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A B S T R A C T   

Two novel endophytic bacterial strains, designated KSS8T and KSS12T, were isolated from the 
stems and roots of sugarcane, respectively, collected in Nakhon Ratchasima, Thailand. They were 
Gram-stain-negative, aerobic, and rod-shaped. The strain KSS8T was a motile bacterium with a 
subpolar flagellum, while the strain KSS12T was non-motile. Strains KSS8T and KSS12T were 
closely related to Lichenicola cladoniae PAMC 26569T (97.3 and 95.6 %, respectively) and 
Lichenicoccus roseus KEBCLARHB70RT (97.2 and 95.8 %, respectively) based on the similarity on 
their 16S rRNA gene sequence. This similarity corresponded to their phylogenomic positions 
within the evolutionary radiation of the family Acetobacteraceae. The average nucleotide identi-
ties and digital DNA-DNA hybridization values between the genome sequences of the two strains 
and other genera were significantly lower than the defined threshold values of 95–96 % and 70 %, 
respectively, which are used for the delineation of prokaryotic species. Both strains contained 
summed feature 8 (C18:1 ω7c and/or C18:1 ω6c), C16:0, C19:0 cyclo ω8c, C18:0, and C18:1 2OH as the 
predominant cellular fatty acids, but C18:3 ω6c (6, 9, 12) were found only in strain KSS12T. Based 
on phenotypic, chemotaxonomic, phylogenetic, and genomic analyses, these strains clearly rep-
resented two novel genera within the family Acetobacteraceae, for which the name Endo-
saccharibacter gen. nov., with the type species Endosaccharibacter trunci sp. nov. (type strain, 
KSS8T 

= TBRC 14669T 
= NBRC 115232T 

= KCTC 92115T 
= LMG 32414T) and the name Rhi-

zosaccharibacter gen. nov., with the type species Rhizosaccharibacter radicis sp. nov. (type strain, 
KSS12T = TBRC 13066T = NBRC 114898T = KCTC 82433T = LMG 32137T) are proposed.  

Abbreviations: AAB, Acetic Acid Bacteria; AAI, Average Amino Acid Identity; ANI, Average Nucleotide identity; dDDH, Digital DNA-DNA hy-
bridization; GPY, Glucose–Peptone–Yeast extract; GYPG, Glucose–Yeast extract–Peptone–Glycerol; LGI, Liquid Glucose Ivo; MSAs, Multiple 
Sequence Alignments; POCP, Percentage of Conserved Proteins; TEM, Transmission Electron Microscopy; YPGD, Yeast extract-Peptone-Glycerol- 
Dextose. 
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1. Introduction 

Gram-negative bacterial genera belonging to the family Acetobacteraceae are taxonomically classified in the order Rhodospirillales of 
the class Alphaproteobacteria. The List of Prokaryotic Names with Standing in Nomenclature consists of 48 names that have been 
validated [1]. The genera are classified into two groups based on their application, ecology, and phylogeny. The first group, commonly 
referred to as the acetous group or acetic acid bacteria (AAB), have a common ability to convert ethanol to acetic acid, except for Asaia 
spp. [2]. This group consists of genera such as Acetobacter, Gluconacetobacter, Gluconobacter, Asaia, Granulibacter, and Komagataei-
bacter. The second group, referred to as the acidophilic group, consists of genera such as Acidiphilium and Roseomonas [2,3]. Recently, 
two novel bacterial genera, Lichenicoccus and Lichenicola, have been isolated from lichens. They were classified and proposed as 
members of the acetous group based on their similarity in the 16S rRNA gene sequence [4,5]. Several members of the acetous group are 
found in roots, root nodules, leaves, and other plant tissues or the rhizosphere of plants like sugarcane, alfalfa, rice, coffee, and the 
tropical flower Michalia champaca [6–16]. 

Endophytes are microbial symbionts that live inside plants for most of their life cycle without causing harm to their host plants 
[17]. Endophytic bacteria can directly benefit host plants through nutrient uptake and hormone regulation, as well as indirectly 
through various mechanisms such as hydrolytic enzymes, antibiotic provision, nutrient limitation, and boosting plant defenses against 
pests and diseases [18]. There have been reports associating sugarcanes with several endophytic bacteria that are advantageous for 
their growth [19,20]. In Nakhon Ratchasima, a province known for its numerous sugarcane farms, there are ample opportunities to 
isolate endophytic bacteria associated with sugarcane. In this study, two novel endophytic bacteria isolated from the stems and roots of 
sugarcane in Kham Sakaesaeng district, Endosaccharibacter trunci sp. nov. and Rhizosaccharibacter radicis sp. nov., were proposed as 
new members of the family Acetobacteraceae using a polyphasic approach. 

