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Expanding the Pseudomonas
diversity of the wheat
rhizosphere: four novel species
antagonizing fungal
phytopathogens and with
plant-beneficial properties

Noémie Poli, Christoph Joseph Keel* and
Daniel Garrido-Sanz*

Department of Fundamental Microbiology, University of Lausanne, Lausanne, Switzerland

Plant-beneficial Pseudomonas bacteria hold the potential to be used as
inoculants in agriculture to promote plant growth and health through various
mechanisms. The discovery of new strains tailored to specific agricultural needs
remains an open area of research. In this study, we report the isolation and
characterization of four novel Pseudomonas species associated with the wheat
rhizosphere. Comparative genomic analysis with all available Pseudomonas type
strains revealed species-level differences, substantiated by both digital DNA-
DNA hybridization and average nucleotide identity, underscoring their status as
novel species. This was further validated by the phenotypic differences observed
when compared to their closest relatives. Three of the novel species belong to
the P. fluorescens species complex, with two representing a novel lineage in the
Pseudomonas phylogeny. Functional genome annotation revealed the presence
of specific features contributing to rhizosphere colonization, including flagella
and components for biofilm formation. The novel species have the genetic
potential to solubilize nutrients by acidifying the environment, releasing alkaline
phosphatases and their metabolism of nitrogen species, indicating potential as
biofertilizers. Additionally, the novel species possess traits that may facilitate
direct promotion of plant growth through the modulation of the plant hormone
balance, including the ACC deaminase enzyme and auxin metabolism. The
presence of biosynthetic clusters for toxins such as hydrogen cyanide and non-
ribosomal peptides suggests their ability to compete with other microorganisms,
including plant pathogens. Direct inoculation of wheat roots significantly
enhanced plant growth, with two strains doubling shoot biomass. Three of the
strains effectively antagonized fungal phytopathogens (Thielaviopsis basicola,
Fusarium oxysporum, and Botrytis cinerea), demonstrating their potential as
biocontrol agents. Based on the observed genetic and phenotypic differences
from closely related species, we propose the following names for the four novel
species: Pseudomonas grandcourensis sp. nov., type strain DGS24T ( = DSM
1175017 = CECT 310117), Pseudomonas purpurea sp. nov., type strain DGS267
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(= DSM 1175027 = CECT 310127), Pseudomonas helvetica sp. nov., type strain
DGS28T ( = DSM 1175037 = CECT 31013") and Pseudomonas aestiva sp. nov.,
type strain DGS32T ( = DSM 1175047 = CECT 310147).

KEYWORDS

Pseudomonas, phylogenomcis, diversity, novel species, rhizosphere, wheat, plant-
beneficial bacteria, fungal phytopathogen antagonism

Introduction

Pseudomonas is one of the most diverse genera of
Gammaproteobacteria, currently comprising more than 300 validly
published species.* This extensive species diversity is a consequence
of the relatively large genomes typical of environmental bacteria,
which allows them to thrive in a wide variety of environments
(Spiers et al., 2000; Silby et al., 2009, 2011; Lopes et al., 2018).
Pseudomonas bacteria exhibit versatile lifestyles. They are found
both as free-living bacteria and in association with various hosts,
including animals, plants, and fungi (Silby et al., 2011). Despite the
pathogenic potential of certain species, notably P. aeruginosa in
humans (Qin et al., 2022), or P. syringae in plants (Xin et al., 2018),
a considerable number of Pseudomonas species establish beneficial
interactions with plants. Examples include the root-associated
P. protegens, P. chlororaphis, P. brassicacearum or P. ogarae (Haas
and Défago, 2005; Ramette et al., 2011; Garrido-Sanz et al., 2016,
2021, 2023b), which all belong to the Pseudomonas fluorescens
species complex (Garrido-Sanz et al, 2016). Consequently,
Pseudomonas is widely recognized as one of the most important
bacterial genera containing plant-beneficial members, making
it a key target for the discovery of novel inoculants tailored
to meet specific agricultural needs. This includes rhizosphere
inoculants with the ability to stimulate plant growth and defenses,
antagonize specific phytopathogens or insect pests, enhance the
solubilization of key nutrients, and the ability to exert these
activities in association with a particular host plant.

Despite numerous efforts, the effective use of bacterial
rhizosphere inoculants in agriculture still faces several challenges.
In particular, the inoculant must persist in the new rhizosphere
environment. This means that the inoculant must compete
effectively and establish itself within the native rhizosphere
microbial community, in addition to being able to cope with the
specific physicochemical and spatial characteristics of the soil and
rhizosphere environment (Durdn et al., 2021; Haskett et al., 2021;
Burz et al., 2023; Garrido-Sanz et al., 2023a; Vacheron et al., 2023).
Once the inoculant overcomes these challenges, its association
with the plant rhizosphere can lead to beneficial outcomes.
Direct plant-beneficial effects by Pseudomonas inoculants are
primarily achieved by increasing the availability of plant growth
limiting nutrients, such as phosphate or nitrogen (Balker et al.,
2018; Trivedi et al., 2020). In addition, the bacterial modulation
of the plant hormonal balance can result in direct beneficial
effects on the plant. For example, regulation of plant ethylene

1 https://lpsn.dsmz.de/genus/pseudomonas
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concentration by bacterial 1-aminocyclopropane-1-carboxylate
(ACC) deaminase activity confers tolerance to moderate salinity
and drought (Glick, 2005; Glick et al., 2007; Ilangumaran and
Smith, 2017). Also, stimulation of root development by bacterial
biosynthesis of auxin phytohormones can in turn enhance plant
nutrient acquisition (Spaepen et al., 2007; Olanrewaju et al., 2017).
Indirectly, Pseudomonas inoculants can have plant-beneficial
effects by priming plants for defense or by inducing systemic
plant resistance responses (Iavicoli et al., 2003; Weller et al., 2012;
Mauch-Mani et al, 2017), or by antagonizing phytopathogens
through the production of antimicrobial compounds or toxins
(Haas and Défago, 2005). Specifically, the antagonistic behavior
of pseudomonads against fungal and other plant pathogens
relies on the release of potent broad-spectrum antimicrobial
compounds, including 2,4-diacetylphloroglucinol, phenazines,
cyclic lipopeptides, hydrogen cyanide or other specific toxins
(Gordee and Matthews, 1969; Howell and Stipanovic, 1980;
Marchand et al., 2000; Iavicoli et al., 2003; Ramette et al., 2011;
Loper et al., 2016), some of which also contribute to the insecticidal
abilities of certain strains (Péchy-Tarr et al,, 2008; Keel, 20165
Vacheron et al., 2019; Garrido-Sanz et al., 2023b).

The description of novel bacterial species relies on a polyphasic
approach that integrates both phenotypic characterization and
genomic information to support the description of the proposed
taxon (Vandamme et al., 1996; Prakash et al.,, 2007; Ramasamy
et al., 2014). Traditionally, genomic validation has leaned on the
DNA-DNA hybridization (DDH) ‘gold standard’ of systematics
in prokaryotes, requiring a value below 70% DDH relative to
the closest species to establish the status of a novel species,
further supported by differences in the small ribosomal subunit
(16S rRNA) gene (Prakash et al, 2007). With the emergence
and wide adoption of sequencing technologies, the use of whole-
genome comparative approaches is becoming largely used to
infer the taxonomy of large groups of bacteria, as they provide
greater resolution than single genes by using the entire genetic
information of the bacterium (Ramasamy et al, 2014). These
methods mimic the taxonomic 70% DDH threshold, either by
using its own scale, such as 95-96% of Average Nucleotide
Identity (ANI) (Richter and Rossell6-Mora, 2009), or by generating
a digital version of DDH values (dDDH) using the Genome
Blast Distance Phylogeny (GBDP) algorithm (Goris et al,
2007; Meier-Kolthoff et al., 2013, 2022). These genome-based
methods have proven effective in resolving the taxonomy of large
bacterial genera, such as Pseudomonas, where the division into
multiple major phylogenomic groups and subgroups, together
with frequent taxonomic reorganizations, adds to the complexity

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1440341
https://lpsn.dsmz.de/genus/pseudomonas
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Poli et al.

(Garrido-Sanz et al., 2016, 2021, 2023b; Lalucat et al., 2020, 2022;
Girard et al., 2021; Mulet et al., 2024).

In this work, we report the identification and characterization
of four bacteria isolated from the rhizosphere of wheat. The
four isolates exhibit genetic and phenotypic characteristics that
clearly distinguish them from their closest relatives and thus
represent novel species of the genus Pseudomonas, for which
we propose the names Pseudomonas grandcourensis sp. nov.,
type strain DGS24", Pseudomonas purpurea sp. nov., type strain
DGS26", Pseudomonas helvetica sp. nov., type strain DGS28T,
and Pseudomonas aestiva sp. nov., type strain DGS32T. Functional
annotation of their genomes provides further evidence that these
strains possess specific traits involved in competitive colonization
of the rhizosphere environment and plant growth promotion.
Direct growth promotion of wheat plants upon root inoculation,
along with their antagonism to three fungal pathogens in dual
culture assays, demonstrates their efficacy as inoculants to enhance
both plant growth and health.

