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Abstract
Three Gram-negative Sphingobium endophyte strains, designated WW5T, 11R-BB, and HT1-2, were
isolated from stems of Salix sitchensis, roots of Populus trichocarpa, and shoots of Pluchea
carolinensis, respectively, growing on nutrient limited rock substrate undergoing primary succession.
Phylogenetic analysis based on 16S rRNA gene sequences placed all three strains within the genus
Sphingobium, with highest sequence identity to S. yanoikuyae JCM 7371T. Digital DNA-DNA hybridization
analysis revealed values of 66.2-68.2% to S. yanoikuyae JCM 7371T, falling below the 70% species

delineation threshold, while 99.9% identity between WW5T and 11R-BB and 70.1% between WW5T and
HT1-2 confirmed their assignment to a single species. Average WGS nucleotide identity values to S.
yanoikuyae JCM 7371T were 95.68% (WW5T), 95.56% (11R-BB), and 96.65% (HT1-2), while phylogenomic
WGS analysis using GTDB-Tk classified the strains as distinct from the S. yanoikuyae lineage, placing
them under the placeholder Sphingobium yanoikuyae_A. Hybrid Illumina-Nanopore genome sequencing
generated high-quality assemblies of 5.39-5.72 Mb with approximately 64% GC content. Comparative
genomic analysis revealed 96 gene families conserved across all three strains but absent from other
Sphingobium genomes, with 80 classified as highly conserved hypothetical proteins and 16 functionally
annotated genes including arylsulfatases, heavy metal efflux systems, and ion transporters that may
support their plant-associated niche. Chemotaxonomic analysis demonstrated predominant fatty acids
distinguishing them from S. yanoikuyae JCM 7371T, while physiological tests showed the strains

metabolized plant-derived carbon compounds not utilized by S. yanoikuyae JCM 7371T. Based on
phylogenomic, genomic, and phenotypic analyses, these strains represent a novel species, for which the
name Sphingobium salicis sp. nov. was proposed, with WW5T (DSM 120182, NCCB 101075) designated
as the type strain.

INTRODUCTION
The genus Sphingobium is a member of the family Sphingomonadaceae (Alphaproteobacteria), a
diverse group of Gram-negative, rod-shaped bacteria characterized by glycosphingolipid-containing outer
membranes. Sphingobium was established by (Takeuchi et al. 2001) during a phylogenetic
reorganization that split Sphingomonas into four distinct genera: Sphingomonas (sensu stricto),
Sphingobium, Novosphingobium, and Sphingopyxis. The earliest described member of the genus,
Sphingobium yanoikuyae, was originally isolated by (Gibson et al. 1975) and initially assigned to
Beijerinckia, later reclassified as Sphingomonas yanoikuyae (Yabuuchi et al. 1990), and finally
transferred to Sphingobium (Takeuchi et al. 2001). Currently, the genus comprises 48 validly published
species according to the List of Prokaryotic Names with Standing in Nomenclature (LPSN, accessed
April 2025). Well-characterized members include S. yanoikuyae, S. indicum, S. japonicum, and S.
herbicidovorans, which have been isolated from diverse terrestrial and aquatic environments and are
noted for their metabolic versatility in degrading recalcitrant aromatic compounds (Glaeser and Kämpfer
2015).
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Sphingobium species are widely distributed environmental bacteria commonly found in soils, freshwater
systems, groundwater, and sediments. Members of the genus are frequently isolated from
anthropogenically impacted environments, including petroleum-contaminated groundwater, PAH-
impacted sediments, and other hydrocarbon-rich sites, where they demonstrate aerobic degradation of
complex aromatic compounds, including biphenyl, naphthalene, and chlorinated aromatics (Gibson et al.
1975; Khan et al. 1996; Pinyakong et al. 2003; Seo et al. 2009; Stolz 2009; Táncsics et al. 2012; Mitra et
al. 2020). In addition to contaminated environments, Sphingobium species have been frequently isolated
from inside of plants, including as true endophytes of maize, rice, and from coastal dune grasses and
other wild plants (Ali et al. 2018; Boss et al. 2022; Jou et al. 2022; Ma et al. 2025). 

