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Abstract  Three endophytic Sphingobium strains, 
WW5T, 11R-BB, and HT1-2T, were isolated from 
Salix sitchensis stems, Populus trichocarpa roots, and 
Pluchea carolinensis shoots, respectively, growing on 
nutrient-limited rock substrates undergoing primary 
succession. Cells are Gram-negative, strictly aerobic, 
rod-shaped, catalase-positive, and motile by a single 
flagellum. Colonies formed within 2–3 days on nitro-
gen-limited combined carbon medium (NLCCM) 
and mannitol-glutamate/Luria (MGL) media. Growth 
occurred at 25–35 °C (optimum 30–32.5 °C), pH 5–8, 
and up to 2% NaCl for strains WW5T and 11R-BB 
and 3% for strain HT1-2T. Cellular fatty acid profiles 
were dominated by C18:1 ω7c and C16:1 ω7c. The pre-
dominant respiratory quinone was ubiquinone-10, 

and the principal polar lipids were phosphatidyletha-
nolamine, sphingoglycolipids, and phosphatidylglyc-
erol. Hybrid genome assemblies ranged from 5.49–
5.72  Mb with 64.0–64.2  mol% GC, and 5404–5635 
coding sequences. The 16S rRNA gene sequences 
of strains WW5T, 11R-BB, and HT-12T showed 
99.5–99.9% identity to S. yanoikuyae JCM 7371T, but 
formed a separate lineage in neighbor-joining, max-
imum-likelihood, and maximum-parsimony trees. 
Pairwise digital DNA–DNA hybridization (dDDH; 
99.8%), average nucleotide identity based on BLAST 
(ANIb; 99.98%), and alignment fraction (AF; 99.5%) 
indicate that strains WW5T and 11R-BB are conspe-
cific and represent the same subspecies. Strain HT1-
2T showed lower relatedness (70% dDDH; 95.05–
95.31% ANIb; 76–79% AF) but was more closely 
related to strains WW5T and 11R-BB than to S. 
yanoikuyae JCM 7371T, supporting its placement as a 
subspecies within the same species as strains WW5T 
and 11R-BB. Based on phylogenomic, genomic, and 
phenotypic evidence, these strains constitute a novel 
species, Sphingobium salicis sp. nov., with the strain 
WW5T (DSM 120182T, NCCB 101075T) designated 
as the type strain.
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Introduction

The genus Sphingobium belongs to the family Sphin-
gomonadaceae (Phylum Pseudomonadota) and is 
characterized by glycosphingolipid-containing outer 
membranes. Established during the reorganization of 
Sphingomonas into four genera (Sphingomonas sensu 
stricto, Sphingobium, Novosphingobium, Sphin-
gopyxis) (Takeuchi et al. 2001), it currently includes 
48 validly published species (LPSN; Parte et  al. 
2020). The type species, Sphingobium yanoikuyae, 
was first isolated by Gibson et al. (1975) and initially 
assigned to Beijerinckia, later reclassified as Sphin-
gomonas yanoikuyae (Yabuuchi et  al. 1990), and 
transferred to Sphingobium (Takeuchi et  al. 2001). 
Other well-studied members, such as S. indicum, S. 
japonicum, and S. herbicidovorans, are noted for their 
ability to degrade recalcitrant aromatics (Glaeser and 
Kämpfer 2015).

Sphingobium species are widespread in soils, 
freshwater, sediments, and hydrocarbon-rich sites, 
where they degrade biphenyl, naphthalene, and chlo-
rinated 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). Beyond 
contaminated habitats, they have been reported as 
plant-associated bacteria, including endophytes 
detected in maize, rice, tomato, and coastal dune 
grasses (Ali et  al. 2018; Boss et  al. 2022; Jou et  al. 
2022; Ma et al. 2025). Molecular studies further doc-
ument Sphingobium in diverse plant hosts (Shaik and 
Thomas 2019; Arunthavasu et  al. 2019), and Sphin-
gobium strains have been identified in the rhizosphere 
of pioneer grasses colonizing newly deposited vol-
canic ash (Rincón-Molina et al. 2020). Despite these 
reports, the only validly published endophytic spe-
cies is S. endophyticum from the roots of Hylomecon 
japonica (Zhu et al. 2015; Oren 2024).

Endophytes can improve host nutrient acquisi-
tion and stress tolerance through mechanisms such 
as nitrogen fixation and phosphorus solubilization 
(Reinhold-Hurek and Hurek 2011; Hardoim et  al. 
2015; Ercole et al. 2025). We recently demonstrated 
that strains WW5T, 11R-BB, and HT1-2T enhance 
nitrogenase activity in diazotrophic partners under 
nitrogen limitation, potentially through mitigation 
of nitrogenase oxygen sensitivity or diffusible com-
pounds (Sher et al. 2024a). Strains WW5T and 11R-
BB were isolated from willow (Salix sitchensis) and 

poplar (Populus trichocarpa) on riparian banks in 
Washington State, while strain HT1-2T was isolated 
from sourbush (Pluchea carolinensis) on volcanic 
substrates in Hawaiʻi. All strains were recovered from 
surface-sterilized plant tissues collected from nutri-
ent-limited primary successional habitats.