Methods

Strains isolation, growth, and
transmission electron microscopy

The four Pseudomonas strains described in this study were
isolated from the rhizosphere of wheat (Triticum aestivum cv.
Arina) growing in a previously designed sterile microcosm
(Garrido-Sanz et al, 2023a), containing a soil extract from a
previously sampled Swiss soil [46.884947N, 6.922562E, (Harmsen
et al., 2024)]. Briefly, wheat seeds were surface disinfected with
4% NaOCI solution, thoroughly rinsed with sterile water and
germinated on 1% agar plates as previously described (Garrido-
Sanz et al., 2023a). The germinated seeds were then transferred to
the microcosms. The soil wash was prepared by mixing the soil
with mineral medium (MM, 1:1) (Garrido-Sanz et al., 2023a) for
1 h at 180 rpm, followed by low speed centrifugation at 300 x g for
1 min to remove soil debris. The supernatant was then centrifuged
at 4,500 x g for 15 min and the pellet was washed twice with
MM. This suspension contained the microbial community of the
original soil and was added to the microcosms to make up 10%
(w/v). Plants were grown in this system for seven days in a Percival
PGC-7L2 growth chamber maintaining 70% relative humidity and
a 16/8 h, 22/18 C light/dark (160 p.E m~2 S~1) photoperiod. The
roots with adhering soil from the wheat plants that developed
were pooled by four and mixed with MM (1:1, w/v). Samples
were then vortexed for 20 min to detach bacteria from the root
surfaces and soil particles, and centrifuged at 300 x g for 1 min. The
supernatant was serially diluted in MM, plated on R2A medium
(Oxoid) and incubated at 25°C for 48 h. Individual colonies were
picked and repeatedly streaked on R2A plates until pure cultures
were obtained. Bacteria were cryopreserved at —80°C in 50% (v/v)
glycerol:MM solution. Strains were routinely grown on R2A agar or
nutrient agar (NA; Oxoid), or in nutrient yeast broth (NYB, per L
of H,0: 25 g of Nutrient Broth No. 2 (Oxoid) and 5 g yeast extract
(Oxoid)) at 25°C. The four novel Pseudomonas described in this

Frontiers in Microbiology

10.3389/fmicb.2024.1440341

study are part of a larger screening process to characterize wheat-
associated bacteria in a naturally disease-suppressive field soil
(Harmsen et al., 2024).

To prepare samples for transmission electron microscopy, cells
of the four strains were grown on NYB to an optical density
of 0.8 at 600 nm (ODggg). Three wL of bacterial cultures were
placed on a 400 mesh copper carbon film grid (CF400-Cu, EMS,
Hatfield, PA) for 1 min. The grids were washed twice with a drop
of HO and stained with 1% uranyl acetate (Sigma, St Louis,
MO, US) for 1 min. Finally, excess water was removed from
the grids with absorbent paper. Micrographs were taken on a
transmission electron microscope JEOL JEM-2100Plus (JEOL Ltd.,
Akishima, Tokyo, Japan) at an acceleration voltage of 80 kV with
a TVIPS TemCamXF416 digital camera (TVIPS GmbH, Gauting,
Germany) using the EM-MENU v4.0 software (TVIPS GmbH,
Gauting, Germany).

Complete genome sequencing and
annotation

Total DNA was extracted from 8 mL overnight cultures
grown in NYB at 25°C, using the DNeasy PowerSoil Pro kit
(Qiagen), according to the manufacturer’s instructions. DNA
concentration was measured using the Qubit dsDNA HS
assay kit (Invitrogen). Samples were stored at —20°C until
sequencing. Whole genome sequencing was performed using
Pacific Biosciences (PacBio) single-molecule real-time (SMRT)
sequencing using Circular Consensus Sequencing (CSS) technology
in a PacBio Sequel II system. Samples were sequenced at the
Lausanne Genomic Technologies Facility (Lausanne, Switzerland),
and de novo assembled and analyzed using PacBio SMRT Link
v11.0 software. Genomes were annotated using prokka v1.14.6
(Seemann, 2014) and quality checked using CheckM v1.2.2 (Parks
et al, 2015). Functional annotation of the four genomes was
performed using EggNOG mapper v2.1.5 (Huerta-Cepas et al,
2017), based on eggNOG v.5.0 orthology data (Huerta-Cepas
et al, 2019). Secondary metabolite biosynthetic gene clusters
(BGCs) were predicted using AntiSMASH v7.0 (Blin et al,
2023) with default settings of KnownClusterBlast, MIBiG v3.1
(Terlouw et al., 2023) cluster, Pfam (Mistry et al., 2021) cluster,
ClusterBlast, ActiveSiteFinder, Pfam-based Go term annotation,
SubClusterBlast, RREFinder, and TIGRFam (Haft et al., 2013) and
TFBS analysis.

Core-genome phylogeny of the genus
Pseudomonas

The genomes of the four strains described in this work were
analyzed together with 303 genomes of Pseudomonas type strains
(listed in Supplementary Table 1), downloaded from the NCBI
RefSeq database in November 2023. OrthoFinder v2.5.5 (Emms
and Kelly, 2019) was applied to amino acid sequences to identify
orthologous single-copy protein sequences present in all genomes.
Nine hundred and twelve protein sequences were identified and
aligned using MAFFT v7.520 (Katoh and Standley, 2013) with
default options. Alignments were trimmed to remove spurious

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1440341
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Poli et al.

sequences and poorly aligned regions using trimAl v1.2 (Capella-
Gutiérrez et al., 2009) with the -automatedl option, and then
concatenated. IQ-TREE v2.2.6 (Minh et al., 2020) was used to
construct a maximume-likelihood phylogeny, applying the best-
fitting nucleotide substitution model through automatic model
detection and ultrafast bootstrapping with up to 1,000 replicates.
Cellvibrio japonicus strain Uedal07 was used as the outgroup.

Digital DNA-DNA hybridization and
average nucleotide identity calculation

Genomic comparisons between the four strains described in
this study and 303 Pseudomonas type strains were performed
using the Genome Blast Distance Phylogeny (GBDP) algorithm
(Meier-Kolthoff et al., 2013) via the Genome-to-Genome Distance
Calculator (GGDC) v3.0 web service at https://ggdc.dsmz.de/
(Meier-Kolthoff et al, 2022) to obtain digital DNA-DNA
hybridization (IDDH) values and intergenomic distances using the
formula 2. Average Nucleotide Identity (ANI) values were obtained
using FastANI v1.33 (Jain et al, 2018). The results of the four
strains described in this study were further corroborated using
the Type(Strain) Genome Server [TYGS, (Meier-Kolthoff et al.,
2022)] in May, 2024. Comparison between the dDDH and ANI data
matrices was performed using the Mantel test within the R package
vegan v2.5-7 (Dixon, 2003), using Spearman correlations and 999
permutations.

To identify genomes of strains belonging to the novel species
described in this study, FastANI was used on the full set of
Pseudomonas downloaded from the NCBI RefSeq database in June
2024, consisting of 16,762 genomes. Comparisons that achieved
ANI values > 95% were further used to also perform GBDP.
Genomes were considered to be different strains of the same species
when they also shared > 70% dDDH and differed by less than 1%
in GC% content.

Phenotypic characterization

The four Pseudomonas strains together with the type strains
of the closest species were phenotypically characterized using
API 20 NE, API 50 CHB/E (bioMérieux) and Biolog Gen III
Microplates (Biolog). Pseudomonas jessenii DSM 171507 (Verhille
et al, 1999), P. laurylsulfatiphila. DSM 1050977 (Furmanczyk
et al, 2018b), P. laurylsulfativorans DSM 1050987 (Furmanczyk
et al, 2018a), P. lini DSM 167687 (Delorme et al.,, 2002),
P. psychrotolerans DSM 15758T (Hauser et al, 2004), and
P. oryzihabitans DSM 68357 (Kodama et al., 1985) were obtained
from the German Collection of Microorganisms and Cell Cultures
(DSMZ). P. farris LMG 320547 (Girard et al., 2021) and P. kielensis
LMG 31954T (Gieschler et al., 2021) were obtained from the
Belgian Coordinated Collections of Microorganisms (BCCM). API
tests were performed according to the manufacturer’s instructions
using colonies grown overnight at 25°C on R2A. Results were
reported after 48 h of incubation at 25°C. For Biolog GEN
III tests, the wells of the plates were inoculated with 100 pL
of cell suspensions in MM adjusted at an ODgpy of 0.05 and
cultures were incubated for 24 h at 25°C on a rotary shaker
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(700 rpm). Bacterial cell growth was measured at an ODggp to
evaluate the ability of cells to assimilate different carbon sources
or their sensitivity to different compounds. Positive results for
assimilation of carbon compounds were considered when cell
growth was at least twice that of the negative control, and
weak results were considered when cell growth was at least
1.5 times that of the negative control. For sensitivity assays,
positive results (sensitive to the compound) were considered
when cell growth was less than 0.5 times that of the positive
control. Values between 0.5 and 0.75 times the positive control
were considered weak, and values greater than 0.75 times the
positive control were considered not sensitive. Differences between
phenotypic traits among the type strains tested were plotted
using the R package ComplexHeatmap v2.4.3 (Gu et al, 2016).
A non-metric multidimensional scaling (NMDS) analysis was
performed using the vegan R package, as previously described
(Garrido-Sanz et al., 2021).