Endophytes, bacteria and other microorganisms colonizing the internal tissues of plants, contribute to
improved host plant tolerance to environmental stresses via increased nutrient acquisition,
phytohormone production, stress response, and increased resistance to biotic and abiotic stresses
(Reinhold-Hurek and Hurek 2011; Hardoim et al. 2015). Among these benefits, biological nitrogen
fixation by diazotrophic endophytes increased phosphorus solubility and root uptake from soil can
improve both nitrogen and phosphorus status of crop plants growing under nutrient limited conditions
(Ercole et al. 2025). Recently, we have shown that three endophytic Sphingobium strains WW5T, 11R-BB,
and HT1-2 enhance nitrogenase activity in diazotrophic endophyte partners when co-cultured in nitrogen-
limited conditions (Sher et al. 2024). These synergistic effects, which may involve mitigation of
nitrogenase oxygen sensitivity or as yet unknown secreted diffusible compounds, were observed in
different diazotrophic partners (Azorhizobium sp. HT1-9, Rahnella aceris WP5, and Azospirillum sp. 11R-
A) and were not restricted to specific hosts or geographic locations. 

Genome-based classification reveals greater phylogenetic diversity within the genus Sphingobium than
is represented in current formal taxonomy. The Genome Taxonomy Database (GTDB release R226,
accessed April 2025) identifies 137 species clusters across 381 Sphingobium genomes, yet only 48
clusters (35%) correspond to formally described species. Despite the ecological and functional diversity
represented within the genus, taxonomic resolution remains incomplete. In this report, we describe the
three Sphingobium strains, WW5T, 11R-BB, and HT1-2, isolated from plants growing on nutrient-limited
primary substrates, including Sitka willow (Salix sitchensis), black cottonwood (Populus trichocarpa),
and salvia (Pluchea carolinensis), respectively. These strains are phylogenetically close to S. yanoikuyae
yet display distinct genomic and phenotypic features. Based on phylogenomic and phenotypic analyses,
we propose that they represent a novel species, Sphingobium salicis sp. nov., with WW5ᵀ designated as
the type strain.

METHODS

Isolation and culture conditions
The three strains were isolated from diverse plant hosts growing on primary rock substrate (previously
described in Doty et al. 2009; Sher et al. 2024). Briefly, strain HT1-2 was obtained from Pluchea
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carolinensis shoots on lava fields near Kona, Hawai‘i (19.142559° N, 155.752072° W), while the strains
11R-BB and WW5T were isolated from riparian zones in Washington state: 11R-BB from Populus
trichocarpa roots along the Skykomish River (47.780563° N, 121.500670° W) and WW5T from Salix
sitchensis stems along the Snoqualmie River (47.5206° N, 121.7745° W).

Hawaiian samples were surface-sterilized according to (Sher et al. 2024) while poplar and willow tissues
used the method described by (Doty et al. 2005). Sterilized tissues were homogenized in mortars with
either water (Hawaiian samples) or nitrogen-free medium (NFM; poplar and willow). Homogenates (100
µL) were plated on nitrogen-free combined carbon medium (NF-CCM, Rennie 1981) for Hawaiian and
poplar root samples or yeast mannitol agar (YMA) for poplar and willow stems. Distinct colonies were
purified through successive streak-plates on mannitol glutamate/Luria (MGL; (Cangelosi et al. 1991)
agar, after incubation (30 ℃, 24–58 hr), and preserved at -80°C in 25% glycerol.

DNA extraction and 16S rRNA gene sequence phylogenetic analysis
Genomic DNA was purified using standard protocols with phenol/chloroform extraction and ethanol
precipitation as previously described (Doty et al. 2023). Genus level identification utilized PCR
amplification of the 16S rRNA gene with universal primers 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5′-GGTTACCTTGTTACGACTT-3′). PCR amplification used the following program: 95°C for 10 min;
40 cycles of 95°C for 1 min, 53°C for 1 min, 72°C for 1 min; final extension at 72°C for 10 min. Amplicons
were sequenced by Genewiz (Azenta Life Sciences, NJ), and the resulting sequences were analyzed
using BLAST against the NCBI database with a ≥ 98% sequence identity threshold for Sphingobium
genus-level identification.

Genome sequencing, assembly, and annotation
Whole-genome sequencing was completed for WW5ᵀ, HT1-2, and 11R-BB using a hybrid approach
combining Illumina and Oxford Nanopore technologies (CD Genomics, NY). Illumina libraries (280 bp
insert size) were sequenced on a NovaSeq X Plus system (2×151 bp paired-end reads). Demultiplexing
and adapter trimming were performed using bcl-convert (v4.2.4). Nanopore libraries were prepared using
the PCR-free Ligation Sequencing kit and sequenced on MinION Mk1B or GridION systems with R10.4.1
flow cells. Basecalling, demultiplexing, and adapter removal were conducted with Guppy (v6.5.7) in
super-accurate mode.