Genome-based classification shows that taxo-
nomic resolution within Sphingobium remains incom-
plete. For example, the Genome Taxonomy Database 
Toolkit (GTDB-Tk, release 226, accessedApril 2025) 
identifies 137 species clusters across 381 genomes, 
but only 35% (48/137) correspond to validly 
described species, leaving many lineages unresolved 
despite the genus’s ecological and functional diver-
sity. Phylogenetic analysis based on 16S rRNA gene 
sequences placed strains WW5T, 11R-BB, and HT1-
2T closest to S. yanoikuyae JCM 7371T. Although the 
16S rRNA gene identities exceeded species thresh-
olds (98.7%), genome-based analyses showed the 
strains form a distinct lineage. Phylogenomic and 
phenotypic data support recognition of Sphingobium 
salicis sp. nov., comprising subsp. salicis (type strain 
WW5T) and subsp. pluchea (type strain HT1-2T).

Methods

Isolation and culture conditions

Strains WW5T, 11R-BB, and HT1-2T were isolated 
from plant hosts growing on volcanic and alluvial 
substrates (Doty et al. 2009; Sher et al. 2024b). Strain 
HT1-2T was isolated from sourbush shoots (Pluchea 
carolinensis, Asteraceae) collected from lava fields 
near Kona, Hawai‘i (19.1426° N, 155.7521° W). The 
strains WW5T and 11R-BB were isolated from plants 
growing in cobblestone-dominated riparian zones in 
Washington state. Strain WW5T was isolated from 
willow stems (Salix sitchensis, Salicaceae) along the 
Snoqualmie River (47.5206° N, 121.7745° W), and 
strain 11R-BB was isolated from poplar roots (Popu-
lus trichocarpa, Salicaceae) along the Skykomish 
River (47.7806° N, 121.5007° W).

The sourbush tissues were surface-sterilized 
according to Sher et al. (2024b), and the poplar and 
willow tissues according to Doty et al. (2005). Steri-
lized plant tissues were homogenized in mortars with 
either water (sourbush) or nitrogen-free medium 
(poplar and willow). Homogenates (100 μL) were 
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plated on nitrogen-free combined carbon medium 
(NFCCM, Rennie 1981) for sourbush and poplar tis-
sues, or yeast mannitol agar (YMA) for willow tis-
sues. Distinct colonies were purified by successive 
streaking on mannitol glutamate/Luria (MGL) agar 
(Cangelosi et  al. 1991) and incubated at 30 °C for 
24–48  h. Pure isolates were preserved at −80  °C in 
25% glycerol.

16S rRNA gene sequencing, identification, and 
phylogenetic analysis

The genomic DNA of the strains WW5T, 11R-BB, 
and HT1-2T was purified using phenol/chloroform 
extraction and ethanol precipitation (Doty et  al. 
2023). The 16S rRNA gene was amplified using the 
universal primers 8F and 1492R (Frank et al. 2008). 
PCR amplification conditions were: 95 °C for 10 min; 
40 cycles of 95 °C for 1 min, 53 °C for 1 min, 72 °C 
for 1 min, and a final extension at 72 °C for 10 min, 
and the amplicons sequenced by Genewiz (Azenta 
Life Sciences, NJ). Phylogenetic analysis was con-
ducted using 16S rRNA sequences of the three strains 
and 37 validly published reference strains obtained 
from EzBioCloud (Yoon et  al. 2017; Chalita et  al. 
2024). Multiple sequence alignments were trimmed 
to 1393 bp and analyzed using neighbor-joining (NJ), 
maximum likelihood (ML), and maximum parsimony 
(MP) methods in MEGA 12 (Kumar et al. 2024). Evo-
lutionary distances were calculated using the Kimura 
2-parameter model with gamma-distributed rate vari-
ation (Kimura 1980). Bootstrap support (1000 rep-
licates) values ≥ 80% were regarded as significant 
support. All trees were rooted using Sphingomonas 
paucimobilis NBRC 13935T.

Whole genome sequencing, assembly, and annotation

Genomic DNA from strains WW5T, 11R-BB, and 
HT1-2Twas extracted using a ZymoBIOMICS DNA 
Miniprep Kit (Zymo Research, Irvine, CA, USA), 
and sequenced using both Illumina and Oxford Nano-
pore Technologies (CD Genomics, New York, NY, 
USA). Genome assembly and annotation were per-
formed using the Comprehensive Genome Analy-
sis (CGA) pipeline through the Bacterial and Viral 
Bioinformatics Resource Center (BV-BRC) (Olson 
et al. 2023). Hybrid assemblies were generated with 
Unicycler v0.4.8 using SPAdes v3.13.0 for short-read 

processing (Bankevich et al. 2012; Wick et al. 2017), 
followed by consensus refinement with Racon v1.4.20 
(Vaser et  al. 2017). Contigs < 1000  bp in length or 
with < 10 × coverage were excluded. Assembly qual-
ity was assessed with CheckM v1.0.18 (Parks et  al. 
2015), and annotation was performed with RASTtk 
v1.073 (Brettin et al. 2015).

Whole‑genome phylogeny and taxonomic placement

Genome-based taxonomic placement of strains 
WW5T, 11R-BB, and HT1-2T was assessed using 
three complementary whole-genome approaches: 
BLASTn-based average nucleotide identity (ANIb) 
(Richter and Rosselló-Móra 2009; Richter et  al. 
2016), digital DNA–DNA hybridization (dDDH) cal-
culated with the Genome BLAST Distance Phylog-
eny (GBDP) method implemented in the Type Strain 
Genome Server (TYGS) (Meier-Kolthoff and Göker 
2019), and phylogenomic reconstruction using the 
Genome Taxonomy Database Toolkit (GTDB-Tk) 
(Parks et  al. 2022; Chaumeil et  al. 2022). Sphingo-
monas paucimobilis NBRC 13935T was used as the 
outgroup for TYGS and GTDB-Tk analyses.