Growth promotion of wheat plants

The four strains were tested in planta to evaluate their ability
to promote the growth of wheat (Triticum aestivum cv. Arina).
Wheat seeds were surface disinfected by rinsing them in 4%
NaClO for 15 min, followed by several washes with sterile distilled
water. The seeds were germinated on 1% agar plates for two
days. Plastic pots of 9 cm (& top), 6 cm (& bottom), and
6.5 cm (height) were filled with 150 mL of autoclaved perlite
(Growslab, Switzerland). Three wheat seedlings were planted in
each pot. Four pots were set up for each of the four strains
tested (total of 12 replicates). The following day, the plants were
inoculated with 1 mL of a cell suspension containing ~3-10°
bacteria in sterile distilled water. The pots were regularly watered
with Wuxal universal plant fertilizer solution (Hauert, Switzerland)
containing per L: 57 mg nitrate (NO37), 91.6 mg ammonium
(NH4 ), 49.4 mg urea (CO(NH,),), 198 mg soluble phosphate
(P205), 148 mg soluble potassium (K,O), 0.248 mg soluble B,
0.1 mg soluble Cu, 0.992 mg soluble Fe, 0.744 mg soluble Mg,
0.024 mg soluble Mo, and 0.1 mg soluble Zn. After 21 days,
plants were carefully removed from the pots, and shoots and roots
were separated. The length and fresh weight of the shoots were
measured. The roots were then washed from the attached perlite
and the fresh weight was measured. The dry weight of roots and
shoots was measured after drying the samples at 30°C for one
month. Significant differences between groups (P value < 0.05)
were assessed using the Kruskal-Wallis rank sum test within the
agricolae v1.4-5 R package, using the Fishers least significant
difference post hoc test, and P values were corrected using the
false discovery rate.

Inhibition of fungal plant pathogens

The four strains described in this study were tested for
antagonistic activity against three fungal plant pathogens:
Thielaviopsis basicola isolate ETH D127, Fusarium oxysporum f.
sp. radicis-lycopersici (Fusarium oxysporum hereafter) isolate 22,
and Botrytis cinerea isolate ETH D110 (Keel et al., 1992) using
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a method adapted from De Vrieze et al. (De Vrieze et al, 2019).
Briefly, T. basicola and F. graminearum were grown on potato
dextrose agar (PDA, BD Difco) for 10 and 3 days, respectively,
and B. cinerea on malt agar (MA, Oxoid) for 7 days. Eight-mm
mycelial plugs were cut from the grown cultures with a sterile
cork borer and placed upside down in the center of fresh malt
agar plates. Bacteria were grown overnight in NYB, as described
above. Bacterial cells were centrifuged at 5,000 x g for 2 min,
washed three times with sterile distilled H,O, resuspended in
sterile H,O, and finally adjusted to an ODggp of 0.1. Ten pL
of the bacterial suspension was applied to the plate in three
equidistant spots, 15 mm from the edge of the Petri dish. Negative
controls were performed by inoculating 10 pL of sterile H,O.
Plates were placed in the dark at room temperature for 2 days for
B. cinerea, 5 days for F. oxysporum, and 9 days for T. basicola. Four
replicates were performed per condition, and two independent
experimental runs were conducted. The ability of the strains to
inhibit the growth of the pathogens was evaluated by comparing
the mycelial area to that of the controls. Photos of each plate
were taken and analyzed using Image] v1.53t (Schneider et al,
2012) to quantify the area of mycelial growth. The percentage
of inhibition area (Ai) was calculated using the formula: Ai
(%) = (Ac—At) / Ac 100, where Ac is the mean pathogen area
in control plates, and At is the pathogen area in test plates
(inoculated with bacteria). Significant differences between groups
were assessed using the Kruskal-Wallis rank sum test as described
above.

Results and discussion

General genome description and cell
morphology

The complete genome sequences of the four isolated strains
DGS24, DGS26, DGS28 and DGS32 were obtained by PacBio
sequencing. The characteristics of genomes are summarized in
Table 1. Each of the four genomes consists of a single circular
chromosome, with sizes ranging from 4.98 Mbp in strain DGS32
to 6.76 Mbp in strain DGS24. No plasmids were identified. The
GC% varies from 58.8% in DGS28 to 65.9% in DGS32. These values
are similar to the genomes of other pseudomonads (Loper et al.,
2012; Garrido-Sanz et al., 2016, 2017, 2021; Lopes et al., 2018). The
average genome coverage is > 70-fold in all cases. The number of
genes ranges from 4,589 in DGS32 to 6,062 in DGS24, consistent
with their respective genome sizes. Ribosomal gene copies were
identified in all genomes, ranging from 5 copies in DGS32 to 7
copies in DGS24 and DGS26, and at least 38 unique transfer RNAs
(tRNAs) were identified in all genomes.

The cells of the four isolated strains appeared rod-shaped
under transmission electron microscopy (Figure 1), with cell
sizes ranging from 1.5 to 1.6 pm wide and 2.9 to 3.4 pm
long. Polar flagella were observed in all four strains. A single
flagellar structure was observed in strains DGS24 and DGS32,
while DGS26 and DGS28 had two flagella encoded by a single
set of flagellar genes (see below). This observation is consistent
with previous descriptions of pseudomonads (Barahona et al., 2016;
Bouteiller et al., 2020).
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Genome-based phylogeny of
Pseudomonas type strains places them in
distant clades

The genomes of the four strains described in this study,
together with those of 303 Pseudomonas type strains, were used to
construct a maximume-likelihood phylogeny based on 912 single-
copy orthologous sequences. The resulting phylogeny (Figure 2A,
Supplementary Figure 1) shows a clear separation of the major
Pseudomonas groups previously reported (Garrido-Sanz et al,
2016, 2021, 2023b; Lalucat et al., 2020, 2022; Girard et al., 2021).
In particular, the four strains characterized in this study are found
in two distant clades: P. aestiva DGS32 is situated within the
Pseudomonas oryzihabitans group, representing one of the earliest
diverging lineages within the genus, whereas P. grandcourensis
DGS24, P. purpurea DGS26 and P. helvetica DGS28 are placed
across the Pseudomonas fluorescens species complex (Figure 2A),
representing the most terminal clade of the Pseudomonas genus.
In addition to members of the P. fluorescens species complex,
which have been largely described as plant-beneficial bacteria
(Garrido-Sanz et al., 2016), species of the P. oryzihabitans group
have also been isolated from plant roots, including type strains of
P. oryzihabitans and P. rhizoryzae isolated from rice (Kodama et al.,
1985; Wang et al., 2020).

We identified 11 subgroups in the P. fluorescens phylogenomic
group. All but one have been described previously (Garrido-Sanz
et al., 2016, 2023b; Girard et al,, 2021). The novel group identified
in this study includes three species; P. kielensis MBT-1T and
two of the species described in this work: P. purpurea DGS26T
and P. helvetica DGS28". The three strains shared < 0.1429
of intergenomic distances (29.9-31.4% of dDDH, Supplementary
Tables 2, 3), which is below the thresholds previously reported for
the delineation of P. fluorescens subgroups (Garrido-Sanz et al.,
2016, 2021, 2023b) and within the range of other subgroups
within the P. fluorescens species complex (Supplementary Table 3).
Furthermore, the closest intergenomic distance achieved outside
of these three strains is 0.1455 (29.1% dDDH) with P. lini, which
belongs to the P. mandelii subgroup, which is clearly a separate
phylogenetic clade (Figure 2A). These results confirm the identity
of a novel subgroup within the P. fluorescens species complex. Based
on the oldest species description (Gieschler et al., 2021), we propose
the name P. kielensis for the subgroup.

Genome analysis confirms four novel
Pseudomonas species and reveals
taxonomic challenges

Further genome comparisons based on dDDH% and ANI of
the four strains described in this study with 303 Pseudomonas type
strains substantiated their identity as novel species (Figures 2B-D,
Supplementary Table 3). None of the genome comparisons of
the four novel strains achieved values above the same-species
thresholds ( > 70% dDDH, > 95% of ANIL Table 2). The
highest dDDH% value obtained was 54.3% (94.1% ANI) for
P. grandcourensis DGS24" compared to P. jessenii DSM 17150".

Interestingly, our results show four cases of two strains
described as different species, which in fact belong to the same
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TABLE 1 Genome characteristics of the four Pseudomonas strains sequenced in this study.

10.3389/fmicb.2024.1440341

Strain Chromosome 16S rRNA tRNAs/
length (bp) copies unique
DGS24 Pseudomonas 6,763,687 109x 59.7 6,062 5,967 7 73/39
DGS26 Pseudomonas 5,931,563 122x 59.9 5,485 5,388 7 75/38
DGS28 Pseudomonas 6,437,446 71x 58.8 5,945 5.857 6 69/38
DGS32 Pseudomonas 4,982,159 112x 65.9 4,589 4,500 5 74/40

2Taxonomic assignment at the genus level based on CheckM statistics, 16S rRNA and whole-genome TYGS. All genomes consisted of a single circular chromosome.
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shown in the upper left corner of the panels.

Transmission electron microscopy of cells belonging to the four Pseudomonas described in this study. (A) Pseudomonas grandcourensis DGS247,
(B) Pseudomonas purpurea DGS26", (C) Pseudomonas helvetica DGS28T, (D) Pseudomonas aestiva DGS32T. Zoom-ins of the polar flagella are
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species according to both dDDH and ANI (Figure 2C). These
are P. savastanoi ICMP 43527 and P. amygdali ICMP 3918T
(dDDH = 89.4%, ANI = 98.79%), P. canavaninivorans HB002T
and P. alvandae SWRI17 (dDDH = 88.1%, ANI = 98.75%),
P. psychrotolerans DSM 15758 and P. oryzihabitans DSM 6835"
(dDDH = 86.4%, ANI = 98.4%), and P. ogarae F113T and P. zarinae
SWRI108™ (dDDH = 73.7%, ANI = 97.18%). The other detected
case of two strains belonging to the same species corresponds
to the type subspecies P. chlororaphis subsp. aureofaciens and

Frontiers in Microbiology

P. chlororaphis subsp. aurantiaca, indeed belonging to the same
species. Recently, it has been proposed that P. savastanoi is a
heterotypic synonym of P. amygdali (Todai et al., 2022). On the
basis of the oldest species description, we propose an amendment
to the taxonomy of P. alvandae, P. oryzihabitans and P. ogarae
to include the most recently described species as heterotypic
synonyms (see below).