2. Materials and methods 

2.1. Isolation and related type strains 

Sugarcane (Saccharum officinarum) samples (a nearly 6-month-old plant) were collected in June 2018 from eight districts in Nakhon 
Ratchasima province, Thailand. Three individual plants were collected at each site. The stem and root of sugarcane were chopped into 
small pieces (approximately 1 cm) and surface sterilized in 70 % ethanol for 3 min, 2.5 % fresh sodium hypochlorite solution for 5 min, 
and 70 % ethanol for 30 s, followed by 5 rinses in sterile distilled water. The sterilized stems and roots were ground with a sterile 
mortar and pestle prior to being inoculated in Liquid Glucose Ivo (LGI) broth (10 % sucrose w/v, 0.06 % KH2PO4 w/v, 0.02 % K2HPO4, 
0.02 % MgSO4, 0.002 % CaCl2 w/v, 0.001 % FeCl3 w/v, and 0.0002 % Na2MoO4 w/v). The cultures were streaked and purified on LGI 
agar after a 4-6-day incubation at 30 ◦C [13,16]. The pure cultures were cultivated on Yeast extract–Peptone–Glycerol–Dextrose 
(YPGD) medium (5 g of yeast extract, 5 g of peptone, 5 g of glycerol, and 5 g of glucose in 1 L of water) at 30 ◦C for 48 h and preserved in 
Glucose–Yeast extract–Peptone–Glycerol (GYPG) medium (10 g of D-glucose, 5 g of yeast extract, 10 g of peptone, and 10 g of glycerol, 
with or without 15 g agar in 1 L of water) containing 50 % glycerol at − 80 ◦C. The strains KSS8T (= TBRC 14669T = NBRC 115232T =

KCTC 92115T = LMG 32414T) and KSS12T (= TBRC 13066T = NBRC 114898T = KCTC 82433T = LMG 32137T) were compared with 
the type strains of Lichenicola cladoniae JCM 33604T (=PAMC 26569T), Lichenicoccus roseus KCTC 72321T (=KEBCLARHB70RT), 
Nguyenibacter vanlangensis TBRC 4639T (= LMG 31431T), Acidomonas methanolica TBRC 4990T (= DSM 5432T), Gluconacetobacter 
liquefaciens TBRC 378T (= DSM 5603T), and Endobacter medicaginis LMG 26838T (= CECT 8088T). 

2.2. 16S rRNA gene phylogeny 

The genomic DNA of the KSS8T and KSS12T were extracted by using a genomic isolation kit (Vivantis Technologies Sdn Bhd, 
Malaysia). The 16S rRNA gene sequence was amplified as previously reported [21]. The PCR product was purified using the GeneJet 
PCR purification Kit (ThermoFisher, USA), and then sequenced using primers 27F, 585F, and 1525R (First BASE Laboratories, 
Selangor, Malaysia). The 16S rRNA gene sequence of KSS8T (1415 bp) and KSS12T (1430 bp) were available under the accession 
number MW605159 and MW187776, respectively. The 16S rRNA gene pairwise sequence similarity of KSS8T with sequences of 
KSS12T and the type strains of related species available in the databases of GenBank/ENA/DDBJ and EzBioCloud (www.ezbiocloud. 
net/) [22–25] were compared. The phylogenetic analysis based on 16S rRNA gene sequences was performed using Molecular 
Evolutionary Genetics Analysis Version 11 (MEGA 11 version 11.0.13) software [26]. The multiple sequence alignments (MSAs) of the 
16S rRNA gene sequences were performed using the MUSCLE algorithm [27]. All gaps and ambiguous nucleotides within the MSAs 
were completely removed. Phylogenetic trees of the 16S rRNA gene sequences were reconstructed using the neighbor-joining (NJ) 
[28], maximum-likelihood (ML) [29,30], and maximum parsimony (MP) [31] methods with 1000 bootstrap replicates [32]. Kimura’s 
two-parameter correction model [33] was used to calculate the evolutionary distances and topologies. 