The datasets for ANIb and TYGS comprised the 
same genome dataset. All validly published Sphingo-
bium species were identified from the List of Prokary-
otic names with Standing in Nomenclature (LPSN) 
(Parte et  al. 2020, accessed October 2025). Type 
strains were verified using BacDive (https://​bacdi​ve.​
dsmz.​de/), and corresponding genome assemblies 
were retrieved from NCBI RefSeq. Species lack-
ing whole-genome assemblies were excluded. The 
final dataset included 43 Sphingobium type strains, 
the three study strains, and S. paucimobilis NBRC 
13935T (46 genomes in total).

Average nucleotide identity was calculated using 
the BLASTn-based ANIb method in JSpeciesWS 
(Richter et  al. 2016), which employs 1020  bp 
sequence fragments for pairwise comparisons (Rich-
ter and Rosselló-Móra 2009). Both ANIb values 
and alignment fractions (AF)—the proportion of the 
smaller genome that aligns with the larger one in each 
comparison—were reported. Species-level related-
ness was interpreted using the thresholds of ≥ 95–96% 
ANIb (Richter and Rosselló-Móra 2009) and ≥ 0.70 
AF (Varghese et al. 2015).

The 46-genome dataset was submitted to 
the Type Strain Genome Server (TYGS) for 

https://bacdive.dsmz.de/
https://bacdive.dsmz.de/
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whole-genome–based taxonomic assignment. Pair-
wise digital DNA–DNA hybridization (dDDH) val-
ues were calculated using the Genome BLAST Dis-
tance Phylogeny (GBDP) (Meier-Kolthoff and Göker 
2019). A whole-genome GBDP tree was inferred with 
FASTME 2.1.6.1, branch lengths representing GBDP 
distance formula d₅, and pseudo-bootstrap support 
values calculated from 100 replicates.

Phylogenomic analysis was conducted with GTDB-
Tk (release R220), using the Bac120 marker gene 
set comprising 120 universally conserved bacterial 
single-copy genes (Parks et al. 2022; Chaumeil et al. 
2022). Marker genes were extracted from the three 
study strains, concatenated, and aligned with corre-
sponding sequences from Sphingobium species repre-
sentatives in GTDB. Maximum-likelihood phylogeny 
was inferred in IQ-TREE (Nguyen et al. 2015) under 
the WAG substitution model with 1000 bootstrap rep-
licates. Placement into the GTDB reference tree was 
performed with pplacer (Matsen et al. 2010). The tree 
was rooted with S. paucimobilis NBRC 13935T, and 
node support was reported for values ≥ 80%.

Comparative genomics and functional analysis

Comparative genomic analyses were performed using 
the BV-BRC Comparative Systems service (Olson 
et al. 2023). The dataset comprised 46 genomes: the 
strains WW5T, 11R-BB, HT1-2T and 43 validly pub-
lished Sphingobium type strains (as described in the 
TYGS methods). Orthologous genes were identified 
using PATRIC global protein families (PGfams), 
which are constructed across genera by the PATty-
Fams algorithm through k-mer similarity searches 
and Markov clustering (MCL), using thresholds 
of ≥ 50% amino acid identity over ≥ 80% align-
ment coverage (Davis et  al. 2016). For comparison, 
genus-specific protein families (PLfams; ≥ 80% iden-
tity, ≥ 80% coverage, paralogs assigned separately) 
were also generated. Protein family presence/absence 
matrices were used to identify conserved (core) fami-
lies present in all of the genomes, families unique to 
the study strains, and differences between the study 
strains and the most closely related type strain, S. 
yanoikuyae JCM 7371T.

For the three strains and S. yanoikuyae JCM 7371T, 
additional functional annotation was performed using 
KEGG KOfam (v2025-04-01, release 114.0; (Ara-
maki et  al. 2020). Annotated contig FASTA files 

were submitted to the KofamKOALA webserver, and 
KEGG orthology assignments were integrated with 
BV-BRC family-based clustering to assess gene con-
servation and metabolic pathway completeness. Bio-
synthetic gene clusters (BGCs) were identified using 
antiSMASH v8.0, with the “relaxed” detection strict-
ness setting. The pathogenic potential and virulence 
determinants of the strains were predicted in silico 
using PathogenFinder v1.1 (Cosentino et  al. 2013) 
and VirulenceFinder v2.0 (Joensen et al. 2014). Viru-
lenceFinder was run with default thresholds (≥ 90% 
nucleotide identity; ≥ 60% alignment length) against 
the Staphylococcus aureus, Enterococcus, Listeria, 
and Escherichia coli databases.

Phenotypic and chemotaxonomic characterizations

Cells of strains WW5T, 11R-BB, and HT1-2T were 
grown for 3  days at 25  °C in nitrogen-limited com-
bined carbon medium (NLCCM, modified from Ren-
nie 1981). Gram staining was performed with a com-
mercial kit (Innovating Science, Avon, NY, USA), 
and cells were examined by brightfield microscopy 
(NuLife Sciences, Chattanooga, TN, USA) using oil 
immersion at 1000 × magnification. Cell shape and 
arrangement were recorded, and the presence and dis-
tribution of flagella were determined using the Ryu 
staining method (Heimbrook et  al. 1989). Colony 
morphology was assessed on MGL and NLCCM agar 
after 2 and 3 days of incubation, respectively.