Although there was a strong overall agreement between
dDDH and ANI (r = 0.944, P value = 0.001), we observed
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FIGURE 2

dDDH and ANIb and is annotated in (D).

Genome-based taxonomy of Pseudomonas type strains. (A) Maximum-likelihood phylogeny of Pseudomonas type strains based on 912 single-copy
orthologous sequences. Strains belonging to the major Pseudomonas groups and P. fluorescens subgroups are collapsed and represented as gray or
green triangles, indicating the names of the groups/subgroups. The number of genomes per collapsed node is given in parentheses.
Groups/subgroups containing the four strains characterized in this study (green names) have not been collapsed. An extended version of the
phylogeny is provided in Supplementary Figure 1. (B) Digital DNA-DNA hybridization (dDDH; upper right) and Average Nucleotide Identity (ANI; lower
left) data matrices. The closest comparisons to the four Pseudomonas species described in this work are zoomed in and labeled. Green colors in the
scales indicate values above the threshold for species delineation (dDDH > 70%, ANI > 95%). (C) Correlation between dDDH and ANI matrices
(Mantel test; Spearman correlation with 999 permutations). Dots indicate paired comparisons. Labeled dots indicate type strains belonging to the
same species under both dDDH and ANI. Density plots of dDDH and ANI are shown as gray areas. The red square indicates discordance between

differences above the species threshold in 28 cases (Figures 2B, C).
In these cases, dDDH values clearly indicated different species
with values below 68%, while ANI values were above 95%
(above 97.5% in three comparisons), failing to distinguish
between them. Many of these cases involved very closely related
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strains, such as the type strains of P. ogarae, P. kilonensis and
P. brassicacearum species. The taxonomy of these species has
only recently been clarified and validated as distinct species using
both phenotypic and in-depth whole-genome analyses (Vacheron
et al, 2018; Garrido-Sanz et al., 2021; Girard et al, 2021).
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TABLE 2 Closest Pseudomonas type strains to the four strains described in this study.

Strain | Closest type strain | dDDH (%) | GC%diff. | ANI(%)
P. grandcourensis DGS24 P. jessenii DSM 17150 54.3 0.0 94.1
P. laurylsulfativorans AP3 22 47.1 0.08 92.58
P. laurylsulfatiphila AP3 16 46.9 0.45 92.47
P. azerbaijanorientalis SWRI123 46.7 0.41 92.44
P. azerbaijanoccidentalis SWRI74 33.7 0.4 87.97
P. reinekei DSM 18361 33.2 0.57 87.84
P. izuensis 1zPS43 3003 33.0 0.08 87.53
P. serbica IT-P366 33.0 0.15 87.63
P. vancouverensis CCUG 49675 32.9 0.08 87.9
P. moorei DSM 12647 32.7 0.04 87.66
P. purpurea DGS26 P. helvetica DGS28 314 1.08 87.0
P. kielensis MBT-1 29.9 0.98 86.17
P. lini DSM 16768 29.1 1.08 85.91
P. frederiksbergensis LMG 19851 29.0 0.93 85.83
P. silesiensis A3 29.0 0.28 85.51
P. migulae CEFML 95-321 28.9 0.3 85.82
P. farris SWRI79 28.8 1.12 85.9
P. mohnii DSM 18327 28.6 0.24 85.37
P. arsenicoxydans CECT 7543 285 111 85.74
P. laurylsulfatiphila AP3 16 285 0.28 85.5
P. helvetica DGS28 P. purpurea DGS26 314 1.08 87.0
P. kielensis MBT-1 30.4 2.06 85.96
P. frederiksbergensis LMG 1985 29.4 0.15 85.68
P. lini DSM 16768 29.4 0.0 85.92
P. farris SWRI79 29.3 0.04 85.87
P. migulae CFML 95-321 29.1 0.78 85.79
P. silesiensis A3 29.1 0.8 85.25
P. nunensis In5 28.6 0.6 85.54
P. arsenicoxydans CECT 7543 28.5 0.03 85.3
P. azerbaijanorientalis SWRI123 285 1.32 85.32
P. aestiva DGS32 P. oryzihabitans DSM 6835 52.2 0.31 93.85
P. psychrotolerans DSM 15758 52.0 0.36 93.71
P. benzopyrenica BaP3 49.4 0.62 93.23
P. rhizoryzae RY24 35.1 1.09 89.2
P. delhiensis RLD-1 221 2.15 80.91
P. citronellolis DSM 50332 22.0 1.63 81.12
P. sagittaria JCM 18195 22.0 0.74 80.79
P. lalucatii R1b54 21.9 1.08 81.06
P. linyingensis LMG 25967 21.9 0.47 80.81
P. oryzagri MAHUQ-58 219 1.50 80.60

Only the top ten closest type strains are shown. For additional details see Supplementary Table 2. Digital DNA-DNA hybridization values (dDDH) and G+C% difference, were obtained using
the GGDC v3 online service (https://ggdc.dsmz.de). Average Nucleotide Identity (ANI) values were calculated using FastANT.

Similar complex cases are likely to occur when comparing closely In addition, we identified several Pseudomonas strains
related species. We caution against relying solely on a single  belonging to two of the four species described in this study, using
method to assess genome agreement for taxonomic purposes  both dDDH and ANI (Table 3). These include 22 strains belonging
(Figure 2B). to P. purpurea and 10 strains belonging to P. aestiva.
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TABLE 3 Identification of strains belonging to the novel Pseudomonas species.

Reference genome

Subject genome

NCBI acc. no

P. purpurea DGS26 Pseudomonas sp. GW456-11-11-14-LB1 GCF_002883875.1 85.6 0.07 98.41
Pseudomonas sp. FW306-2-11AD GCF_017350575.1 85.5 0.06 98.41
Pseudomonas sp. FW306-02-H05-AB GCF_017350695.1 85.6 0.05 98.41
Pseudomonas sp. FW300-N2E3 GCF_001307155.1 85.4 0.02 98.40
Pseudomonas sp. FW306-02-F02-AA GCF_017350835.1 85.5 0.04 98.40
Pseudomonas sp. FW306-02-H06C GCF_017350635.1 85.5 0.03 98.40
Pseudomonas sp. FW306-02-F08-AA GCF_017350755.1 85.5 0.05 98.39
Pseudomonas sp. FW306-2-11BA GCF_017350595.1 85.5 0.05 98.38
Pseudomonas sp. FW306-02-H06B GCF_017350675.1 85.5 0.05 98.38
Pseudomonas sp. FW306-2-11AA GCF_017350655.1 85.5 0.06 98.38
Pseudomonas sp. FW306-02-F04-BA GCF_017350745.1 85.5 0.05 98.37
Pseudomonas sp. FW306-02-H05-AA GCF_017350735.1 85.5 0.06 98.37
Pseudomonas sp. FW300-N1A5 GCF_017351755.1 85.5 0.04 98.37
Pseudomonas fluorescens FW300-N2E3 GCF_017351665.1 85.3 0.02 98.37
Pseudomonas sp. FW306-02-H05-BA GCF_017350705.1 85.5 0.05 98.36
Pseudomonas sp. FW306-2-11AB GCF_017350615.1 85.5 0.06 98.36
Pseudomonas sp. FW306-02-F02-AB GCF_017350815.1 85.7 0.05 98.35
Pseudomonas sp. FW306-02-F04-AA GCF_017350785.1 85.5 0.05 98.35
Pseudomonas sp. FW306-2-11AC GCF_017350555.1 85.4 0.06 98.32
Pseudomonas sp. GW460-R15 GCF_002901575.1 81.2 0.18 98.01
Pseudomonas sp. GW456-R21 GCF_002901545.1 81.3 0.08 97.99
Pseudomonas sp. efr-133-R2A-59 GCF_030209265.1 81.2 0.09 97.97

P. aestiva DGS32 Pseudomonas oryzihabitans RIT-PI-U GCF_025642895.1 95.8 0.08 99.43
Pseudomonas oryzihabitans UMB4614-CU331R GCF_030228695.1 82.5 0.27 97.97
Pseudomonas sp. SORGH_AS_0199 GCF_031453735.1 82.1 0 97.95
Pseudomonas psychrotolerans KNF2016 GCF_014522265.1 81.3 0.07 97.90
Pseudomonas sp. CBMAI 2609 GCF_029872515.1 81.6 0.4 97.87
Pseudomonas sp. LA5 GCF_028640825.1 81.7 0.02 97.86
Pseudomonas sp. BAV 4579 GCF_009765395.1 72.2 0.48 96.82
Pseudomonas oryzihabitans MS8 GCF_003293465.1 71.8 0.43 96.80
Pseudomonas sp. PS02302 GCF_029959585.1 72.4 0.43 96.80
Pseudomonas sp. BAV 2493 GCF_009765535.1 72.2 0.47 96.76

