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Abstract: Despite being one of the most abundant elements in soil, phosphorus (P) often becomes a
limiting macronutrient for plants due to its low bioavailability, primarily locked away in insoluble
organic and inorganic forms. Phosphate solubilizing and mineralizing bacteria, also called
phosphobacteria, isolated from P-deficient soils have emerged as a promising biofertilizer
alternative, capable of converting these recalcitrant P forms into plant-available phosphates. Three
such phosphobacteria strains - Serratia sp. RJAL6, Klebsiella sp. RCJ4, and Enterobacter sp. 198 -
previously demonstrated their particular strength as plant growth promoters for wheat, ryegrass,
or avocado under abiotic stresses and P deficiency. Comparative genomic analysis of their draft
genomes revealed several genes encoding key functionalities, including alkaline phosphatases,
isonitrile secondary metabolites, enterobactin biosynthesis and genes associated to the production
of indole-3-acetic acid (IAA) and gluconic acid. Moreover, overall genome relatedness indexes
(OGRIs) revealed substantial divergence between Serratia sp. RIAL6 and its closest phylogenetic
neighbors, Serratia nematodiphila and Serratia bockelmanii. This compelling evidence suggests that
RJALG6 merits classification as a novel species. This in silico genomic analysis provides vital insights
into the plant growth-promoting capabilities and provenance of these promising PSRB strains.
Notably, it paves the way for further characterization and potential application of the newly
identified Serratia species as a powerful bioinoculant in future agricultural settings.

Keywords: phosphobacteria; Al-tolerant; PGPB; genome

1. Introduction

In acidic soils, such as Andisol and Ultisol, the presence of toxic levels of aluminum (Al) is often
associated with low phosphorus (P) bioavailability. This is because the acidity of the soil causes Al to
be solubilized into its ionic form, Al** a highly toxic form of Al that can exert toxicity on living
organisms, such as plants and microorganisms. In addition, Al** can form insoluble complexes with
orthophosphate anions (Pi), the labile form of P that is readily assimilated by plants. This binding of
Pi limits the availability of P to plants, which can lead to P deficiency. In addition, an important
fraction of the total soil P is integrated into complex organic molecules, which are not immediately
bioavailable to plants. Therefore, both Al toxicity and P deficiency are both important constraints for
plant growth in acidic soils.

Plant growth promoting bacteria (PGPB) are a group of bacteria that can enhance crop growth
and yields by alleviating the negative effects of environmental stresses and nutrient deficiencies [1-
4]. PGPB support plants through both direct mechanisms, such as active promotion of plant growth,
and indirect mechanisms, such as protection from growth inhibitors [5]. Phosphobacteria are those
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PGPB have intrinsic mechanisms to both solubilize inorganic forms of P (Pi) or/and mineralize
organic forms of P (Po) contained in soils. Therefore, phosphobacteria are capable to convert the
scarcely available soil P complexes into bioavailable phosphates, which can be uptake by plants and
used in its nutrition [9]. Some of these phosphobacteria have also been shown to be Al-tolerant and
effective in increasing plant tolerance to Al stress. Therefore, phosphobacteria have been proposed
as potential biofertilizers in acidic soils.

We previously isolated three phosphobacteria strains: Enterobacter sp. RJAL6 (reclassified as
Serratia sp. RJAL6), Klebsiella sp. RCJ4, and Enterobacter sp. 198. These remarkable microbes exhibit
significant plant growth-promoting (PGP) activity towards wheat [1], ryegrass [3,10], and/or avocado
[2] under environmental stresses and phosphorus (P) deficiency. Notably, these strains are tolerant
to high Al concentrations (10 mM), solubilize Pi, mineralize Po forms through the release of organic
acids and the enzymatic activity of phosphatases, respectively, and produce auxins and siderophores
[11]. These characteristics make them potential bioinoculants for improving P bioavailability in acidic
soils with high Al content.