Growth of the strains WW5T, 11R-BB, and HT1-
2T in nitrogen-free combined carbon media (NFCCM) 
was evaluated at 25  °C for up to 7  days with daily 
monitoring. Oxygen requirements were determined 
in fluid thioglycolate medium (Carolina, Burlington, 
NC, USA) after 2 days of incubation at 25 °C. Growth 
at 4, 25, 30, 35, and 37 °C was tested on MGL agar 
plates incubated for up to 7 days. Optimal growth was 
determined in NLCCM liquid medium at 25, 27.5, 
30, 32.5, 35, and 37 °C by measuring the OD600 val-
ues after 2  days of incubation (SPECTRAmax Plus 
384, Molecular Devices, CA, USA). Carbon source 
utilization, osmotic stress tolerance, and pH tolerance 
were assessed using Biolog MicroPlateTM PM1, PM9, 
and PM10 (Biolog, Hayward, CA, USA), respec-
tively, according to the manufacturer’s instructions.

Biomass for chemotaxonomic analyses was 
obtained from strains WW5T, 11R-BB, and HT1-2T, 
and S. yanoikuyae JCM 7371T, which were cultivated 
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aerobically at 25 °C for 24 h on TSA (medium 535; 
DSMZ). Cellular fatty acid composition was deter-
mined by fatty acid methyl ester (FAME) analy-
sis using the MIDI Microbial Identification System 
(Kunitsky et  al. 2006). Respiratory quinones were 
extracted from fresh biomass with hexane, purified 
by silica-based solid phase extraction, and analyzed 
by HPLC–DAD on a reverse-phase column, with 
ubiquinones detected at 270  nm and menaquinones 
at 326  nm (Vieira et  al. 2021). Polar lipids were 
extracted according to Bligh and Dyer (1959) and 
separated by two-dimensional thin-layer chromatog-
raphy as described by Tindall et al. (2010), with lipid 
spots visualized using molybdophosphoric acid and 
group-specific spray reagents. All chemotaxonomic 
analyses were performed by DSMZ Services (Leib-
niz-Institute DSMZ, Braunschweig, Germany).

Results and discussion

Ecological context of the strains

Strains WW5T, 11R-BB, and HT1-2T were isolated 
from plants inhabiting nutrient-limited environments 
undergoing primary succession. Strains WW5T and 
11R-BB were obtained from Salix sitchensis stems 
and Populus trichocarpa roots, respectively, col-
lected from cobble-dominated riparian banks along 
the Skykomish and Snoqualmie Rivers in Wash-
ington State, where frequent flooding and nutrient 
deficits occur during early successional stages (Doty 
et al. 2009). Strain HT1-2T was isolated from shoots 
of Pluchea carolinensis growing on recently formed 
volcanic lava flows in Hawai‘i, where minimal soil 
development constrains nutrient availability.

The strains were recovered from surface-sterilized 
plant tissues following validated protocols (Doty et al. 
2005), and their endophytic lifestyle has been con-
firmed through independent functional and molecu-
lar studies. Internal colonization of poplar roots by 
strains WW5T and 11R-BB was demonstrated using 
digital droplet PCR with strain-specific primers 
(Aufrecht et  al. 2025), satisfying criteria for endo-
phyte classification beyond surface sterilization. All 
three strains substantially enhanced nitrogenase activ-
ity of diazotrophic partners under nitrogen-limited 
conditions, as measured by acetylene reduction assays 
(Sher et al. 2024b). When applied in plant consortia, 

strain WW5T was associated with improved water-use 
efficiency in drought-stressed rice (Rho et  al. 2018) 
and enhanced fruit quality in apple (Rho et al. 2020). 
The isolation of these strains from nutrient-limited 
primary successional habitats, combined with docu-
mented plant-growth-promoting activities, motivated 
comparative genomic analysis to identify metabolic 
and functional features distinguishing these strains 
from other environmental Sphingobium species.

16S rRNA gene phylogeny

Strains WW5T, 11R-BB, and HT1-2T were placed 
within the genus Sphingobium based on their 16S 
rRNA gene sequences. Sequence identities to S. 
yanoikuyae JCM 7371T ranged from 99.5 to 99.9%, 
and to S. scionense WP01T from 99.0–99.4% 
(Table S1), all above the 98.7% threshold often used 
for species delineation (Yarza et  al. 2014). NJ, ML, 
and MP trees of the 16S rRNA sequences consistently 
placed the three strains in a clade with S. yanoikuyae 
JCM 7371T (Figs. S1-S3). Across all methods, strains 
WW5T and 11R-BB formed a well-supported clade, 
with strain HT1-2T clustering as their closest rela-
tive, and the resulting clade positioned adjacent to S. 
yanoikuyae JCM 7371T. The 16S rRNA sequences 
are available in NCBI (PX282427, PX282425, 
PX282426).

Genome sequencing, assembly, and annotation

High-quality hybrid assemblies were generated for 
strains WW5T, 11R-BB, and HT1-2T from Illumina 
and Oxford Nanopore sequencing data. The assem-
blies comprised 8, 10, and 7 contigs, respectively, 
each with a single long contig capturing the major-
ity of the genome; all had an L50 of 1 and N50 val-
ues of 5.06  Mb (strains WW5T and 11R-BB) and 
4.67 Mb (strain HT1-2T). CheckM analyses estimated 
high completeness (100%) and low contamination 
(0.3–0.4%) for all three assemblies (Table S2).

Strains WW5T and 11R-BB displayed nearly iden-
tical genome characteristics, with genome sizes of 
5.72 Mb, GC content of 64.0%, and 5,628 and 5,635 
coding sequences, respectively. Strain HT1-2T had a 
slightly smaller genome (5.49 Mb), similar GC con-
tent (64.2%), and 5404 coding sequences. In all three 
assemblies, 38–44% of predicted proteins were anno-
tated as hypothetical, consistent with values reported 
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for environmental sphingomonads (Aylward et  al. 
2013). These values are consistent with the genomic 
range observed in related Sphingobium type strains, 
while the larger genome size and greater number 
of predicted coding sequences relative to S. yanoi-
kuyae JCM 7371T highlight the distinct genomic 
profile of the new strains. The genome assemblies 
for strains WW5T, 11R-BB, and HT1-2T have been 
deposited in GenBank under the accession num-
bers GCF_049472635.1, GCF_049472495.1, and 
GCF_049472475.1.