Raw sequencing data were deposited in the Bacterial and Viral Bioinformatics Resource Center (BV-BRC)
(Olson et al. 2023). High-quality hybrid assemblies were constructed using Unicycler v0.4.8, combining
SPAdes v3.13.0 short-read assembly (Bankevich et al. 2012) with long-read graph resolution (Wick et al.
2017). Assemblies were refined through four iterations of PILON and RACON polishing, with contigs less
than1000 bp or greater than 10× coverage excluded. Assembly completeness was assessed via CheckM
(Parks et al. 2015). Genome annotation was performed using the RASTtk pipeline v1.073 (Brettin et al.
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2015). Annotated assemblies and raw sequence data were deposited in BV-BRC and GenBank (Table
S1).

Whole-genome phylogeny and taxonomic placement
Taxonomic placements were assessed using two whole-genome methods. First, digital DNA-DNA
hybridization (dDDH, formula d4) was calculated between each study genome and all Sphingobium type-
strain assemblies via the Type (Strain) Genome Server (TYGS; (Meier-Kolthoff and Göker 2019). Second,
Average Nucleotide Identity (ANI) values were calculated between study genomes and type strain
assemblies using FastANI v1.34 with a 95–96% species boundary threshold (Jain et al. 2018). Finally,
the Genome Taxonomy Database Toolkit (GTDB-Tk) (Parks et al. 2022) was used to extract, align, and
concatenate 120 bacterial single-copy marker proteins (bac120) from strains WW5ᵀ, 11R-BB, and HT1-2.
These were analyzed together with the species-representative Sphingobium genomes in the GTDB-Tk
release 220. The resulting alignment file was analyzed in IQ-TREE (Nguyen et al. 2015) to construct a
maximum likelihood phylogenetic tree under the Whelan and Goldman (WAG) model, with 1,000 pseudo-
bootstrap replicates. Phylogenetic placement of individual strains was conducted using pplacer (Matsen
et al. 2010), which assigns query genomes to positions within a fixed reference tree using maximum
likelihood criteria. The phylogenetic tree was rooted using Sphingobium paucimobilis NBRC 13935.
Statistical support for tree topology was assessed using 1,000 pseudo-bootstrap replicates with an
80.0% node support threshold. The phylogenetic tree was rooted using Sphingobium paucimobilis NBRC
13935.

Pathogenicity Analysis
Pathogenicity Analysis
Finally, the pathogenic potential and virulence determinants of the strains were assessed with
PathogenFinder v1.1 (Cosentino et al. 2013) and VirulenceFinder v2.0 (Joensen et al. 2014). Draft
genome assemblies of the three strains were uploaded to the respective web servers using the default
parameters. VirulenceFinder was run with default thresholds (≥ 90% nucleotide identity; ≥60% alignment
length) against the Staphylococcus aureus, Enterococcus, Listeria, and Escherichia coli databases.

Comparative genomics and functional analysis
The BV-BRC Comparative Systems pipeline was used to conduct a comparative genome analysis to
identify genes involved in the glycolytic pathway, TCA cycle, oxidative phosphorylation, anaplerotic
reactions, and nutrient uptake via ABC-transporters. Functional annotation was performed using KEGG
KOfam (v2025-04-01, release 114.0) as the reference database (Aramaki et al. 2020). Gene conservation
was determined through comparison with a data set of 61 Sphingobium type strain assemblies obtained
from the NCBI ReSeq database (Table S1). Gene datasets were filtered using PATRIC genus-specific
protein families (PLfams), and core genome and strain-specific genes were identified. The BV-BRC
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Protein Family Sorter was used to analyze conserved and unique genomic features and protein family
distributions to classify core and accessory gene sets.

Morphological, physiological, and biochemical analyses

The strains WW5T, 11R-BB, and HT1-2 were grown for 3 days at 25.5°C in nitrogen-limited combined
carbon medium (NL-CCM; modified from Rennie 1981). Cells were Gram stained with a kit (Innovating
Science, Avon, NY, USA) and visualized with a brightfield microscope (NuLife Sciences, Chattanooga, TN,
USA) using an oil immersion lens at 1000x total magnification. Colony morphology was characterized on
both mannitol glutamate/Luria (MGL; (Cangelosi et al. 1991) and NLCCM after 2- and 3-days incubation,
respectively. The ability of each strain to grow in modified nitrogen-free NLCCM (without yeast extract)
was assessed. Cultures were incubated at 25.5°C for up to 7 days with daily monitoring for growth.
Oxygen preference was determined using fluid thioglycolate medium (Carolina, Burlington, NC, USA)
after 2 days incubation at 25.5°C. Growth at various temperatures (4, 25.5, 30, 35, and 37°C) was tested
on MGL agar plates incubated for up to 7 days with daily monitoring. Carbon source utilization, osmotic
stress tolerance, and pH tolerance were determined using Biolog MicroPlates™ PM1, PM9, and PM10
(Biolog, Hayward, CA, USA), respectively. Each plate was prepared according to the manufacturer's
protocol.