Genomes are considered to be different strains of the same species only if they achieve > 70% dDDH and > 95% ANI and differ by less than 1% in GC% content. No strains were identified for

P. grandcourensis or P. helvetica.

Functional genome annotation reveals
host-interaction and plant-beneficial
features

Effective colonization of the rhizosphere environment
by bacteria relies on key characteristics. Notably, motility
and biofilm formation allow soil-dwelling bacteria to reach
the roots, where they attach and colonize by developing
microcolonies (Turnbull et al., 2001; Naseem et al, 2018;
Blanco-Romero et al., 2024). The genomes of the four novel species
characterized in this study were functionally annotated (Figure 3A,
Supplementary Table 6), revealing that they harbor a complete
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set of genes encoding a single flagellar apparatus controlled by
the fIhDC master regulator operon (Soutourina and Bertin, 2003).
This is consistent with the observation of flagellar structures
by transmission electron microscopy (Figure 1). In addition,
genes involved in the biosynthesis of biofilm components in
Pseudomonas (Blanco-Romero et al., 2020) were found in the
four genomes. These gene clusters included those required for the
biosynthesis of the exopolysaccharides alginate (algA DSKEXGJLF),
present in DGS24, DGS26 and DGS28, poly-N-acetyl-glucosamine
(PNAG, pgaABCD), present in DGS26 and DGS28, and Pel
(pellicle) (pelABCDEFQG), in DGS32 (Figure 3A,
Supplementary Table 6). In addition, DGS32 harbors genes

present
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putatively involved in biosynthesis of cellulose (bcsAB+yhjQ),
which has been suggested to play a role similar to PNAG in
the structure of extracellular matrix components and biofilm
formation (Lind et al., 2017; Blanco-Romero et al., 2020; Pentz and
Lind, 2021).

Bacteria associated with plant roots contribute significantly
to nutrient cycling, increasing the availability of plant-limiting
nutrients, particularly phosphate and nitrogen (Hayat et al., 2010;
Trivedi et al., 2020). The solubilization of inorganic phosphate
by pseudomonads can be achieved by acidification of the
environment, for which the enzymes glucose dehydrogenase and
gluconate dehydrogenase, and the redox cofactor pyrroloquinoline
quinone have previously been implicated (de Werra et al,
2009; Hayat et al., 2010). Genes predicted to encode these
two enzymes (gcd and gad, respectively) and the biosynthetic
gene cluster of pyrroloquinoline quinone (pqqABCDEF) are
found in the DGS26, DGS28 and DGS32 genomes (Figure 3A,
Supplementary Table 6). Furthermore, the genes for alkaline
phosphatase PhoA, present in the four Pseudomonas genomes,
and the additional alkaline phosphatase PhoD, found only in
the DGS26 genome, suggest that these strains may contribute
to improve phosphorus bioavailability to the plant. On the
other hand, the DGS28 genome encodes two putative multimeric
nitrate reductases (nasASTED and narGHIJKLUX) involved in
the reduction of nitrate to nitrite (Richardson et al., 2001), a
nitrite reductase (nirCDEFGHIJLMNQS) involved in the reduction
of nitrite to nitric oxide (Kawasaki et al., 1997; Zumft, 1997),
and a nitric oxide reductase (norBCD) involved in the reduction
of nitric oxide to nitrous oxide (Zumft, 1997). The genomes
of DGS24 and DGS26 contain only the nas gene cluster, while
DGS32 does not contain any of these genes. The putative ability
of these strains to solubilize phosphate and convert nitrogen
species could have a positive impact on plant nutrition and
growth.

Root-associated bacteria can produce compounds that
influence the plant’s hormonal balance resulting in beneficial
outcomes (Glick, 2005; Glick et al, 2007; Eichmann et al,
2021). Among these, the bacterial enzyme ACC deaminase
attenuates plant responses to abiotic stresses by lowering the
levels of the phytohormone ethylene (Glick, 2005), thereby
conferring protection against moderate drought and salinity
(Glick et al., 2007). We found the ACC deaminase gene (acdS) in
the genomes of DGS24 and DGS32 (Figure 3A, Supplementary
Table 6). In addition, bacteria can biosynthesize indole-3-acetic
acid (IAA), the most prevalent auxin phytohormone in plants,
which can exogenously stimulate root system development
and favor plant nutrient uptake (Spacpen et al, 2007; Ali
et al, 2009). The genes iaaM and iaaH encode the enzymes
tryptophan 2-monooxygenase and indoleacetamide hydrolase
that are responsible for the conversion of L-tryptophan to
indole-3-acetamide (IAM) and then to IAA, respectively
(Costacurta and Vanderleyden, 1995; Patten and Glick, 1996).
Both genes were identified in strains DGS24, DGS26 and DGS28
(Figure 3A), making them candidates for promoting plant growth
by stimulating the development of the root system (Spacpen
et al., 2007; Ali et al., 2009). Phenylacetic acid (PAA) is another
plant auxin involved in root elongation, enhancing lateral root
formation and promoting overall plant growth (Cook, 2019),
in addition to having antimicrobial activities against bacteria
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and yeast (Kim et al, 2004). The entire PAA catabolic gene
cluster [paaABCDEFGHIJKXYZ, (Teufel et al, 2010)] was
identified in the DGS24 genome, adding to its potential as a
plant-beneficial inoculant by modulating the plant hormonal
balance.

The synthesis of toxins by bacteria enables them to compete
effectively with plant pathogens, thereby improving plant health
by suppressing harmful organisms. Hydrogen cyanide is one of
the most prevalent toxins in plant-beneficial Pseudomonas (Laville
et al., 1998; Frapolli et al., 2012; Garrido-Sanz et al., 2021), which
exhibits strong antimicrobial properties against a variety of plant
pathogens, including fungi such as Thielaviopsis basicola (Voisard
et al,, 1989; Ramette et al., 2006). Genes for the biosynthesis of
hydrogen cyanide (hcnABC) were found in the genome of all four
strains studied (Figure 3A). In addition, bacteria can also inject
specific toxic effectors into target prokaryotic or eukaryotic cells
using the type VI secretion system (T6SS), which is commonly
found in biocontrol bacteria (Bernal et al, 2017; Durdn et al,
2021). The genomes of DGS24, DGS26 and DGS28 encode putative
structural components of the T6SS (tssABCEFGHJKLM+CIpV,
Supplementary Table 6). Two complete gene clusters were found
in DGS24 and DGS28, putatively encoding two different T6SSs.
Multiple putative copies of the hcp gene, encoding the Hep T6SS
structural tube (Bernal et al., 2018) were found in the three
genomes: two copies in strain DGS24, four copies in DGS26,
and seven copies in DGS26 (Supplementary Table 6). Moreover,
putative vgrG genes encoding the piercing device that caps the Hep
tube were found in the three genomes: two copies in DGS24, six
copies in DGS26, and seven copies in DGS28. The presence of
T6SSs in three of the genomes suggests that they could efficiently
target prokaryotic or eukaryotic cells, allowing them to compete
with other rhizosphere bacteria or pathogens.

Secondary metabolite biosynthetic gene clusters (BGCs) were
predicted in the genomes of the four strains, and included non-
ribosomal peptides (NRPs), polyketides (PKs) and ribosomally
synthesized and post-transcriptionally modified peptides (RiPPs,
Supplementary Table 7). Although most of the predicted BGCs
had low homology to known metabolites, DGS26, DGS28 and
DGS32 contained NRPs with > 75% similarity to known clusters
(Figure 3B, Supplementary Table 7). An 84.3 kbp region in
the DGS26 genome harbors four genes similar to the BGCs of
sessilin A, gacamide A, and orfamide B, which are potent cyclic
lipopeptides/depsipeptides involved in fungal antagonism (D’aes
et al., 2014; Jahanshah et al, 2019; Oni et al.,, 2019). Similarly,
a 49.1 kbp region in the DGS28 genome harbors genes identical
to those reported for the biosynthesis of the NRP pseudomonine
in Pseudomonas sp. WCS374, a siderophore involved in iron
acquisition (Mercado-Blanco et al., 2001). Finally, a 54 kbp region
in the DGS32 genome carries genes very similar to those for the
biosynthesis of frederiksenibactin, another siderophore involved
in iron acquisition (Stow et al., 2021). NRP-related siderophores
in Pseudomonas are known to have antimicrobial activity against
fungi and oomycetes (Buysens et al., 1996; Kaplan et al., 2021;
Grosse et al., 2023).