Whole‑genome phylogeny and taxonomic placement

Whole-genome relatedness among strains WW5T, 
11R-BB, and HT1-2T was evaluated using ANIb, 
dDDH, and phylogenomics analyses. According to 
both the ANIb and dDDH results, the three strains 
were more closely related to each other than to S. 
yanoikuyae JCM 7371T (Table X1). Within the group, 
strains WW5T and 11R-BB were nearly identical, 
sharing 99.99% ANIb and 99.8% dDDH (formula d4), 
while strain HT1-2T was more divergent but remained 
more similar to strains WW5T and 11R-BB than to S. 
yanoikuyae JCM 7371T.

Similarly, the phylogenomic analyses conducted 
with TYGS (GBDP distance tree) and GTDB-Tk 
(Bac120 maximum-likelihood tree) placed strains 
WW5T, 11R-BB, and HT1-2T as a clade distinct from 
S. yanoikuyae JCM 7371T (Figs. 1, 2). In the GBDP 
tree, the strains WW5T and 11R-BB grouped together 
with 65% bootstrap support, strain HT1-2T formed 
a sister branch with 65% support, and the clade was 
separated from S. yanoikuyae JCM 7371T with 87% 
support. In the GTDB-Tk Bac120 maximum-likeli-
hood tree, the three strains also formed a distinct line-
age separated from S. yanoikuyae JCM 7371T, with 
bootstrap support > 80%. 

Taken together, the ANIb, dDDH, and phylog-
enomic analyses consistently resolved strains WW5T, 
11R-BB, and HT1-2T as forming a lineage distinct 
from S. yanoikuyae JCM 7371T. The congruence 
among these genome-scale methods supports recog-
nition of a new species within the genus Sphingob-
ium. Within this lineage, strains WW5T and 11R-BB 
are genomically indistinguishable, whereas strain 
HT1-2T shows more divergence but remains part of 
the same species (Table 1).

Comparative genomics and functional analysis

Comparative Systems analysis in BV-BRC identi-
fied 20,694 protein gene families (PGfams) across 46 
genomes, comprising 43 validly published Sphingo-
bium type strains and study strains WW5T, 11R-BB, 
and HT1-2T. The genus-wide core comprised 903 
PGfams present across all 46 genomes (File S4). This 
core gene family set represents 19.7% of the aver-
age Sphingobium genome (4576 coding sequences), 
reflecting the high genomic diversity typical of 
sphingomonads (Aylward et  al. 2013; Wang et  al. 
2018; Verma et  al. 2020). Eighty-one PGfams con-
served across strains WW5T, 11R-BB, and HT1-2T 
were absent from the 43 Sphingobium type strain 
dataset (Table  S4); 71 comprised hypothetical pro-
tein families, while 10 encoded putative functions 
including mobile element-associated proteins and 
regulators. Multiple sequence alignment showed that 
56 of the hypothetical families were identical at the 
amino acid level across the three genomes, suggest-
ing functional constraint (data not shown). Notably, 
the lactate-responsive transcriptional regulator LldR 
(GntR family; PGfam_03726865) was present in the 
three strains but absent from the Sphingobium type 
strain dataset. In plant-associated niches, where lac-
tate fluctuates in root exudates and accumulates under 
hypoxia (Jones 1998), this inducible regulation could 
enable rapid metabolic response to substrate avail-
ability, facilitating carbon utilization and metabolic 
integration with the host. Complementary PLfam 
analysis through BV-BRC Comparative Systems, 
which provides higher-resolution clustering than 
PGfam, identified divergent arylsulfatase (EC 3.1.6.1) 
families: seven conserved across all three strains and 
one unique to strain HT1-2T (Table  S5). Arylsul-
fatases hydrolyze sulfate esters, releasing sulfate and 
phenolic moieties (Slezack-Deschaumes et  al. 2012; 
Toesch et al. 2014), and divergent forms may expand 
substrate use in plant-or soil-associated microorgan-
isms (Knauff et al. 2003).

Plant endophytic adaptations

Comparative analysis of protein family (PGfam) com-
plements revealed shared genomic features in strains 
WW5T, 11R-BB, and HT1-2T that were absent or 
divergent in the type strain S. yanoikuyae JCM 7371T. 
Four major systems distinguished the three strains 
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Fig. 1   Genome-based GBDP tree showing the position of 
strains WW5T, 11R-BB, and HT1-2T among type strains of 
Sphingobium. The tree was inferred in TYGS with FASTME 
2.1.6.1 from GBDP distances of whole-genome sequences. 

Branch lengths represent GBDP distance formula d₅, and 
pseudo-bootstrap support values > 60% from 100 replicates 
are shown at nodes. The tree was rooted with Sphingomonas 
paucimobilis NBRC 13935T (GCF_000739895.2)
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from the type strain (Table  S6): a complete beta-
ketoadipate pathway for aromatic compound degra-
dation, a lactate utilization system, a quorum sensing 
architecture lacking autoinducer synthesis, and the 
absence of soil-associated polysaccharide degradation 
systems.