Chemotaxonomic analysis
The Fatty Acid Methyl Ester (FAME) analysis was performed following the MIDI automated Microbial
Identification System guidelines (Kunitsky et al. nd). For biomass production the four strains were
cultivated aerobically at 25°C for 24 hr on trypticase soy broth agar (M535,
https://mediadive.dsmz.de/medium/535). The gas chromatography, flame ionization detector (GC-FID)
and mass spectrometry (MS) analyses of the cellular fatty acids were carried out by DSMZ Services
(Leibniz-Institute DSMZ, Braunschweig, Germany).

RESULTS AND DISCUSSION

Ecological context of strain isolation
The S. salicis strains WW5T, 11R-BB, and HT1-2 were isolated from plants growing in nutrient-limited

environments undergoing primary succession. Strains WW5T and 11R-BB were obtained from Salix
sitchensis and Populus trichocarpa, respectively, growing on cobble-dominated riparian banks along the
Skykomish and Snoqualmie Rivers in Washington State, where frequent flooding and persistent nutrient
deficits occur during early successional stages (Doty et al. 2009). Strain HT1-2 was isolated from shoots
of Pluchea carolinensis growing on recently formed volcanic lava flows in Hawai'i, where minimal soil
development and limited nutrient availability characterize the substrate. These nutrient-limited habitats



Page 8/24

provided a framework for investigating the role of endophytes in the nitrogen dynamics of non-
leguminous plants.

16S rRNA gene phylogeny
Phylogenetic analysis based on 16S rRNA gene sequences placed strains WW5T, 11R-BB, and HT1-2
within the genus Sphingobium, with sequence identities of 99.59%, 99.52%, and 99.45% to S. yanoikuyae
JCM 7371ᵀ, respectively. Although these values exceed the traditional 98.7% threshold for species
delineation (Yarza et al. 2014), additional genomic analyses were conducted because the 16S rRNA gene
sequence similarity provides insufficient resolution for species assignment (Rosselló-Móra and Amann
2015).

Genome sequencing, assembly, and annotation
Hybrid Illumina-Nanopore sequencing generated high-quality assemblies for S. salicis strains WW5ᵀ,
11R-BB, and HT1-2. Genome sizes ranged from 5.39–5.72 Mb with ~ 64% GC content and ≤ 0.4%
contamination as assessed with CheckM (Table S1). Final assemblies comprised 8 (WW5T), 10 (11R-
BB), and 7 (HT1-2) contigs with N50 values of 5.06 Mb (WW5ᵀ and 11R-BB) and 4.67 Mb (HT1-2).
Annotations revealed 5,404-5,635 coding sequences per genome, with hypothetical proteins constituting
38–44% of predicted proteins and assignments to PATRIC genus-specific protein families ranging from
4,872-5,095. The genome assemblies were deposited in the NCBI database BioProject PRJNA1059640
for strain WW5T (BioSample SAMN39212602), and BioProject PRJNA1058978 for strains 11R-BB
(BioSample SAMN39201427) and HT1-2 (BioSample SAMN39201428).

Whole-genome phylogeny and taxonomic placement
Whole-genome taxonomic classification using TYGS (dDDH) and GTDB-Tk provided genome-scale
resolution. TYGS phylogenomic analysis placed all three strains in a monophyletic clade with 100%
bootstrap support (Fig. 1), with dDDH values of 99.9% between WW5T and 11R-BB, while HT1-2 shared

70.1% and 70.0% similarity with WW5T and 11R-BB, respectively. The dDDH values relative to S.
yanoikuyae JCM 7371ᵀ (66.2–68.2%) fell below the 70% species delineation threshold for all three
strains, indicating distinct species status (Table 1).
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Table 1
TYGS derived digital DNA–DNA hybridization (d₄) values, confidence intervals, and G + C content

differences used to assess genomic similarity among a) Sphingobium salicis strains, and b)
between WW5 and type strains of related Sphingobium and Sphingomonas species. Original

isolation sources and literature provided for all strains. Only the most 10 closely matches strains
shown.

Table 1a. TYGS pairwise comparisons among S. salicis strains WW5T, 11R-BB, and HT1-2.