Although these bacteria have shown promise as biofertilizers for plants grown in acidic soils
with low P availability and high Al concentrations, the genetic machinery involved in these processes
is not fully understood. In this study, we performed genome-based taxonomy and comparative
genomic analysis of the three phosphobacteria strains to identify the genes associated with key
mechanisms for P uptake, Al tolerance and plant growth promotion.

2. Materials and Methods

2.1. Isolation and culture of the strains

The strains RJAL6 and RCJ4, were isolated in a previous study from the rhizosphere of ryegrass
(Lolium perenne) grown in an Andisol (39°06'12" 5-72°37'42" W; soil pH of 5.3) amended with cattle
dung manure as described by Mora et al., (2017) [10]. Meanwhile, the strain 198 was previously
isolated from the rhizosphere of avocado trees (32°50'59" S-71°00'08" W; soil pH of 5.95) as described
by Barra et al., (2016) [1]. These particular strains were chosen for our study because they are tolerant
to Al (10 mM), can solubilize Pi and mineralize Po forms by releasing organic acids and intracellular
and extracellular phosphatases, produce siderophores and auxins, can use ACC as their sole nitrogen
source, and promote plant growth in wheat, ryegrass, and avocado under environmental stresses or
P deficiency. The strains were maintained on Luria-Bertani agar at 30°C and conserved as bacterial
suspensions in 30% v/v glycerol at 80°C until their use.

2.2. Sequencing and assembly of the phosphobacteria genomes

For the genomic DNA extraction, bacterial strains were grown overnight in 10 mL of LB broth
at 30 °C in a rotatory shaker with constant agitation (120 rpm). Bacterial cells were collected by
centrifugation at 3,000 x g for 4 min and the total gDNA was extracted using the Dneasy UltraClean®
Microbial kit (Qiagen, Inc.) according to the manufacturer’s instructions. The quantity and quality of
the extracted DNA was determined using a MultiskanTM GO Microplate Spectrophotometer
(Thermo Fisher Scientific Inc.). The whole genomes of the strains were de novo sequenced using
Illumina HiSeq 2500 platform in Macrogen Inc. (Seoul, Republic of Korea) with 100 bp paired-end
reads. The DNA libraries were prepared using a TruSeq Stranded mRNA LT Sample Prep Kit
(Ilumina, San Diego, CA, USA) according to the manufacturer's protocol. The draft genome
sequences were assembled using Abyss 2.0 [12] and deposited in GeneBank database under the
accession numbers GCA_009025585 (198), GCA_009025755 (RCJ4) and GCA_009025565 (RJALS).

2.3. Genome annotation and comparisons

The draft genome sequences were annotated through RAST server using the default pipeline
[13]. Complete 165 rRNA gene sequences (>1500 bp) were extracted from the annotated genome
sequences and compared against those of validly named species available in EzBioCloud portal by
BLAST [14]. The Overall relatedness genome indices (OGRIs), as average nucleotide identity (ANI)
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and digital DNA-DNA hybridization (dDDH) between the draft genome sequences of the strains
from this study and their closest phylogenetic relatives were calculated using OrthoANIu Calculator
web tool [15] and Genome-to-Genome Distance Calculator (GGDC) web tool [16]. The genome-based
phylogeny was inferred from the distances calculated with the genome BLAST distance method [17]
using the Type Strain Genome Server (TYGS) pipeline [18].

The gene clusters encoding the enzymes involved on the biosynthesis of plant-growth
promoting (PGP) molecules and mechanisms were manually mapped and annotated on the draft
genome sequences of the strains using ARTEMIS [19]. The ORFs annotation was performed based on
protein domain sequence similarity comparisons against the Conserved Domains Database (CDD)
considering criteria of GC reading-frame content [20].

3. Results and Discussion

3.1. Genome based taxonomy

The complete 16 rRNA gene sequences (>1500 bp) extracted from the draft genome sequences of
strains 198 and RJAL6 were found to be similar to Enterobacter ludwigii EN-1197 (99.9%) and Serratia
nematodiphila DSM 214207 (99.6%), respectively. Meanwhile the 16 rRNA gene sequence of the strain
RCJ4 showed 100% of similarity with the sequences of Klebsiella pasteurii SPARK 836 C1Tand Klebsiella
michiganensis W14T.