The beta-ketoadipate pathway is a central aero-
bic catabolic system in some bacteria and fungi that 
links aromatic compound degradation to the tricarbo-
xylic acid (TCA) cycle (Harwood and Parales 1996). 
Strains WW5T, 11R-BB, and HT1-2T possessed the 
complete pathway, oxidizing benzoate to catechol 
via benzoate 1,2-dioxygenase (EC 1.14.12.10) and 

Fig. 2   Genome-wide phylogeny showing the position 
of strains WW5T, 11R-BB, and HT1-2T within the genus 
Sphingobium. The tree was inferred with GTDB-Tk (R220) 
from the Bac120 marker set using maximum-likelihood 

in IQ-TREE with 1,000 bootstrap replicates. The tree was 
rooted with Sphingomonas paucimobilis NBRC 13935T 
(GCF_000739895.2)
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dihydrodiol dehydrogenase (EC 1.3.1.25), and further 
metabolizing catechol through catechol 1,2-dioxyge-
nase (EC 1.13.11.1), muconate cycloisomerase (EC 
5.5.1.1), muconolactone isomerase (EC 5.3.3.4), 
and dienelactone hydrolase (EC 3.1.1.45) to yield 
β-ketoadipate, which enters central metabolism as 
succinyl-CoA and acetyl-CoA. In contrast, S. yanoi-
kuyae JCM 7371T retained only a remnant 2-keto-
4-pentenoate hydratase (EC 4.2.1.80).

Genes encoding L-lactate dehydrogenase (EC 
1.1.2.3), lactate permease, and the regulator LldR 
were identified in strains WW5T, 11R-BB, and HT1-
2T, enabling utilization of lactate generated under root 
hypoxia (Raman et al. 2022), but were not detected in 
S. yanoikuyae JCM 7371T. The ability to metabolize 
both aromatic compounds and lactate broadens the 
metabolic versatility of these strains. By consuming 
lactate exuded under oxygen limitation, they may help 
moderate local lactate accumulation, a process that 
could reduce lactate-induced cellular stress in roots. 
Such activity has the potential to support membrane 
integrity and root function under flooding or hypoxic 
conditions, although plant-level benefits remain to be 
demonstrated (Raman et al. 2022).

Differences were also identified in signaling and 
polymer metabolism. Strains WW5T, 11R-BB, and 
HT1-2T lacked LuxI synthases but retained LuxR-
type receptors, suggesting reliance on detecting 
external quorum signals, whereas S. yanoikuyae 

JCM 7371T encoded both LuxI and LuxR, support-
ing autonomous quorum control. The type strain 
also carried genes for soil-associated polysaccharide 
and sulfolipid metabolism, including xylanase (EC 
3.2.1.8), xylosidase (EC 3.2.1.37), glucarate dehy-
dratase (EC 4.2.1.40), and UDP-sulfoquinovose syn-
thase (EC 3.13.1.1), functions associated with hemi-
cellulose and sulfolipid metabolism (Juturu and Wu 
2014; Bhardwaj et al. 2019). Their absence in strains 
WW5T, 11R-BB, and HT1-2T suggests a shift away 
from soil polymer degradation toward reliance on sol-
uble substrates.

Biosynthetic gene cluster (BGC) analysis with ant-
iSMASH v8.0 identified 8 BGCs in strains WW5T 
and 11R-BB, 6 in strain HT1-2T, and 11 in S. yanoi-
kuyae JCM 7371T (Files S5-S8). Ectoine biosynthe-
sis was conserved in all strains, where it may con-
tribute osmoprotection by stabilizing proteins and 
membranes (Richter et al. 2019). In plant-associated 
niches, ectoine likely supports bacterial survival in 
fluctuating osmotic conditions, which may indirectly 
benefit host plants (Empadinhas and da Costa 2008). 
S. yanoikuyae JCM 7371T displayed greater BGC 
diversity with unique Hserlactone (HSL), RiPP-like 
clusters, and lassopeptides. Conversely, an RRE-
containing cluster, associated with peptide-modifying 
enzyme recognition (Kloosterman et  al. 2020), was 
found only in strains WW5T and 11R-BB.

Table 1   Whole-genome relatedness 1a) among the strains 
WW5T, 11R-BB, and HT1-2T and 1b) between each strain and 
S. yanoikuyae JCM 7371T based on average nucleotide iden-

tity BLAST-based (ANIb), alignment fraction (AF), and digital 
DNA–DNA hybridization (dDDH, formula d4) values

1a)

Query Subject ANIb (%) AF d4 CI d4 ΔGC%

Pairwise whole-genome comparisons among strains WW5T, 11R-BB, and HT1-2T showing ANIb (%), AF, d4 values with 95% confi-
dence intervals (CI d4), and G + C content differences (ΔGC %)

WW5T 11R-BB 99.98 0.995 99.8 99.6–99.9 0.08
HT1-2T WW5T 95.25 0.793 70.1 67.1–72.9 0.21
HT1-2T 11R-BB 95.31 0.795 70.0 67.0–72.9 0.13

1b)

Query ANIb (%) AF d4 CI d4 ΔGC%

Whole-genome comparisons between strains WW5T, 11R-BB, and HT1-2T and S. yanoikuyae JCM 7371T showing ANIb (%), AF, d₄ 
values with 95% confidence intervals (CI d4), and G + C content differences (ΔGC %)

WW5T 94.07 0.747 66.2 63.2–69.0 0.39
11R-BB 94.03 0.747 66.2 63.3–69.1 0.31
HT1-2T 95.00 0.759 68.1 65.1–71.0 0.18
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Plant growth promotion genomic features

Genomic analysis of strains WW5T, 11R-BB, and 
HT1-2T using KEGG KofamKOALA (ver. 2025-
09-01, KEGG release 115.0) revealed shared plant 
growth–promoting traits centered on osmolyte bio-
synthesis, phosphate mobilization, and antioxidant 
protection (Table  S6). All three strains encoded the 
trehalose pathway via α,α-trehalose-phosphate syn-
thase (EC 2.4.1.15; K00697) and trehalose-6-phos-
phate phosphatase (EC 3.1.3.12; K01087) within 
starch and sucrose metabolism. Trehalose acts as a 
compatible solute and has been implicated in micro-
bial and plant tolerance to drought, salinity, and oxi-
dative stress (Iturriaga et al. 2009).