Query Subject d4 C.I. d4 Diff. GC%

WW5T S. salicis 11R-BB 100.0 99.9–100.0 0.08

11R-BB S. salicis HT1-2 70.0 67.0-72.9 0.13

HT1-2 S. salicis WW5T 70.1 67.1–72.9 0.21

Table 1b. TYGS comparisons between S. salicis strain WW5T and type strains of related species.

Subject d4 C.I. d4 Diff. GC%

S. yanoikuyae JCM 7371 66.2 63.2–69.0 0.39

S. scionense DSM 19371 51.6 48.9–54.2 0.11

S. rhizovicinum CCM 7491 26.3 23.9–28.8 0.69

S. paulinellae KACC 19283 26.2 23.8–28.6 0.64

S. algicolab KACC 19283 26.2 23.8–28.6 0.68

S. limneticum DSM25076 26.1 23.7–28.6 0.74

S. lucknowense CCM 7544 24.9 22.5–27.3 0.35

S. cloacae NBRC 102517 24.7 22.4–27.2 0.56

Sphingomonas bisphenolicum AO1 24.5 22.2–27.0 0.06

S. francense DSM 26779 24.4 22.1–26.9 1.45

GTDB-Tk classified the three strains as Sphingobium yanoikuyae_A (Fig. 2), a provisional designation for
genomically divergent lineages within named taxa that lack formal taxonomic resolution (Table S3; Parks
et al. 2022). ANI values relative to S. yanoikuyae JCM 7371ᵀ ranged from 95.56–96.65%, placing all
strains within or slightly above the 95–96% boundary zone for species delineation (Richter and Rosselló-
Móra 2009). This placement reflects the disparity between genome-based species delineation and
formal taxonomy, as S. yanoikuyae currently comprises two GTDB-recognized lineages that highlight
unresolved taxonomic boundaries (Parks et al. 2020; Wu et al. 2025).

Pathogenicity Analysis
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Pathogenicity analysis using PathogenFinder v1.1 classified all strains as non-pathogenic (Table S4).
VirulenceFinder v2.0 detected no virulence factors against S. aureus, Listeria, E. coli, or Enterococcus
databases.

Comparative genomics and functional analysis
Comparative genomic analysis compared S. salicis strains WW5ᵀ, 11R-BB, and HT1-2 with 61
Sphingobium type strains, identifying 570 orthologs conserved across the 64 Sphingobium genomes
(Table S5). This relatively small core genome is characteristic of Sphingobium and other
sphingomonads, reflecting the high genomic diversity that enables their broad ecological distribution
(Aylward et al. 2013; Wang et al. 2018; Verma et al. 2020).

Species-specific analysis identified 96 orthologs conserved in S. salicis but absent from Sphingobium
type strains, comprising 16 functionally annotated and 80 hypothetical proteins (Table S6). These
species-specific genes represent a core accessory genome that distinguishes S. salicis from other
described Sphingobium species. The hypothetical proteins displayed remarkably high conservation, with
72 of 80 showing ≥ 95% sequence homology at the amino acid level, contrasting with typical accessory
gene variability (Tambong et al. 2023; Terra et al. 2025). This conservation suggests functional
constraint consistent with niche-specific adaptation, indicating these genes likely represent
uncharacterized proteins with conserved function under selective pressure for specialized cellular
processes in plant-associated environments (Rinke et al. 2013; Lidbury et al. 2021).

Individual strain analysis revealed additional accessory genomic content, with 328, 326, and 282 strain-
specific accessory genes in WW5ᵀ, 11R-BB, and HT1-2, respectively. Of these, 52 (WW5T), 51 (11R-BB),
and 43 (HT1-2) carried functional annotations (File S4), with strain HT1-2 uniquely encoding 27
additional functional families including copper-export ATPase and phosphonate transporters that may
reflect adaptation to the volcanic substrate from which it was isolated.

Plant-association genomic features.

The 16 functionally annotated gene families conserved across all three S. salicis strains but absent from
other Sphingobium species align with established categories for plant-microbe interactions (Hacquard et
al. 2015; Levy et al. 2018). These genes can be organized into three functional categories, direct
interaction, stress resistance, and nutrient acquisition, which could support endophytic colonization and
plant-beneficial interactions.