The genome-based phylogeny showed on its distribution to the strain 198 positioned into a well-
defined subclade with Enterobacter ludwigii DSM 16688 (GCA 000818595), with a bootstrap value of
95% (Figure 1). The strain RCJ4 occupied a well-supported subclade with the genome sequences of
Klebsiella michiganensis DSM 254447 (GCA 002925905), with a bootstrap value of 100%. The strain
RJAL6 (previously identified as Enterobacter sp.) form a well-supported distinct branch with a
bootstrap value of 100%, closely related to Serratia bockelmanii S3T (GCA 008011855) and next to the
subclade housing S. nematodiphila, S. marescens and S. marescens subs. marescens (Figure 1). The
genomic sizes for the strains 198 and RCJ4 were 5.0 and 6.1 Mb, almost similar to the genome lengths
of their phylogenetic neighbours E. ludwigii DSM 16688T (4.9 Mb) and K. michiganensis DSM 254447
(6.2 Mb) (Figure 1). In terms of the G+C content, strains 198 and RCJ4 showed values 54.5% and 55.9%,
almost identical to the values shown by E. ludwigii DSM 16688" (54.6%) and K. michiganensis DSM
254447 (56.0%) (Figure 1). The strain RJAL6 showed a genome length of 5.3 Mb with a G+C content
of 59.4%, differing in size with S. nematodiphila DSM 214207 (5.2 Mb) and in G+C content with S.
bockelmanii S3T (59.0%) (Figure 1). The draft genome sequences of strains 198 and RCJ4 showed dDDH
values of 91.3% and 89.6% with its closest phylogenomic neighbours Enterobacter ludwigii EN-1197
and Klebsiella michiganensis 25444" confirming their assignments to these described species. The
dDDH value between the draft genome sequence of RJAL6 and its closest relatives S. nematodiphila
and S. bockelmanii was 62.7% for both of them, below the 70% cut-off value used for a novel species
designation [21]. These results were in line with the OrthoANIu value of 95.3% obtained from the
comparisons between RJAL6 with S. nematodiphila and S. bockelmanii respectively, accomplishing with
the 95-96% threshold also used for prokaryotic species delimitation [22]. These results strongly
suggest to the strain Serratia sp. RJAL6 candidate for a novel species.

doi:10.20944/preprints202401.1258.v1
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Figure 1. Phylogenomic tree showing the relationships of strains 198, RJC4 and RJL6 with its closest
phylogenetic relatives. The tree is based on GBDP distances calculated between genome sequences
and using Xenorhabdus nematophila ATCC 190617 as outgroup. The numbers above branches show
GBDP pseudo-bootstrap support values >70% from 100 iterations, with an average branch support of
94.6%. Additional columns (1-5) show dDDH clustering and genomic features for all the species in
the analysis.