2.3. Genome sequencing and analysis 

DNA libraries of strains KSS8T and KSS12T were paired-end sequenced (2x150 bp) on the Illumina HiSeq X-ten sequencer. Raw read 
quality was checked using FASTQC software. Adaptors and poor-quality reads were removed using Trim Galore. The high-quality bases 
(average base-quality score; q score of ≥30) were de novo assembled using the Unicycler v0.4.4. The genome annotation was carried 
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out by the RASTtk annotation service in PATRIC [34]. The GenBank accession numbers for the whole genome sequences of strain 
KSS8T and KSS12T are JAMSKV000000000 and JAMZEJ000000000, respectively. The genome sequences of strains KSS8T, KSS12T, 
and the closest Acetobacteraceae genera that were most similar to these strains in terms of 16S rRNA similarity were evaluated for 
average nucleotide identity (ANIb) computation using JspeciesWS (http://jspecies.ribohost.com/jspeciesws) [35], and the digital 
DNA-DNA hybridization (dDDH) inferred from the sequence identity-based genome BLAST distance phylogeny (GBDP) formula d4 by 
using the Type (Strain) Genome Server (https://tygs.dsmz.de/) [36,37]. The average amino acid identity (AAI) values were calculated 
by the orthologous ANI algorithm [38]. The percentage of conserved proteins (POCP) was analyzed by Protologger, a dedicated 
Galaxy-based website (www.protologger.de) [39]. The consensus phylogenetic tree was generated based on data derived from a 
multi-locus alignment of core genes in the strains KSS8T and KSS12T with related species in the NCBI Assembly database using the 
automated multi-locus species tree (autoMLST) (https://automlst.ziemertlab.com) [40]. Orthovenn2 was used to compare ortholo-
gous gene clusters between KSS8T, KSS12T and closely related type strains [41]. 

2.4. Phenotypic characteristics and chemotaxonomy 

The strains KSS8T and KSS12T were cultured on rich Glucose–Peptone–Yeast extract (GPY) agar (25 g of glucose, 5 g of peptone, 3 g 
of yeast extract, 15 g of agar in 1 L of water) and incubated at 30 ◦C for 48 h to observe colony morphology. Cell morphology and Gram- 
staining were determined by a light microscope (x1000; E− 100, Nikon) [42]. Motility was investigated in GPY semi-solid agar medium 
(agar 0.5 %) at 28 ◦C for 7 days and confirmed in GPY broth incubated for 24 h at 28 ◦C using the hanging-drop method and then 
observed under a light microscope. The cell size and flagellation were examined by transmission electron microscopy (TEM; HT7700, 
Hitachi). In the case of TEM, cells were negatively stained with 1.0 % uranyl acetate on a carbon-coated copper grid [43,44] and 
operated at 80 kV with magnifications of×4000 and ×6000. The oxidation of acetate and lactate was indicated by the observation of 
color change from yellow to blue in a liquid medium [45,46]. To determine the production of 2-keto-, 5-keto-, and 2,5-diketo-gluco-
nates from D-glucose, the bacterial strains were grown in a medium (3 % glucose, 0.3 % yeast extract) for 3 and 6 days. Then the 
culture broth was analyzed by thin-layer chromatography [47]. Growth was measured on an agar medium in the presence of 30 % 
(w/v) glucose, 0.5 % (w/v) glutamate, and 2.5 % (w/v) mannitol [46]. The utilization and acid formation of the different carbon 
sources were investigated, as previously reported [45,46]. In brief, the tests were performed in a medium containing 0.5 % (w/v) yeast 
extract, 1 % (w/v) carbon source, and 0.2 % (w/v) bromocresol purple and kept at 30 ◦C for 7 days, except for the strains Lichenicola 
cladoniae JCM 33604T and Lichenicoccus roseus KCTC 72321T, which were performed at 15 ◦C for 21 d. The turbidity was used to 
determine growth, and the color shift of the medium from purple to yellow was used to indicate acid production [45,46]. The tem-
perature range for growth was tested in GPY broth at 5, 15, 25, 30, 37, and 40 ◦C for 7 days. The pH range for growth at pH 3–8.5 (at 0.5 
pH unit intervals) was tested in GPY broth, which was adjusted to the desired pH with hydrochloric acid or sodium hydroxide. 