Direct interaction mechanisms included the CzcABC RND system (EC 3.6.3.16) for metal efflux (Nies
1995; Nies 2003), Na⁺/H⁺ antiporter (EC 3.6.3.26) for pH homeostasis during apoplastic colonization
(Habibian et al. 2005)d lactate permease for organic acid utilization from root exudates (Wang et al.
2019). Four arylsulfatases (EC 3.1.6.1) enable utilization of plant sulfate compounds (Toesch et al.
2014), while molybdate ATPase (EC 7.3.2.5) supports enhanced nutrient acquisition (Cheng et al. 2016).
Regulatory circuits facilitate metabolite detection and response coordination (Maddocks and Oyston
2008). Stress resistance systems comprised β-lactamase (EC 3.5.2.6) and additional metal efflux



Page 11/24

components that facilitate persistence under interspecies antagonism and elevated metal
concentrations encountered in plant tissues (Martínez 2008). These systems complement the core
stress response pathways and provide enhanced tolerance to the chemical challenges of endophytic
environments. Nutrient acquisition systems included high-affinity phosphate transport components and
alkaline phosphatase (EC 3.1.3.1), supporting uptake of both inorganic and organic phosphate sources
(Chen et al. 2024). Iron acquisition was supported by TonB-dependent siderophore receptors and partial
non-ribosomal peptide synthetase gene clusters, suggesting capacity for both siderophore uptake and
biosynthesis. These systems enable effective nutrient scavenging in the nutrient-limited environments
where S. salicis strains were isolated. The conservation of these functional categories across all three
strains, combined with their absence in the other Sphingobium species, may indicate adaptations for the
endophytic lifestyle that help distinguish S. salicis from its environmental relatives.

Metabolic distinctions from S. yanoikuyae JCM 7371T

Metabolic reconstruction revealed key differences between S. salicis and S. yanoikuyae JCM 7371T that
distinguish the species. Both species possessed complete central carbon metabolism pathways but
differed at critical branch points affecting carbon source utilization and redox metabolism.

Neither species encoded hexokinase (EC 2.7.1.1), suggesting both relied on alternative routes for
glucose phosphorylation. However, their pentose phosphate pathways differed in that S. yanoikuyae
possessed 6-phosphogluconate dehydrogenase (EC 1.1.1.44) for NADPH generation through the
oxidative branch, while S. salicis lacked this enzyme, potentially limiting its NADPH production capacity.
In contrast, S. salicis uniquely encoded mannate dehydratase (EC 4.2.1.47), enabling mannose
metabolism through sugar acid intermediates. These metabolic differences suggest distinct redox
strategies that may reflect adaptation to endophytic versus environmental lifestyles (Taghavi et al. 2010;
Chavarría et al. 2013).

Sugar utilization capabilities further distinguished the species. S. salicis genomes encoded complete
enzymatic pathways for galactose utilization, including galactokinase (EC 2.7.1.6), galactose-1-
phosphate uridylyltransferase (EC 2.7.7.12), and UDP-glucose 4-epimerase (EC 5.1.3.2), supporting
efficient conversion of plant-derived galactose sources. In contrast, canonical fructose phosphorylation
via fructokinase (EC 2.7.1.5) was absent in all S. salicis strains, indicating dependence on alternative
fructose utilization pathways. These differences correlated with the observed phenotypic capacity of S.
salicis to grow on D-galactose and D-fructose, substrates that failed to support growth of S. yanoikuyae
JCM 7371T.

Organic acid metabolism showed both conserved and divergent features. While both species encoded
gluconokinase (EC 2.7.1.12) for gluconate phosphorylation, only S. yanoikuyae possessed the complete
oxidative gluconate pathway through 6-phosphogluconate dehydrogenase, potentially limiting S. salicis
access to this sugar acid catabolism route. Among S. salicis strains, HT1-2 uniquely encoded L-idonate
5-dehydrogenase (EC 1.1.1.264), potentially expanding access to plant-derived aldarate intermediates
unavailable to the other strains. These metabolic distinctions support the species-level separation of S.
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salicis from S. yanoikuyae and reflect adaptation to plant-derived carbon sources characteristic of
endophytic environments.

Nitrogen metabolism
Nitrogen acquisition and assimilation pathways were conserved across S. salicis strains. All genomes
encoded assimilatory nitrate reductase (EC 1.7.1.4) and nitrite reductase (EC 1.7.99.4), enabling
reduction of nitrate to ammonium, with downstream incorporation supported by glutamate
dehydrogenase (EC 1.4.1.2), glutamine synthetase (EC 6.3.1.2), and glutamate synthase (EC 1.4.1.13).
HT1-2 uniquely encoded nitric oxide-forming nitrite reductase (EC 1.7.99.1), potentially supporting
microaerophilic denitrification in plant tissues (Asaf et al. 2018). These nitrogen acquisition capabilities
were comparable between S. salicis and S. yanoikuyae, suggesting conserved strategies for nitrogen
utilization.