3.2. Phosphate uptake requlation genes

The draft genome sequences of Enterobacter sp. 198, Klebsiella sp. RCJ4 and the candidate for a
novel species Serratia sp. RJAL6, presented all the genes of the PhoU-PstSCAB operon (Figure 2) for
the uptake and transport of Pi when cells undergo Pi starvation [23]. The pst operon (Phosphate
specific transport) is a system constituted of 4 proteins, a periplasmic Pi binding protein PstS, the two
integral membrane proteins PstC and PstA involved in the translocation of the Pi through the inner
membrane and the peripherical ATPase membrane protein PstB which supports energy to the system
[24]. The additional PhoU protein would negatively regulates the signalling transmission and
modulates the activity of pstSCAB preventing excess of Pi import [25]. Representative phylogenomic
neighbours as S. bockelmanii, S. nematodiphila and K. michiganensis also presented the complete PhoU-
PstSCAB operon (Figure 2) evidencing the higher degree of conservation of this regulation system
between PGP phosphobacteria species.
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Figure 2. Synteny of the PhoU-pstSCAB cluster sub-region in the genome sequence of the strains in
this study and their closest phylogenomic neighbors. Scale show the aminoacidic sequence similarity
between 60-100%. ChrR: Chromate reductase; AdeP: Adenine permease; YfcD: Nucleoside
diphosphate hydrolase; YieH: 6-phosphogluconate phosphatase; AbcP: ABC transporter, permease
subunit; AbcB: ABC transporter, substrate binding subunit; PhoU: Phosphate signalling protein; PstB:
Phosphate ABC transporter ATP binding subunit; PstA: Phosphate ABC transporter membrane
subunit; PstC: Phosphate ABC transporter membrane subunit; PstS: Phosphate ABC transporter
periplasmic binding protein; GlmS: Glutamine-fructose-6-phosphate aminotransferase; GlmU: N-
acetylglucosamine-1-phosphate uridyltransferase/ glucosamine-1-phosphate acetyltransferase; PepT:
Peptidase; BglH: Carbohydrate-specific outer membrane porin; YieL: Glycosyl hydrolase; YieK:
Glucosamine-6-phosphate deaminase and HP: Hypothetical proteins.

3.3. Gluconic acid production (Pqq genes)

Complete pggABCDEF operon for the biosynthesis of pyrroloquinoline quinone (PQQ) was
present only in the draft genome sequence of Serratia sp. RJAL6 (Figure 3). Although little is known
about the biosynthetic mechanisms by which the pyrroloquinoline quinone is produced, it has been
well reported that pgqA encodes for the precursor peptide for this coenzyme [26]. Some chemical
reactions have been hypothesized for the conversion of the precursor peptide pggA to the final PQQ
but only the final step on the conversion from the intermediary 3a-(2-amino-2-carboxyethyl)-4,5-
dioxo-4,5,6,7,8,9-hexahydroquinoline-7,9-dicarboxylic acid (AHQQ) by pgqC encoding oxidase has
been experimentally confirmed [27]. In addition, the pqgABCDEF operon found on Serratia sp. RJAL6
includes an additional Pgqq gene that encodes for a pyrroloquinoline quinone-dependent periplasmic
glucose dehydrogenase (Figure 3), which would be the responsible for the conversion from glucose
to gluconic acid [8]. The gluconic acid is an organic acid produced by PGPB, which works as a chelator
for cations bound to phosphate while acts reducing the pH, leading to the conversion of PO to
bioavailable sources of P for plants (HPO4* and H2POx) [28,29].
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Figure 3. Synteny of the pggABCD cluster sub-region in the genome sequence of strain RJALS6, its
closest phylogenomic relative S. nematodiphila DSM 214207 and the phosphobacteria P. fluorescens
ATCC 13525T. Scale show the aminoacidic sequence similarity between 60-100%. PqqA: Coenzyme
PQQ precursor; PqqB: Putative oxygenase; PqqC: Oxidase; PqqD: Unknown; PqqE: Radical SAM
protein; PqqF: Putative protease and PqqDH: Pyrroloquinoline quinone-dependent glucose
dehydrogenase.

3.4. Tryptophan-dependant auxin biosynthesis

The three phosphobacteria in this study were previously described to produce indole-3-acetic
acid (IAA), the first described member of the phytohormones auxins [30]. Several pathways to
produce IAA have been described in bacteria, being most of them derived from the tryptophan
biosynthetic pathway [31]. The tryptophan biosynthetic pathway is well conserved among kingdoms
and it is mediated by the enzymatic machinery encoded by the trpEGDCFBA gene cluster [32], which
was present in the genome sequences of the three phosphobacteria described in this study (Figure
S1). The cluster comprising the anthranilate synthase subunits TrpE and TrpG, involved on the
conversion of chorismate to anthranilate, an anthranilate-phosphoribosyl transferase TrpD which
insert a phosphoribosyl phyrophosphate (PPi) to yield N-(5'-phosphoribosyl)-anthranilate, a
bifunctional phosphoribosyl-anthranilate isomerase/indoleglycerol phosphate synthase TrpCF
which catalyse the isomerization and subsequent conversion to indole 3-glycerol phosphate and the
tryptophan synthase subunits TrpB and TrpA that converts indole 3-glycerol phosphate into L-
tryptophan [32]. Despite the accessorial enzymes involved on the conversion of tryptophan to IAA
were not grouped along with or detected in the genomic neighbourhood of the trpEGDCFBA gene
cluster, the genomes of the three strains contained the ipdC gene encoding for indole-pyruvate
decarboxylase, a key enzyme in the synthesis of IAA from tryptophan through the intermediary
indole pyruvate (IPyA) [33].