For the respiratory quinone analysis, strains KSS8T and KSS12T were cultured on GPY medium at 30 ◦C for 72 h. Respiratory 
quinones were extracted from collected cells, purified [48], and identified using HPLC (Waters Alliance 1690). For the total fatty acid 
analyses, the strains KSS8T, KSS12T, and reference strains were grown on GPY at 30 ◦C for 3 days, except for the strains Lichenicola 
cladoniae JCM 33604T and Lichenicoccus roseus KCTC 72321T (GPY adjusted pH 5.5), which were grown at 15 ◦C for 21 days and 25 ◦C 
for 8 days, respectively. The collected cells were then extracted according to the MIDI standard protocol (Sherlock Microbial Iden-
tification System, version 6.4) and identified via the TSBA database (version 6.21) [49]. 

2.5. Characterization of plant growth promoting activities 

To investigate the ammonia production, the strains KSS8T and KSS12T were grown in peptone water at 30 ◦C for 72 h. The 
development of a yellow to brown color in the supernatant reacting with Nessler’s reagent indicated that the ammonia production test 
was positive [50]. Moreover, strains KSS8T and KSS12T were individually cultivated in YPGD supplemented with 1 μg of L-tryptophan 
at 30 ◦C for 72 h under shaking conditions for the screening of indole-3-acetic acid (IAA) production. Salkowski’s reagent-reacting 
supernatant was measured spectrophotometrically at 530 nm in comparison to the standard indole-3-acetic acid solution [51]. To 
examine the ability of these two strains to solubilize P and Zn, their cultured broth was dropped on Pikovskaya agar medium sup-
plemented with tricalcium phosphate and on Tris-mineral salts media supplemented with insoluble zinc compounds and incubated for 
7 days at 30 ◦C. The solubilizing capacity was demonstrated by a hollow zone around the bacterial colony. The solubilization index (SI) 
was calculated by dividing the sum of the colony diameter and the diameter of the halo zone by the diameter of the colony [52,53]. The 
development of an orange halo zone on the chrome-azurol S (CAS) medium, where siderophore production was evaluated, verified 
siderophore production [54]. 

3. Results and discussion 

3.1. Isolation of endophytic bacteria from sugarcane 

The surface-sterilized stems and roots of sugarcane were used for isolating bacterial endophytes. In total, 127 endophytic bacterial 
isolates were obtained from sugarcane in eight districts in Nakhon Ratchasima using LGI media. Of these, 79 isolates were obtained 
from roots, and 48 were obtained from stems (data not shown). Out of 118 isolates, the majority were Gram-negative strains, while the 
remaining were Gram-positive. The predominant endophytic bacteria isolated from sugarcanes belonged to the phylum Pseudomo-
nadota, specifically Acetobacteraceae, including species, such as N. vanlangensis, Acidomonas methanolica, Asaia bogorensis, 

N. Pitiwittayakul et al.                                                                                                                                                                                                

http://jspecies.ribohost.com/jspeciesws
https://tygs.dsmz.de/
http://www.protologger.de
https://automlst.ziemertlab.com


Heliyon10(2024)e32825

4

Table 1 
Genome characteristics and pairwise sequence similarities (%) of the 16S rRNA gene sequences of the strains KSS8T, KSS12T, and the closely related species. The draft genome sequences of the strains 
KSS8T and KSS12T were determined in this study. The genome sequences of other species were retrieved from the GenBank database.  

Species Strain DNA G+C content (mol%) 16S rRNA gene similarity (%) ANIb value (%) dDDH value (%) AAI value (%) 