Stress response systems
Stress response systems in S. salicis included catalases (EC 1.11.1.6), superoxide dismutase (EC
1.15.1.1), and peroxiredoxin (EC 1.11.1.15) for oxidative stress management, complementing the metal
efflux and β-lactamase systems described above. S. salicis further encoded glycine betaine biosynthesis
enzymes (EC 1.1.99.1, EC 1.2.1.8) for osmoprotection and molecular chaperones for protein stability.
These expanded stress tolerance mechanisms, particularly for oxidative and osmotic challenges, may
facilitate survival in the variable conditions of plant tissues.

Plant growth promotion traits
S. salicis strains encoded multiple mechanisms for plant growth promotion absent from S. yanoikuyae.
For phytohormone production, a nitrilase/cyanide hydratase domain protein was predicted to catalyze
conversion of indole-3-acetonitrile to indole-3-acetic acid (IAA), while indole-3-acetamide hydrolase (EC
3.5.1.4) may enable partial IAM-to-IAA conversion, though the upstream IAM-generating enzyme was
absent (Sun et al. 2022; Tang et al. 2023). Nutrient mobilization capabilities included the high-affinity
phosphate transport system and alkaline phosphatase described above, complemented by gluconate-
generating enzymes that may facilitate phosphate solubilization through organic acid production. Iron
acquisition was supported by TonB-dependent siderophore receptors and partial NRPS gene clusters,
suggesting both uptake and biosynthesis capabilities. Additionally, S. salicis uniquely possessed dTDP-
rhamnose biosynthesis genes (EC 4.2.1.46), potentially enhancing secondary metabolite glycosylation
important for plant interactions (Wagstaff et al. 2021). These integrated nutrient acquisition and
phytohormone production capabilities were absent from S. yanoikuyae JCM 7371T.

Morphological, physiological, and biochemical analyses
The S. salicis strains displayed identical carbon-utilization profiles, metabolizing all tested substrates
except D-ribose and L-lyxose (Table 2). In contrast, S. yanoikuyae JCM 7371ᵀ failed to grow on D-
galactose, D-gluconic acid, D,L-malate, L-malate, and D-fructose; carbon compounds commonly found in
plant tissues and root exudates (Badri and Vivanco 2009). The S. salicis strains possessed conserved
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metabolic pathways for monosaccharides, disaccharides, and organic acids commonly released by plant
tissues. Their ABC- and PTS-mediated uptake systems and complete central metabolic pathways
support efficient carbon acquisition under nutrient limitation (Deutscher et al. 2006; Badri and Vivanco
2009). Cell wall-modifying enzymes, including xylanases and pectin acetylesterases, suggest capacity
for controlled plant tissue modification that may facilitate endophytic colonization and nutrient
acquisition, consistent with beneficial plant-microbe interactions where such enzymes enable tissue
penetration and movement while avoiding pathogenic responses through regulated expression
(Compant et al. 2005; Piromyou et al. 2015). The consistent genotype-phenotype concordance indicates
strong selective pressure to maintain these functions for successful plant tissue colonization.

Chemotaxonomic analysis
The cellular fatty-acid profiles of strains WW5ᵀ, 11R-BB, and HT1-2 were dominated by vaccenic acid
(C18:1 ω7c, 57–60% of total FAME) with palmitoleic acid (C16:1 ω7c, 15–16%) as the secondary
component (Table S7). Relative to Sphingobium yanoikuyae JCM 7371ᵀ, the three strains contained
higher proportions of palmitic acid (C16:0, + 6–7%) and lower levels of C16:1 ω7c, C16:1 ω5c, and 14:0
2-OH. These consistent quantitative differences provide additional chemotaxonomic evidence that,
together with genomic and phenotypic data, supports recognition of the S. salicis strains as a distinct
Sphingobium species, while the S. yanoikuyae profile matched the published reference range (Yabuuchi
et al., 1990; Khan et al., 1996).
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Table 2
Physiological and biochemical characteristics of S. salicis WW5T, 11R-BB, HT1-2, and Sphingobium
yanoikuyae JCM 7371T. Growth parameters (temperature: 4–37°C, pH, NaCl tolerance) and carbon

utilization profiles were assessed using Biolog MicroPlates™ PM1, PM9, and PM10. Temperature ranges
were determined on MGL agar plates, and oxygen preference in fluid thioglycolate medium after 48 h at
25.5°C. "+" indicates growth; "–" indicates no growth. Strains: 1, S. salicis WW5ᵀ; 2, S. salicis 11R-BB; 3,