A broad phosphatase repertoire was identi-
fied in the three genomes, including alkaline phos-
phatase (EC 3.1.3.1; K01077), acid phosphatase 
(EC 3.1.3.2; K01078), phosphoserine phosphatase 
(EC 3.1.3.3; K01079), 5′-nucleotidase (EC 3.1.3.5; 
K01081), fructose-1,6-bisphosphatase (EC 3.1.3.11; 
K03841), phosphoglycolate phosphatase (EC 
3.1.3.18; K01091), inositol-1-monophosphatase (EC 
3.1.3.25; K01092), and pyridoxal-5′-phosphate phos-
phatase (EC 3.1.3.74; K06215), distributed across 
diverse metabolic modules. This enzymatic diversity 
is consistent with the ability to hydrolyze organic 

phosphorus esters and liberate inorganic phosphate 
for potential host uptake (Varga et al. 2020).

All three strains carried catalase KatE (EC 
1.11.1.6; K03781), supporting detoxification of 
hydrogen peroxide and reduction of oxidative stress 
during host colonization. Antioxidant protection of 
this type may help buffer both microbes and roots 
from reactive oxygen species generated under stress 
conditions (Imlay 2013).

A strain-specific distinction was observed in 
strain HT1-2T, which uniquely encoded levanase (EC 
3.2.1.65; K07046), a beta-glucan hydrolase in starch 
and sucrose metabolism. The ability to utilize levan, 
a beta-2, 6-fructan not broadly metabolized among 
root-associated microbes (Hernandez et  al. 1995), 
differentiates strain HT1-2T from strains WW5T and 
11R-BB and may extend its substrate range in the 
rhizosphere or endosphere.

Collectively, these genomic features indicate that 
the three endophytic strains possess complemen-
tary mechanisms for nutrient acquisition and stress 
mitigation. Such traits support their potential roles 
as bioinoculants in sustainable agriculture. The in 
silico assessment predicted all strains to be non-path-
ogenic, with PathogenFinder v1.1 classifying them as 
non-pathogens and VirulenceFinder v2.0 detecting 
no virulence factors (Table S7). These tools provide 

Table 2   Physiological and biochemical characteristics of 
strains WW5T, 11R-BB, HT1-2T, and S. yanoikuyae JCM 
7371T. Growth parameters (temperature, pH, NaCl tolerance) 

and differential carbon source utilization patterns from 18 sub-
strates. Symbols: “ + ” = growth; “–” = no growth

2a)

Characteristic WW5T 11R-BB HT1-2T JCM 7371T

Growth parameters of the strains WW5T, 11R-BB, HT1-2T and S. yanoikuyae JCM 7371T (temperature, pH, NaCl tolerance)
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

2b)

Carbon Source Utilization WW5T 11R-BB HT1-2T JCM 7371T

Differential carbon source utilization of the strains WW5T, 11R-BB, HT1-2T and S. yanoikuyae JCM 7371T

D-Galactose  +   +   +  −
D-Gluconic Acid  +   +   +  −
D,L-Malic Acid  +   +   +  −
D-Fructose  +   +   +  −
L-Malic Acid  +   +   +  −
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computational predictions, which are indicative but 
not a substitute for experimental confirmation.

Morphological, physiological, and biochemical 
analyses

Cells are Gram-negative, rod-shaped, monotrichous, 
catalase positive, and strictly aerobic. Growth occurs 
on NLCCM and MGL media, with colonies visible 
after 2–3  days of incubation. The optimum growth 
range is 30–32.5  °C, with growth observed between 
25 and 35  °C and no growth at 37  °C. The three 
strains tolerate pH 5–8 (optimum pH 7) and NaCl 
concentrations up to 2% (strains WW5T and 11R-BB) 
or 3% (strain HT1-2T). The strains displayed identi-
cal carbon utilization profiles, metabolizing all tested 
substrates except D-ribose and L-lyxose (Table 2). In 
contrast, S. yanoikuyae JCM 7371T did not grow on 
D-galactose, D-gluconic acid, D,L-malate, L-malate, 
or D-fructose, compounds common in plant tissues 
and root exudates (Badri and Vivanco 2009). The 
strains encoded ABC-and PTS-mediated uptake sys-
tems and complete central metabolic pathways, con-
sistent with capacity for carbon acquisition under 
nutrient limitation (Deutscher et al. 2006; Badri and 
Vivanco 2009). Enzymes such as xylanases and pec-
tin acetylesterases indicate potential for modification 
of plant cell wall components, consistent with traits 
reported in beneficial endophytes (Compant et  al. 
2005; Piromyou et  al. 2015). The concordance of 
genotype and phenotype suggests these functions are 
conserved and important for endophytic colonization.