The features identified in the genomes of the four novel species
described in this study highlight the putative potential of these
bacteria to colonize the rhizosphere environment, promote plant
growth, and potentially antagonize plant pathogens.
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pgaABCD, cellulose biosynthesis: bscAB+yhjQ, flagellum: flgFGHIIKL+fliC+flaG+fliDST+fleQSR+flIEFGHIJKLMN+flgEDCBAMN+motAB, pyoverdine
biosynthesis: pvdAEHIMOPQSTY, ferripyoverdine: fpvA, siderophore receptors: pvcAB, T6SS: tssABCEFGHIKLM+clpV and copies of hcp and vrgG
genes, hydrogen cyanide (HCN) biosynthesis: hcnABC, phenylacetic acid (PAA) catabolism: paaABCDEFGHIJK, ACC deaminase: acds,
indole-3-acetic acid (IAA) biosynthesis: iaaHM, chitinase: chiC, nitrate reductase (nar): narGHIJKLUX, periplasmic nitrate reductase (nas): nasATSED,
nitrite reductase (nir): nirCOEFGHJLMNQS, nitric oxide reductase (nor): norBCD, alkaline phosphatases: phoA and phoD, glucose dehydrogenase:
gcd, gluconate dehydrogenase: gad, pyrroloquinoline quinone biosynthesis: pqgABCDEF. Gray squares represent the absence of the gene/gene
cluster in the genome. (B) Comparison of secondary metabolite biosynthetic gene clusters encoding putative non-ribosomal peptides (NRP) with
the most similar hits from the MIBIG database. Genes shown in low-opacity colors represent those with no sequence homology. Capital letters
above genes indicate the order in which they appear in the genome of the strains characterized in this study. Letters above MIBIG reference gene
clusters represent the gene to which they have the highest similarity, with percentages of BLAST sequence identity below. Asterisks indicate that
multiple genes share homology, and only the percentages of BLAST sequence identity results with the highest bit scores are shown. Genes are

Phenotypic characterization supports
the species identity of the four novel
Pseudomonas

Phenotypic differences between the four novel species
described here and their closest type strains were evaluated by
comparing the results of the API 50 CH, API 20 NE and Biolog
GEN III tests. The results are summarized in Figures 4A, B and
Table 4, and the complete list of results for all tests can be found
in Supplementary Table 4. Of the 161 tests performed (92 Biolog,
20 API 20 NE and 49 API 50 CH), only a few showed relevant
differences. This was expected as the strains are closely related and
belong to the genus Pseudomonas.

P. grandcourensis DGS24" was compared with the closely
related type strains P. jessenii DSM 171507, P. laurylsulfatiphila
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DSM 1050977, and P. laurylsulfativorans DSM 105098" and
showed a differential oxidation (API 50 CH) of 21 compounds:
D-sorbitol,
N-acetylglucosamine, arbutin, esculin ferric citrate, salicin,
D-maltose, D-trehalose,
D-raffinose, starch, glycogen, D-turanose, L-fucose, potassium

D-ribose, inositol, methyl-a-D-glucopyranoside,

D-cellobiose, inulin, D-melezitose,
gluconate and potassium 5-ketogluconate. The strain also
exhibited B-glucosidase and B-galactosidase activities (API 20 NE).
Conversely, P. grandcourensis DGS24" was the only of the three
closely related strains that was unable to assimilate trisodium
citrate and capric acid (API 20 NE).

P. purpurea DGS26" was compared with the two closest related
type strains, P. kielensis LMG 319547 and P. lini DSM 16768T. The
newly identified species P. purpurea exhibited differentially positive

B-galactosidase, B-glucosidase and esculin ferric citrate oxidation
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Phenotypic characterization of the four Pseudomonas described in this study (highlighted in green) and their closest relatives. (A) Biolog or (B) API
strip results were clustered according to complete linkage of Euclidean distances and are presented as heatmaps. (C) Non-metric multidimensional
scaling (NMDS) ordination analysis of the distinctive phenotypic traits. The phenotypic tests driving the observed distribution patterns in the
ordination plot are indicated in green in panels (A) and (B), with a P value < 0.05 (envfit, 999 permutations).

activities (API 20 NE and API 50 CH). Conversely, P. kielensis
LMG 319547 and P. lini DSM 167687 were able to oxidize (API
50 CH) glycerol, D-galactose, D-glucose, D-fructose, D-mannose,
inositol and D-saccharose and to grow (Biolog) in the presence of
sucrose, a-D-glucose, myo-inositol, glycerol, L-alanine, L-arginine,
L-aspartic acid, L-glutamic acid, L-histidine, L-pyroglutamic acid,
L-serine, mucic acid, methyl pyruvate, bromo-succinic acid, and
a-hydroxy-butyric acid while P. purpurea DGS26" was not.
P. lini DSM 16768 was the only strain able to utilize (Biolog)
D-cellobiose, N-acetyl-D-glucosamine, D-mannose, D-fructose,
D-galactose, D-sorbitol, D-mannitol, D-arabitol, pectin, quinic
acid, D-saccharic acid, D-lactic acid methyl ester, D-malic acid,
acetic acid, formic acid and reduce nitrates to nitrogen (API20 NE).

P. helvetica DGS28T was compared with the two closest type
strains, P. farris LMG 320547 and P. kielensis LMG 319547,
P. helvetica DGS28" was able to differentially oxidize (API
50 CH) L-arabinose, D-ribose, methyl-a-D-glucopyranoside,
N-acetylglucosamine, arbutin, esculin ferric citrate, salicin,
D-cellobiose, D-maltose, D-lactose, D-melibiose, D-melezitose,
D-raflinose, gentiobiose, D-turanose, D-fucose, potassium 2-
ketogluconate and potassium 5-ketogluconate. In addition, DGS28
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assimilated (Biolog) D-cellobiose, D-turanose, stachyose, N-acetyl-
B -D-mannosamine, D-fucose, D-glucose-6-POy4, D-serine, glycyl-
L-proline, a-keto-butyric acid, acetoacetic acid and formic acid,
and showed p-galactosidase and B-glucosidase enzymatic activities
(API 20 NE), while P. farris LMG 32054" and P. kielensis LMG
31954 showed negative results in all the mentioned tests. On the
contrary, P. helvetica DGS28T tested negative for the assimilation
of myo-inositol (Biolog), while the two closely related strains could
assimilate this compound. P. helvetica DGS287 also failed to grow
on 1% NaCl, fusidic acid, niaproof 4 and aztreonam while P. farris
LMG 32054" and P. kielensis LMG 319547 did.

P. aestiva DGS32" was compared with the three closest type
strains, P. psychrotolerans DSM 15758, P. oryzihabitans DSM
6835 and P. benzopyrenica BaP3T, which was recently described
(Dong et al, 2023). Among the phenotypic characteristics,
P. aestiva DGS32" was able to differentially oxidize (API 50
CH) erythrol and D-raffinose and assimilate (Biolog) sucrose,
D-fructose and L-fucose. P. aestiva DGS32T, P. psychrotolerans
DSM 15758" and P. benzopyrenica BaP3" showed a positive
ability to oxidize (API 50 CH) glycerol, D-arabinose, D-galactose,
D-mannitol, D-trehalose, assimilate

D-glucose, D-fructose,
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TABLE 4 Phenotypic characterization of the four Pseudomonas strains described in this study and their closest relatives. Strains: 1 = P. grandcourensis
DGS24T, 2 = P. jessenii DSM 171507, 3 = P. laurylsulfatiphila DSM 1050977, 4 = P. laurylsulfativorans DSM 1050987, 5 = P. purpurea DGS267,

6 = P. kielensis LMG 319547, 7 = P. lini DSM 167687, 8 = P. helvetica DGS28T, 9 = P. farris LMG 320547, 10 = P. aestiva DGS327, 11 = P. psychrotolerans
DSM 157587, 12 = P. oryzihabitans DSM 68357, 13 = P. benzopyrenica BaP3T.

Oxidation of (API 50 CH)

L-Arabinose

D-Ribose

D-Xylose

D-Glucose

Inositol

D-Mannitol

D-Sorbitol

Arbutin

— nd

Esculin ferric citrate

— nd

Salicin

- nd

D-Cellobiose

- nd

D-Maltose

w nd

D-Melibiose

— nd

D-Saccharose (sucrose)

D-Melezitose

- nd

D-Raffinose

- nd

D-Turanose

— nd

Potassium 5-ketogluconate

— nd

Assimilation of (Biolog)

D-Salicin

- nd

N-Acetyl-D-glucosamine

- nd

D—Mannose

nd

D-Fructose

- nd

D-Galactose

nd

Inosine

myo-Inositol

nd

D-Aspartic acid

— nd

D-Serine

Glycyl-L-proline

- nd

L-Glutamic acid

w nd

L-Histidine

L-Serine

Pectin

D-Galacturonic acid

L-Galacturonic acid lactone

D-Lactic acid methyl ester

a-Keto-glutaric acid

D-Malic acid

Bromo-succinic acid

Tween 40

w +

Acetic acid

- +
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TABLE 4 (Continued)

10.3389/fmicb.2024.1440341

Strains
Characteristic
Sensitivity to (Biology)
Fusidic acid - - — w + w - - w - - — nd
Guanidine HCl + + + w - w — — — + + _ nd
Niaproof 4 + + + + w w + - w + + + nd
Potassium tellurite + — — + + + w w w — — — nd
Aztreonam w - w + w + + - w - — — nd
API 20 NE enzymatic activities
Reduction of nitrates to + + - + - + - + - - — - nd
nitrites
Fermentation (glucose) — - - — — — — + — — — _ nd
Arginine dihydrolase + w + — w + + — + + + + nd
Urease - + - - w + + - + + + + nd
Hydrolysis (B-glucosidase) + - — - + - - + - + + + nd
Hydrolysis (protease) + — — — — — — + — — — — nd
B-Galactosidase + — — — + — + — — — _ nd

Only the most relevant results are shown. The complete results can be found in Supplementary Table 4. For assimilation and oxidation of carbon compounds: positive (+), negative (—), weakly

positive (w). For sensitivity: insensitive (+, can grow in its presence) sensitive (—, cannot grow in its presence). For P. benzopyrenica BaP3T, results are based on Dong et al. (2023), not defined

(nd).

(Biolog) mucic acid, citric acid, L-malic acid and bromo-succinic
acid, while P. oryzihabitans DSM 6835" could not. Both P. aestiva
DGS32" and P. benzopyrenica BaP3" were the only ones able to
assimilate L-histidine, a-keto-glutaric acid, D-malic acid, acetic
acid and formic acid.