S. salicis HT1-2; 4, S. yanoikuyae JCM 7371ᵀ. ND, no data.
Characteristic 1 2 3 4

Temperature Range (°C) 25–35 25–35 25–35 25–30

pH range 5–8 5–8 5–8 5–8

NaCl tolerance (% w/v) 1–2% 1–2% 1–3% 1–2%

Aerotolerance Obligate aerobe Obligate aerobe Obligate aerobe Obligate aerobe

Carbon Source Utilization

L-Arabinose + + + +

D-Galactose + + + -

D-Trehalose + + + +

D-Mannose + + + +

D-Gluconic Acid + + + -

D-Xylose + + + +

D,L-Malic Acid + + + -

D-Ribose - - - -

L-Rhamnose + + + +

D-Fructose + + + -

α-D-Glucose + + + +

Maltose + + + +

D-Melibiose + + + +

α-D-Lactose + + + +

Sucrose + + + +

ß-Methyl-D- Glucoside + + + +

D-Cellobiose + + + +

L-Malic Acid + + + -

L-Lyxose - - - -
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Taxonomic conclusions
The combined genomic, metabolic, and phenotypic evidence establishes Sphingobium salicis as a
distinct species specialized for plant association. Genome-based delineation (dDDH 66.2–68.2% to S.
yanoikuyae), phylogenomic placement within the Sphingobium yanoikuyae_A clade, and conserved plant-
interaction genes support the recognition of S. salicis sp. nov.. The specialized metabolic capabilities for
plant-derived carbon utilization, nitrogen acquisition systems, and expanded stress response systems
distinguish S. salicis from its closest relative and establish it as an endophytic bacterium adapted to
nutrient-limited plant environments.

Description of Sphingobium salicis sp. nov.

Sphingobium salicis (sa'li.cis. L. fem. n. salix, willow; L. gen. fem. n. salicis, of the willow, referring to the
primary source of isolation). Cells are Gram-negative, rod-shaped, catalase positive and strictly aerobic.
Growth occurs on NLCCM and MGL media, with colonies visible after 2–3 days incubation. The optimum
temperature range for growth is 25–35°C, with reduced growth at 37°C. Tolerates pH 5–8 (optimum pH
7) and NaCl concentrations up to 2% (WW5ᵀ and 11R-BB) or 3% (HT1-2). Positive growth was observed
for D-galactose, D-gluconic acid, D,L-malate, L-malate, and D-fructose, but not D-ribose or L-lyxose.
Possesses complete Embden-Meyerhof-Parnas, Entner-Doudoroff, and pentose phosphate pathways.
Contains machinery for galactose, gluconic acid, fructose, and malate metabolism, supporting utilization
of plant-derived carbon compounds. Major cellular fatty acids are vaccenic acid (18:1 ω7c, ~ 58%) and
palmitoleic acid (16:1 ω7c, 15–21%). Contains higher concentrations of methyl palmitate (16:0)
compared to S. yanoikuyae JCM 7371ᵀ, with distinctive differences in 16:0, 16:1 ω7c, 16:1 ω5c, and 14:0
2OH fatty acids. The DNA G + C content is approximately 63.9–64.3%. Genome sizes range from 5.39 to
5.72 Mb. Isolated from willow (Salix spp.) tissues as an endophytic bacterium. The type strain is WW5ᵀ.
The genome assemblies have been deposited in the NCBI database under BioProject PRJNA1058978 for
strains 11R-BB (BioSample SAMN39201427) and HT1-2 (BioSample SAMN39201428), and under
BioProject PRJNA1059640 for strain WW5ᵀ (BioSample SAMN39212602).
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Figures

Figure 1

Genome-based phylogenetic delineation of Sphingobium salicis sp. nov. within the genus Sphingobium.
GBDP-based phylogeny (TYGS platform, formula d5, 100 bootstraps) showing evolutionary relationships
among Sphingobium strains. WW5ᵀ, 11R-BB, and HT1-2 form a distinct clade (bootstrap support >94%)
separate from S. yanoikuyae ATCC 51230ᵀ. Colored bars indicate taxonomic, genomic, and genetic
features. Blue plus signs: analyzed strains; red dot: S. yanoikuyae type strain.
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Figure 2

A maximum likelihood phylogenetic consensus tree was constructed based on 120 ubiquitous single-
copy marker genes (bacterial 120 marker set; Parks et al. 2018). Phylogenetic distances were calculated
using the Whelan and Goldman (WAG) protein substitution model. Bootstrap values were calculated
from 1000 replications, and only nodes (indicated by red dots) with support values above 80% were
displayed. Branches containing more than 10 representative genomes were collapsed into subclades for
visual clarity. Sphingomonas paucimobilis NBRC 13935 was used as the outgroup.
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