Chemotaxonomic analysis

The cellular fatty acid profiles of strains WW5T, 
11R-BB, and HT1-2T were dominated by vaccenic 
acid (C18:1 ω7c, 57–60% of total FAME) with pal-
mitoleic acid (C16:1 ω7c, 15–16%) as the secondary 
component (Table  S8). Compared to S. yanoikuyae 
JCM 7371T, the three strains contained higher pro-
portions of palmitic acid (C16:0, + 6–7%) and lower 
levels of C16:1 ω7c, C16:1 ω5c, and C14:0 2–OH. These 
consistent differences represent chemotaxonomic dif-
ferences distinguishing the strains from S. yanoikuyae 
JCM 7371T, while the S. yanoikuyae JCM 7371T, 
whose profile corresponded to the published refer-
ence range (Yabuuchi et al. 1990; Khan et al. 1996). 
The predominant respiratory quinone in strain WW5T 

was ubiquinone with ten isoprene units (Q-10, 89%), 
accompanied by Q-9 (9.7%). Strains 11R-BB and 
HT1-2T showed similar profiles, with Q-10 at 88.3% 
and 87.8% and Q-9 at 10.6% and 11.3%, respectively. 
The polar lipid patterns of all three strains were simi-
lar, consisting of sphingoglycolipids, phosphatidyldi-
methylethanolamine, phosphatidylethanolamine, 
diphosphatidylglycerol,

phosphatidylmonomethylethanolamine, lysophos-
phatidylethanolamine, and phosphatidylglycerol (Fig-
ure S4).

Taxonomic conclusions

Phylogenomic, genomic, and phenotypic analyses 
demonstrate that strains WW5T, 11R-BB, and HT1-2T 
represent a novel species within the genus Sphingo-
bium. Comparative genome analyses confirmed their 
separation from S. yanoikuyae and other described 
species of the genus, and phylogenomic reconstruc-
tion consistently resolved them as a distinct lineage. 
The strains share the characteristic chemotaxonomic 
and physiological features of Sphingobium, with 
minor genomic and ecological divergence among 
them. These results support the proposal of Sphin-
gobium salicis sp. nov., comprising S. salicis subsp. 
salicis subsp. nov. (strains WW5T and 11R-BB) and 
S. salicis subsp. plucheae subsp. nov. (strain HT1-2T).

Description of Sphingobium salicis sp. nov

Sphingobium salicis (sa’li.cis. L. fem. n. salix, wil-
low; L. gen. fem. n. salicis, of the willow, referring to 
the primary host of isolation).

Cells are Gram-negative, rod-shaped, 
monotrichous, catalase positive, and strictly aerobic. 
Colonies form within 2–3 days on NLCCM and MGL 
agar. Growth occurs between 25 and 35  °C with an 
(optimum at 30–32.5  °C), but not at 37  °C. Growth 
occurs at pH 5–8 (optimum 7). Strains tolerate up to 
2% NaCl (strains WW5T and 11R-BB) or up to 3% 
NaCl (strain HT1-2T).

Growth occurs on L-arabinose, D-galactose, 
D-trehalose, D-mannose, D-gluconic acid, D-xylose, 
D, L-malate, L-rhamnose, D-fructose, α-D-glucose, 
maltose, D-melibiose, α-D-lactose, sucrose, 
β-methyl-D-glucoside, D-cellobiose, and L-malate, 
but not D-ribose or L-lyxose.
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The major fatty acids are C18:1 ω7c (57–60%) 
and C16:1 ω7c (15–16%). The predominant respira-
tory quinone is ubiquinone Q-10 with minor Q-9. 
Polar lipids include sphingoglycolipids, phosphati-
dyldimethylethanolamine, diphosphatidylglycerol, 
lysophosphatidylethanolamine, phosphatidyletha-
nolamine, phosphatidylglycerol, and phosphatidyl-
monomethylethanolamine. The DNA G + C content is 
63.9–64.3%. Genome sizes range from 5.39–5.72 Mb.

Strains WW5T and 11R-BB were isolated as 
endophytes from stems of Salix sitchensis and roots 
of Populus trichocarpa in Washington, USA, and 
strain HT1-2T from shoots of Pluchea carolinensis in 
Hawai‘i, USA.

Description of Sphingobium salicis subsp. salicis 
subsp. nov

Sphingobium salicis subsp. salicis (sa’li.cis. L. fem. 
n. salix, willow; L. gen. fem. n. salicis, of the willow, 
referring to the host of isolation).

Genomic comparison of the type strain WW5T 
with Sphingobium salicis subsp. plucheae HT1-2T 
shows 95.1% average nucleotide identity (ANIb) and 
70.1% digital DNA–DNA hybridization (dDDH), 
values consistent with subspecies-level divergence 
within S. salicis.

The type strain is WW5T (= DSM 
120182T = NCCB 101075T = NRRL B-68079T), iso-
lated from stems of Salix sitchensis collected along 
the Snoqualmie River, Washington, USA. The Gen-
Bank accession numbers for the 16S rRNA gene 
and whole-genome sequences of strain WW5T are 
PX282427 and JAYRCS000000000, respectively.

Description of Sphingobium salicis subsp. pluchea 
subsp. nov

Sphingobium salicis subsp. plucheae (plu’che.a. N.L. 
fem. n. plucheae, referring to the host genus Pluchea 
from which the strain was isolated).).

The type strain HT1-2T differs from S. salicis 
subsp. salicis WW5T by 95.1% ANIb and 70.1% 
dDDH, supporting recognition as a distinct subspe-
cies within S. salicis.

The type strain is HT1-2T (= DSM 35353T = NRRL 
B-68485T), isolated from shoots of Pluchea caro-
linensis collected on volcanic substrates near 
Kona, Hawai‘i, USA. The GenBank accession 

numbers for the 16S rRNA gene and whole-genome 
sequences of strain HT1-2 Tare PX282426 and 
JBCEBS000000000, respectively.
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