The differences between the type strains were further
investigated by an NMDS ordination analysis, which shows a
clear distinction between the type strains of the twelve species
studied (Figure 4C). The differences were mainly supported by the
differential oxidation of certain sugars, including glucose, galactose,
saccharose or xylose, and the use of amino acids such as glutamic
acid, histidine, arginine, serine, glutamic acid, and aspartic acid.

Promotion of wheat growth and
antagonism to phytopathogens

The ability of the four strains to promote wheat growth was
evaluated by inoculating cells onto 2-day-old wheat seedlings.
Plant biomass after 21 days was increased in the presence of
strains DGS24 and DGS32 (Figure 5A, Supplementary Table 5).
Specifically, the inoculation with each strain doubled the fresh
shoot biomass and resulted in an increase in plant length of
~28.5%. The increase in root biomass was less pronounced, but
also observed. Inoculation with strains DGS26 and DGS28 resulted
in more discrete differences. Mean fresh shoot and root weights
were increased by DGS26 inoculation, as was plant length. DGS28
only increased the mean values of shoot length and root dry weight.
The pronounced direct growth promotion observed following
inoculation with DGS24 and DGS32 could be related to these
strains’ putative ability to modulate plant hormones and phosphate
solubilization (Figure 3A).
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In addition, the ability of the four strains to inhibit the
growth of three fungal plant pathogens, Fusarium oxysporum,
Botrytis cinerea, and Thielaviopsis basicola, was evaluated using
dual culture assays. Strains DGS26, DGS28 and DGS32 significantly
inhibited the three pathogens, with DGS26 showing the highest
antagonistic ability with up to 50% inhibition of F. oxysporum, 75%
for T. basicola and about 20% for B. cinerea (Figure 5B). DGS28
and DGS32 exhibited similar pathogen growth inhibition, around
30% for F. oxysporum and T. basicola, and 15% for B. cinerea.
Finally, DGS24 did not significantly inhibit F. oxysporum, and
had a discrete effect on B. cinerea and T. basicola, with 10% and
25% inhibition, respectively. The ability of DGS26 to significantly
antagonize the growth of the three fungal pathogens could be
attributed to the predicted biosynthesis of cyclic lipopeptides with
similarity to sessilin A, gacamicin A and orfamide B (Figure 3B),
which are known for their potent antimicrobial and biosurfactant
activities (D’aes et al., 2014; Jahanshah et al.,, 2019; Oni et al,,
2019). In the case of DGS28 and DGS32, the two putative NRP
siderophores encoded in their genomes, which show high similarity
to pseudomonine (Mercado-Blanco et al,, 2001) in DGS28 and
frederiksenibactin (Stow et al., 2021) in DGS32 (Figure 3B), could
be involved in their fungal antagonism, as other NRP siderophores
produced by Pseudomonas have antifungal activity (Buysens et al.,
1996; Ho et al., 2021; Kaplan et al., 2021; Grosse et al., 2023). The
presence of the hydrogen cyanide biosynthetic cluster in all strains
may also contribute to the observed antagonistic phenotype of the
strains (Voisard et al., 1989; Laville et al., 1998).

These results highlight the plant-beneficial potential of the
four novel species on wheat. Direct inoculation with DGS24 and
DGS32 strains significantly increased plant biomass, while DGS26,
DGS28 and DGS32 demonstrated effective antagonism against
three fungal phytopathogens.
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Promotion of wheat growth induced by inoculation of the four strains analyzed in this study and phytopathogen inhibition. (A) Promotion of wheat
growth. Box plots show the different parameters measured for each strain. Strains were inoculated onto 2-day-old wheat seedlings at an initial
concentration of ~3.106 CFU/mL per plant. (B) Inhibition of three phytopathogens in dual culture assays. Boxplots show the different percentage of
inhibition of mycelial growth measured per strain. The percent inhibition area (Ai) was calculated using the formula: Ai (%) = (Ac—At) / Ac 100, where
Ac is the mean area of the pathogen in control plates and At is the area of the pathogen in test plates (inoculated with bacteria). Differences between
groups were assessed using the Kruskal-Wallis rank sum test, with Fisher’s least significant difference post hoc test. P values were corrected using
the false discovery rate. Different letters indicate significant differences between groups at a P value < 0.05.

Description of Pseudomonas
grandcourensis sp. Nov.

Pseudomonas grandcourensis (grand.cou.ren.sis. N.L. neut. adj.
grandcourensis, from Grandcour, Switzerland, referring to the
region where soil was used to grow wheat plants and isolate the
type strain DGS247).

Cells of this species are aerobic, Gram-negative, non-spore-
forming, motile by means of a single polar flagellum, and
rod-shaped, 1.5 pm wide and 2.9 pum long. On R2A medium,
cells can grow between 20 and 35°C (optimum 28°C), and
colonies are white and mucoid, with diffuse edges after 24 h of
growth. They produce a pale-yellow pigment. Results obtained
with Biolog Gen IIT microplates indicate that the cells can use
the following substrates as carbon and energy sources: sucrose,
D-turanose,

D-salicin, N-acetyl-D-glucosamine, «a-D-glucose,

D-mannose, D-fructose, inosine, D-mannitol,

D-arabitol,
L-aspartic acid, L-glutamic acid, L-histidine, L-pyroglutamic

D-galactose,

glycerol, glycyl-L-proline, L-alanine, L-arginine,
acid, L-serine, pectin, D-galacturonic acid, L-galacturonic acid
lactone, D-gluconic acid, D-glucuronic acid, mucic acid, quinic
acid, D-saccharic acid, p-hydroxy-phenylacetic acid, D-lactic

acid methyl ester, L-lactic acid, citric acid, a-keto-glutaric acid,
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D-malic acid, L-malic acid, bromo-succinic acid, Tween 40,
y-amino-butyric acid, p-hydroxy-D, L-butyric acid and acetic
acid. All other substrates in the Biolog GEN III panel did not
or only weakly support cell growth. Based on Biolog Gen III
sensitivity assays, cells of this species can grow between pH
5 and pH 7, 1% NaCl, and with 1% sodium lactate. Cells are
resistant to rifamycin SV, lincomycin, guanidine HCI, niaproof 4,
vancomycin and potassium tellurite. Cell growth was inhibited
by all other compounds tested in the Biolog GEN III sensitivity
assays. Results obtained with API 50 CH and API 20 NE strips
indicate that cells of this species oxidize the following substrates:
glycerol, L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose,
D-fructose, D-mannose, inositol, D-mannitol, D-sorbitol, methyl-
arbutin, esculin

a-D-glucopyranoside, N-acetylglucosamine,

ferric citrate, salicin, D-cellobiose, D-maltose, D-melibiose,

D-melezitose, D-raffinose,
starch, glycogen, D-turanose, D-fucose, L-fucose, D-arabitol,

potassium gluconate and potassium 5-ketogluconate. Cells of this

D-saccharose, D-trehalose, inulin,

species exhibited the following enzymatic activities detected by
API 20 NE: reduction of nitrates to nitrites, arginine dihydrolase,
hydrolysis (B-glucosidase and protease) and f-galactosidase.
The genome of P. grandcourensis DGS24" consists of a circular
chromosome of 6.76 Mbp, 59.7% G+C, 5,967 protein-coding genes,
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seven copies of the 16S rRNA and 23S rRNA genes, eight copies
of the 5S rRNA gene, and 73 tRNAs for the transfer of 39 different
amino acids. The whole genome sequence of P. grandcourensis
DGS24" has been deposited at NCBI and is publicly available at
NCBI GeneBank accs. no. CP150919.

The type strain is DGS24" (= DSM 1175017 = CECT 310117),
isolated in 2021 from the rhizosphere of wheat.

Description of Pseudomonas purpurea
Sp. nov.

Pseudomonas purpurea (pur.pu’re.a. L. fem. adj. purpurea,
purple-color, referring to the color of the diffusible pigment
produced by the type strain DGS267).

Cells of this species are aerobic, Gram-negative, non-spore-
forming, motile by means of two polar flagella, and rod-shaped, 1.6
pm wide and 3.3 pm long. In R2A medium, cells can grow between
20 and 28°C (optimum 28°C), and colonies are translucent and
compact. After 48 h of growth, the cells produce a diffusible light
purple pigment. Results obtained with Biolog Gen III microplates
indicate that cells can use the following substrates as carbon
and energy sources: D-trehalose, a-D-glucose, glycerol, L-histidine,
D-gluconic acid, L-lactic acid, citric acid, a-keto-glutaric acid,
L-malic acid, Tween 40, y-amino-butyric acid and p-hydroxy-D,
L-butyric acid. All other substrates in the Biolog GEN III panel
did not support cell growth. Based on Biolog Gen III sensitivity
assays, cells of this species can grow between pH 5 and pH 7,
with 1% NaCl, and with 1% sodium lactate, and are resistant to
fusidic acid, rifamycin SV, lincomycin, niaproof 4, vancomycin,
potassium tellurite and aztreonam. Cell growth was inhibited by all
other compounds tested in the Biolog GEN III sensitivity assays.
Results obtained with API 50 CH and API 20 NE strips indicate
that cells of this species oxidize L-arabinose, esculin ferric citrate,
D-cellobiose, D-saccharose and D-fucose. Cells of this species
exhibited the following enzymatic activities as detected by API 20
NE: arginine dihydrolase, urease, hydrolysis (B-glucosidase) and -
galactosidase. In API 20 NE cells grow on the following substrates:
glucose, N-acetyl-glucosamine, potassium gluconate, capric acid,
malate and trisodium citrate. The genome of P. purpurea DGS26T
consists of a circular chromosome of 5.93 Mbp, 59.9% G+C, 5,388
protein-coding genes, seven copies of the 16S rRNA and 23S rRNA
genes, eight copies of the 55 rRNA gene, and 75 tRNAs for the
transfer of 38 different amino acids. The whole genome sequence
of P. purpurea DGS26" has been deposited at NCBI and is publicly
available at NCBI GeneBank accs. no. CP150918.

