a-b.
Average nucleotide identity (ANI) values were calculated on FastANI V1.327! using the default parameters.
Maximum likelihood phylogenetic trees were constructed as previously reported®®’> with minor modifications.
Only those strains with ANI>75 were used. Briefly, the genes present in all the strains analyzed (common
ancestral genes) were identified by BLASTN searches (Blast +2.7.1)”® using an E-value of 10-%. To contra-select
potential paralogs, coverage and identity percentage cut-offs were set at 90% for the genus Paenibacillus and
80% for the genus Priestia®. The resulting genes were aligned individually on MAFFT version 7.4907%, trimmed
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on Gblock 0.91b7%, and concatenated on AMAS’®. To optimize the analysis, those sequences that were highly
similar to each other were excluded, since they provided no new information. Finally, phylogenetic relationships
were inferred through the GTR substitution model with Gamma distribution on RAXML 8.2.12”7. Inferred
tree reliability was evaluated by bootstrapping. The number of replications was determined by the MRE-based
Bootstopping criterion (autoMRE parameter)’” and plotted with iTOL’®,

Phytohormone production

To study phytohormone production by VMYP6 and VMY, the strains were grown in flasks containing nutrient
broth supplemented with 0.5 mg mL"! of L-tryptophan. The flasks were incubated at 28 °C with shaking at
150 rpm for 72 h. Then, 10 mL of the supernatants were collected, centrifuged at 5000 rpm for 15 min, and
filtered through a membrane filter (pore size 0.22 um). These filtered supernatants were used to determine SA,
GA3, KIN, 6-BAP, and ABA by liquid chromatography coupled to tandem mass spectrometry (LC-MSMS,
Waters and Micromass respectively), as detailed by other authors’. Briefly, the deuterated internal standards
for the hormones mentioned above were added, and the partitioning technique was performed with organic
solvents. Next, the organic phases were collected, evaporated to dryness, resuspended with methanol (100%),
and filtered through 0.45 um syringe filters. Finally, they were diluted in 50 uL of pure methanol, and 10 pL were
injected into the liquid chromatograph.

Electron microscopy and motility assay
Negative staining The methodology proposed by other authors®® was performed with some modifications.
The bacterial cultures were grown in LB broth and statically cultured at 28 °C for 8 h. To obtain TEM images,
Formvar-coated nickel grids were floated on 15 pl of bacterial suspension for 10 min. After that, the grids with
absorbed bacteria were incubated with a 2% phosphotungstic acid solution for 1 min. They were subsequently
rinsed with distilled water and the excess liquid was drained off with the edge of a filter paper. The preparations
were air-dried for 10 min. Finally, the specimens were examined under a Hitachi HT7800 electron microscope
(Hitachi, Tokyo, Japan) operated at 80 kv, and photographed with a NanoSprint15 AMT camera (Advanced
Microscopy Techniques Corp., Woburn, MA, USA).

Swimming motility was studied as described previously®!. Three pl of bacterial suspensions (OD,, = 0.3) were
inoculated in the center of 90 mm plates containing LB medium with 0.3% agar. The plates were sealed with
parafilm to prevent dehydration and incubated at 28 +2 °C for 15 h before swimming was measured.

Bacterial root colonization observed by SEM

Bacterial colonization of the rhizosphere and the rhizoplane was qualitatively demonstrated in vitro by SEM.
Seeds were hydrated with tap water for 6 h and rinsed three times with sterile distilled water. Next, they were
placed for 15 min in shakers containing a suspension of VMYP6 or VMY10, adjusted to an OD,, of 10°
UFC.ml™!. Control seeds were placed in sterile distilled water without the bacterial inoculum. The seeds were
germinated on 110 mm plates containing 50% MS medium?®? with 0.8% agar. These plates were incubated for
10 days at 26 °C with a photoperiod of 16/8 h (I/d). At that time, root samples were excised and fixed in 2.5%
glutaraldehyde (v/v) in 0.1 M phosphate buffer (pH 7.2) for 4 h. The samples were dehydrated through a graded
ethanol series (30-100%, v/v), and dried in CO, by the critical point method. To prevent damage to the tissues,
pressure was released slowly and they were shadowed with gold (22 nm) before observation under a scanning
electron microscope (Zeiss supra 55vp).

Greenhouse experiments

The in vivo study was carried out between February and May 2022 in a greenhouse located on an experimental
field belonging to the National University of Villa Maria, Argentina (32° 22’ 56.5” S 63° 15’ 38.7” W). The
experiment consisted in inoculating the roots of tomato plants (Solanum lycopersicum) with VMYP6 or VMY 10.
Control plants were not inoculated, and there were 10 plants per treatment.

Tomato seeds (hybrid Ichiban), purchased from Bayer CropScience, were washed with tap water for 6 h and
sown in speedlings for germination at 28 °C, until cotyledons were visible. The plants were transferred to the
greenhouse and kept under natural conditions, at an average temperature of 20.2 °C (+7 °C). Thirty days after
sowing (DAS), similarly sized seedlings were transplanted into single 1 L pots containing GrowMix MultiPro.
The plants were inoculated seven and 15 days after being transplanted. The bacterial suspensions for the first
and second inoculations were respectively 5 mL (10° CFU mL™!) and 10 mL (10° CFU mL™!). The plants were
irrigated periodically throughout the study. The following growth parameters were determined 75 DAS: dry
weight of leaves and stems (g), leaf area (cm?), and root length (cm). To find out the leaf area, leaves were
scanned and measured in square cm? on the software Image]. Chlorophyll content was also measured 75 DAS
(see below).

Determination of photosynthetic pigment content

To determine the photosynthetic pigment content, leaf discs weighing 100 mg were taken from inoculated and
control plants. Afterward, they were incubated in 5 mL of 95% ethanol in the dark, until they became colorless.
The concentrations of chlorophyll a and b were measured spectrophotometrically at 664 nm and 648 nm,
respectively. Carotenoid concentration was determined at 470 nm following another study®. The values were
expressed as pug g (fresh weight or FW)~1.

Statistical analysis
All the experiments were repeated three times. An analysis of variance (ANOVA) followed by an a posteriori
test for comparison of means (Fisher’s LSD) were conducted for multiple comparisons. A value of P<0.05 was
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considered statistically significant. For ANOVA, parametric assumptions were tested using the Shapiro-Wilk test

for

normality, Levene’s test for homogeneity, and a test of sample independence of the scatter plots of residuals

(y-axis) and cases (x-axis). All the data were statistically analyzed on Infostat version 20204, and expressed as
mean +SD.

Data availability
The datasets supporting the conclusions of this article are included within the article and its additional files. Se-
quencing and assembly data are available in the NCBI BioProject database under the accession PRINA1041798.
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