3.5. Secondary metabolites

Isonitrile secondary metabolites, characterized by a nitrogen-carbon triple bond (-N=C) group,
display diverse bioactivities [34]. Their biosynthesis in Serratia sp. RJAL6 relies on the isonitrile
synthase encoded by the isnA gene, which utilizes L-tryptophan or tyrosine as primary amino donors
and ribulose-5-phosphate as the carbonyl donor. A subsequent oxidative decarboxylation step is then
mediated by a Fe(Il)/a-KG-dioxygenase encoded by the isnB gene [35]. Genomic analysis revealed
the presence of both these genes in Serratia sp. RJAL6, a signature shared with its phylogenomic
neighbors S. bockelmanii and S. nematodiphila (Supplementary Figure S2). Furthermore, a
glycosyltransferase gene, potentially involved in sugar conjugation as in rhabduscin biosynthesis,
was also identified, strengthening the evidence for isonitrile production in this strain [36].

The three strains also evidenced the presence of the siderophores biosynthetic gene cluster,
particularly the ent gene cluster encoding enzymatic machinery for enterobactin production also
encoded in Escherichia coli K12 (Figure 4). The enterobactin is a low molecular weight molecule
capable to chelate ferric iron Fe*® with high affinity to deliver it to the cells [37]. The biosynthesis of
this compound initiates with the synthesis of 2,3-dihydroxybenzoate (DHB) from chorismate by the
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action of the 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase EntA, the isochorismatase EntB and
the isochorismate synthase EntC to then being activated by the 2,3-dihydroxybenzoate-AMP ligase
EntE [38]. EntF is a non-ribosomal peptide synthase (NRPS), which it works catalysing the formation
of DHB-L-Ser and additional NRPSs works polymerizing three of this units to then cyclize the trimer
forming the lactone structure [39]. The 4’-phosphopantetheinyl transferase EntD, required for the
activation of EntB and EntF thiolation domains [37] as well as the proofreading thiosterase EntH
involved in the hydrolysis of thioester bond between EntB and wrongly charged molecules [40] are
also required for the biosynthesis process (Figure 4). Interestingly, the genes entA, entH and entD
were not observed only in the syntenic subregion of the ent gene cluster for the genomes of RJAL6
(Figure 4) sharing this genomic feature with other Serratia species as S. bockelmanii, S. nematodiphila
and S. marescens (NCBI genome database: GCA 008011855, GCA 000738675, GCA 003428265,
respectively). Furthermore, a membrane exporter EntS mostly located between ent-fep (Figure 4) is
responsible for enterobactin secretion to the extracellular space [41].

Escherichia coli K12 5'- 4 v

Enterobacter sp. 198

Klebsiella sp. RC14

= ——
Serratia sp. RJAL6 R = PR o > -3

=) EntD FepD =) EntH
=) FepA/TonB EntS =)Ybdz

Fes =) FepB =) VuuA 1 Kbp 100%

EntF DEntC  mhYnce —

FepE =D EntE =) NRPS

m)FepC =) EntB = Chit 60%

=) FepG EntA HP

Figure 4. Synteny of the ent cluster sub-region in the genome sequences of the strains from this study.
Scale show the aminoacidic sequence similarity between 60-100%. EntH: Proodreading thioesterase;
EntA: 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase; EntB: isochorismatase; EntE: adenilation
protein; EntC: isochorismate synthase; FepB: Periplasmic protein; EntS: Enterobactin exporter; FepE:
Ferric enterobactin transporter component; FepD and FepG: Inner membrane proteins; FepC: ATP-
binding protein; EntF: Non-ribosomal peptide synthase; YbdZ: MbtH-like protein; Fes: Enterobactin
esterase; FepA/TonB: Enterobactin outer membrane receptor; EntD: 4'-phosphopantetheinyl
transferase; VuuA: Outer membrane receptor; Ynce: DNA-binding beta-propeller fold protein; NRPS:
Non-ribosomal peptide synthase; Chit: Chitinase; HP: Hypothetical proteins.