The type strain is DGS26" (= DSM 1175027 = CECT 310127),
isolated in 2021 from the rhizosphere of wheat.

Description of Pseudomonas helvetica
Sp. nov.

Pseudomonas helvetica (hel.ve'ti.ca. N.L. fem. adj. helvetica, of
or belonging to the Helvetians or to Helvetia, the neo-Latin name
of Switzerland where the type strain DGS28" was isolated).

Cells of this species are aerobic, Gram-negative, non-spore-
forming, motile by means of two polar flagella, and rod-shaped,
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1.6 wm wide and 3.1 wm long. In R2A medium, cells can grow
between 20 and 35°C (optimum 28°C), and colonies are small,
compact, and pale-yellow. Old colonies show a green pigment in
the center of the colony. Results obtained with Biolog Gen IIT
microplates indicate that the cells can use the following substrates
as carbon and energy sources: D-trehalose, sucrose, N-acetyl-
D-glucosamine, o-D-glucose, D-mannose, D-fructose, inosine,
D-mannitol, D-arabitol, glycerol, D-aspartic acid, D-serine, glycyl-
L-proline, L-alanine, L-arginine, L-aspartic acid, L-glutamic acid,
L-histidine, L-pyroglutamic acid, L-serine, pectin, D-gluconic acid,
mucic acid, quinic acid, D-saccharic acid, methyl pyruvate, L-lactic
acid, citric acid, a-keto-glutaric acid, L-malic acid, bromo-succinic
acid, Tween 40, y-amino-butyric acid, a-hydroxy-butyric acid,
B-hydroxy-D,L-butyric acid, acetic acid, and formic acid. All
other substrates in the Biolog GEN III panel did not or only
weakly support cell growth. Based on Biolog Gen III sensitivity
assays, cells of this species can grow between pH 5 and pH
7, with 1% sodium lactate, and are resistant to rifamycin SV,
lincomycin and vancomycin. Cell growth was inhibited by all other
compounds tested within the Biolog GEN III sensitivity assays.
Results obtained with API 50 CH and API 20 NE strips indicate
that cells of this species can oxidize the following substrates:
glycerol, L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose,
D-fructose, D-mannose, inositol, D-mannitol, D-sorbitol, arbutin,
esculin ferric citrate, salicin, D-cellobiose, D-maltose, D-melibiose,
D-saccharose, D-trehalose, D-melezitose, D-raffinose, D-turanose,
potassium 5-ketogluconate, and assimilate potassium gluconate,
capric acid, malate and trisodium citrate. Cells of this species
exhibited the following enzymatic activities as detected by API 20
NE: reduction of nitrates to nitrites, fermentation of glucose and
hydrolysis (B-glucosidase and protease). The genome of P. helvetica
DGS28T consists of a circular chromosome of 6.44 Mbp, 58.8%
G+G, 5,857 protein-coding genes, six copies of the 16S rRNA and
23S rRNA genes, seven copies of the 55 rRNA gene, and 69 tRNAs
for the transfer of 38 different amino acids. The whole genome
sequence of P. helvetica DGS28T has been deposited at NCBI and
is publicly available at NCBI GeneBank accs. no. CP150917.

The type strain is DGS28T (= DSM 1175037 = CECT 310137),
isolated in 2021 from the rhizosphere of wheat.

Description of Pseudomonas aestiva
Sp. Nov.

Pseudomonas aestiva (aes.ti.va. L. fem. adj. aestiva, of summer,
referring to the species name of the host plant (Triticum aestivum)
from which the type strain DGS32T was isolated).

Cells of this species are aerobic, Gram-negative, non-spore-
forming, motile by means of a single polar flagellum, and
rod-shaped, 1.6 pm wide and 3.4 wm long. In R2A medium, cells
can grow between 20 and 28°C (optimum 28°C), and colonies
are small, compact, and orange. Results obtained with Biolog Gen
IIT microplates indicate that cells can use the following substrates
as carbon and energy sources: D-maltose, D-trehalose, o-D-
glucose, D-fructose, L-fucose, D-sorbitol, L-alanine, L-aspartic
acid, L-glutamic acid, L-histidine, L-serine, D-galacturonic
acid, L-galacturonic acid lactone, D-gluconic acid, mucic acid,
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D-saccharic acid, citric acid, D-malic acid, L-malic acid, bromo-
succinic acid, Tween 40, y-amino-butyric acid and formic acid. All
other substrates in the Biolog GEN III panel did not or only weakly
support cell growth. Based on Biolog Gen III sensitivity assays,
cells of this species can grow between pH 5 and 7, between 1% and
4% NaCl, with 1% sodium lactate, and are resistant to rifamycin
SV, lincomycin, guanidine HCl, niaproof 4, vancomycin, lithium
chloride and sodium bromate. Cell growth was inhibited by all
other compounds tested within the Biolog GEN III sensitivity
assays. Results obtained with API 50 CH and API 20 NE strips
indicate that cells of this species oxidize the following substrates:
glycerol, L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose,
D-mannitol, D-maltose, D-trehalose, D-fucose, and assimilate
mannose, potassium gluconate, malate, and trisodium citrate.
Cells of this species exhibited the following enzymatic activities
as detected by API 20 NE: arginine dihydolase, urease, hydrolysis
(B-glucosidase). The genome of P. aestiva DGS32T consists of a
circular chromosome of 4.98 Mbp, 65.9% G+C, 4,500 protein-
coding genes, five copies of the 16S rRNA, 23S rRNA and 5S
rRNA genes, and 74 tRNAs for the transfer of 40 different amino
acids. The whole genome sequence of P. aestiva DGS32" has been
deposited at NCBI and is publicly available at NCBI GeneBank
accs. no. CP150916.

The type strain is DGS32"T (= DSM 117504" = CECT 31014"),
isolated in 2021 from the rhizosphere of wheat.

Emended description of Pseudomonas
alvandae (Girard et al., 2021)

Pseudomonas alvandae (al.van’dae. N.L. gen. n. alvandae, from
Alvand, a wheat cultivar).

The description is as reported by Girard et al. (2021).

The type strain is SWRI17" ( = LMG 32056" = CFBP 8869").
The name Pseudomonas canavaninivorans (Hauth et al.,, 2022)
type strain HB002T ( = DSM 1125257 = LMG 323367) is a later
heterotypic synonym.

Emended description of Pseudomonas
oryzihabitans (Kodama et al., 1985)

Pseudomonas oryzihabitans (o.ry.z’ha.bi.tans. L. fem. n. oryza
rice; L. fem. adj. habitans inhabiting; M. L. fem. adj. oryzihabitans
rice inhabiting).

The description is as reported by Kodama et al. (1985).

The type strain is KS0036" ( = LT = AJ 21977 = 1AM
15687 = JCM 2592"). The name Pseudomonas psychrotolerans
(Hauser et al., 2004) type strain C36" (= LMG 219777 = DSM
157587) is a later heterotypic synonym.

Emended description of Pseudomonas
ogarae (Garrido-Sanz et al., 2021)

Pseudomonas ogarae (o.ga.rae. N.L. gen. n. ogarae, after Fergal
O’Gara, Irish microbiologist who isolated the strain F113T and
defined its first plant growth-promoting features).
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The description is as reported by Garrido-Sanz et al. (2021).

The type strain is F1137 ( = DSM 112162T = CECT 30235").
The name Pseudomonas zarinae (Girard et al., 2021) type strain
SWRI108" ( = CFBP 8856 = LMG 320437) is a later heterotypic

synonym.

Conclusion

In this work, we have reported the characterization of four
novel Pseudomonas species isolated from the rhizosphere of wheat,
which expands the known diversity of crop-associated bacteria.
Our results demonstrate that the four isolated strains belong
to novel species within the genus Pseudomonas by exhibiting
noticeable genotypic and phenotypic differences compared to
their closest relatives. In addition, two of the strains represent a
novel phylogenomic subgroup within the Pseudomonas fluorescens
species complex. The genomes of the four novel species harbor
host-interaction and plant-beneficial characteristics that make
them interesting for use as inoculants in agriculture. These
include characters important for efficient colonization of the
rhizosphere environment, such as flagella and biofilm formation
components. In addition, their ability to transform nitrogen
species and putatively solubilize phosphate may contribute to
improved plant nutrition. Similarly, their potential to modulate
the plant hormone balance through ACC deaminase activity
or plant auxin metabolism could contribute to increased crop
productivity. Indeed, direct inoculation of DGS24 and DGS32
doubled the shoot biomass of wheat plants, while DGS26, DGS28
and DGS32 efficiently antagonized three fungal phytopathogens.
These results highlight the potential of the four novel species
for use as biofertilizers and biocontrol agents in agriculture
and add to the known diversity of bacteria associated with the
wheat rhizosphere.
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