Following downstream in the genome sequences of the strains 198 and RCJ4 showed the
fepBDGCA genes comprising the ferric-enterobactin transport system (Figure 4). The Fep transport
system consist in a FepA, also known as TonB, outer membrane receptor for enterobactin, a FepB
periplasmic protein, a FepC ATP-binding protein and two inner-membrane proteins FepD and FepG
[42]. Although strain RJAL6 only showed fepA gene within the ent genomic subregion (Figure 4), the
remaining fepBDGC genes were also found in other regions of the genome (NCBI protein database:
KAB5499428-KAB5499430 and KAB5499529). Once Fe*-enterobactin complex is formed and
incorporated to the cell, the Fes esterase is responsible for releasing the iron from enterobactin into
bacterial cytoplasm [43] to be used for the cells.

In acidic soils, characterized for toxic Al® levels, resident bacteria face a constant threat of Al
toxicity. A recent proteomic investigation revealed an adaptation employed by Al-tolerant strains
198, RCJ4, and RJALG6 [44]. These resilient bacteria exhibit a targeted upregulation of proteins crucial
for iron (Fe) uptake and trafficking upon Al** exposure. The observed overproduction encompasses
siderophore precursors, siderophore receptors, and Fe-siderophore transporters. This intriguing
response suggests a countermeasure directed at mitigating potential disruption of intracellular Fe
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homeostasis, a phenomenon potentially caused by the competitive binding affinity of Al* for
intracellular Fe** binding sites, leading to a putative "structural iron deficiency"[44]. Remarkably, the
siderophores produced by these bacteria are versatile, and while their primary function is Fe
acquisition, they readily form stable chelates with other cations like Al*, creating extracellular Al-
siderophore complexes [10,45]. This strategy would reduce cellular uptake of the toxic Al*3, acting as
a protective shield against its harmful effects. Bacillus megaterium exemplifies this solution. When
confronted with high Al and limited Fe, it ramps up production of two specific siderophores,
schizokinen and Ndeoxyschizokinen, that likely hinder passive Al uptake [46]. Therefore, the
presence of Al responsive iron uptake genes, combined with versatile metal chelation mechanisms
involving siderophores, emerges as a pivotal survival strategy for acid soils-adapted
phosphobacteria.

4. Conclusions

Whole-genome sequencing of strains RJAL6, RCJ4, and 198 unveiled a compelling genetic
repertoire underpinning their remarkable efficacy as plant growth-promoting bacteria (PGPB). All
three strains harbor genes encoding the enzymatic apparatus for efficient phosphate solubilization,
transport, and assimilation. This arsenal includes precursors for gluconic acid biosynthesis, a key
organic acid implicated in chelating and mobilizing recalcitrant soil phosphates. In addition, these
strains own the genes encoding the metabolic pathways to produce secondary metabolites such as
the siderophore enterobactin and isonitrile molecules for the case of the strain RJAL6. All the strains
are genetically benefited with the metabolic pathways to produce plant growth promotion hormones
such as auxins or indole-3-acetic acid (IAA). The strain RJAL6 could be distinguished from its closest
phylogenetic neighbors Serratia bockelmannii and Serratia nematodiphila by its genomic features and
therefore it merits to be assigned to a novel species. This opens the range of further research applied
to characterize the physiological, biochemical and genetic features of this strain and its prospective
role as a novel PGPB.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Synteny of the trpEGDCFBA gene cluster sub-region in the genome
sequences of the strains from this study.
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