KSS8T KSS12T KSS8T KSS12T KSS8T KSS12T KSS8T KSS12T 

Endosaccharibacter trunci KSS8T 67.1 100 96.2 100 74.2 100 20.9 100 66.1 
Rhizosaccharibacter radicis KSS12T 70.0 96.2 100 74.1 100 20.9 100 66.1 100 
Lichenicola cladoniae PAMC 26569T 64.6 97.3 95.6 74.2 73.8 19.9 20.1 67.5 66.0 
Lichenicoccus roseus KEBCLARHB70RT 67.8 97.2 95.8 72.9 73.4 19.6 19.6 63.7 64.1 
Gluconacetobacter aggeris T6203-4-1aT 65.2 96.6 95.1 71.4 71.6 19.9 20.3 60.2 60.3 
Ameyamaea chiangmaiensis AC04T 64.7 96.4 94.2 70.3 71.0 19.6 21.5 60.0 60.8 
Komagataeibacter xylinus LMG 1515T 62.3 96.2 93.8 70.2 70.5 19.4 19.4 58.6 58.5 
Nguyenibacter vanlangensis LMG 31431T 65.8 96.1 94.7 73.0 72.6 22.3 21.4 61.3 61.3 
Gluconacetobacter liquefaciens DSM 5603T 64.4 96.0 95.4 71.1 71.4 19.5 20.0 60.0 60.5 
Acidomonas methanolica DSM 5432T 64.7 95.9 95.2 70.2 70.1 18.9 19.4 57.5 57.7 
Asaia bogorensis NBRC 16594T 59.8 95.8 94.4 68.5 68.4 20.7 22.5 56.7 57.3 
Endobacter medicaginis CECT 8088T 67.6 95.1 94.9 71.3 71.8 19.7 20.2 60.7 61.0 
Acetobacter aceti NBRC 14818T 57.0 94.8 93.1 69.0 69.1 19.3 19.6 57.6 57.4 
Granulibacter bethesdensis CGDNIH1T 59.1 94.6 94.5 68.7 68.9 20.2 22.0 57.4 57.7 
Commensalibacter intestini A911T 36.8 92.5 91.2 63.7 63.6 40.8 44.7 52.9 52.8  
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Tanticharoenia aidae [16,55], Asaia spathodeae, Asaia siamensis, and Neoasaia chiangmaiensis (data not shown). In this study, the strain 
KSS8T was isolated from the stems of sugarcane, while the strain KSS12T was isolated from the roots of sugarcane, both in Kham 
Sakaesaeng district. These two strains exhibited smooth yellow colonies on LGI agar. The green LGI agar plates turned yellow due to 
the acid produced by these two bacteria. Further characterization involved genotypic, biochemical, and physiological tests. 

3.2. Genotypic characterization 

The KSS8T displayed the highest 16S rRNA similarity to Lichenicola cladoniae PAMC 26569T (97.3 %), Lichenicoccus roseus KEB-
CLARHB70RT (97.2 %), Gluconacetobacter aggeris T6203-4-1aT (96.6 %), N. vanlangensis LMG 31431T (96.1 %), Acidomonas meth-
anolica DSM 5432T (95.9 %), and Asaia bogorensis NBRC 16594T (95.8 %) (Table 1). The percentage similarities of KSS12T to KSS8T, 
Lichenicoccus roseus KEBCLARHB70RT, and Lichenicola cladoniae PAMC 26569T were 96.2, 95.8, and 95.6 %, respectively. These 
similarities were much below the recommended cut-off value (98.65 %) proposed for bacterial species delineation [24]. Therefore, the 
two strains, KSS8T and KSS12T, were potentially novel species within the family Acetobacteraceae. 

In the phylogenetic trees based on 16S rRNA gene sequences generated using the three approaches, the strain KSS8T formed a clade 
that was separate from a cluster of Lichenicoccus roseus KEBCLARHB70RT and a cluster of Lichenicola cladoniae PAMC 26569T, in 
addition to a group of closely related uncultured clones (Fig. 1). The strain KSS12T formed a distinct phylogenetic lineage with the 
KSS8T and the closely related relatives, Lichenicoccus roseus KEBCLARHB70RT and Lichenicola cladoniae PAMC 26569T. 

Based on the 16S rRNA gene sequence and phylogenetic tree analysis, the strains KSS8T and KSS12T were considered candidates for 
two novel species closely related to Lichenicola cladoniae PAMC 26569T and Lichenicoccus roseus KEBCLARHB70RT within the family 
Acetobacteraceae. 

3.3. Genomic features and comparative genomics 

Strains KSS8T and KSS12T had genome sizes of 3,718,282 bp (number of contigs, 43; N50 value, 209,382) and 3,954,055 bp 
(number of contigs, 24; N50 value, 439,367) with genomic G+C content of 67.1 and 70.0 mol%, respectively. The ANIb values among 
strains KSS8T, KSS12T, and other related type strains of Acetobacteraceae ranged from 63.6 % to 74.2 % (Table 1), significantly below 
the ANI cut-off value (95–96 %) used to distinguish bacterial species [56]. Furthermore, strains KSS8T and KSS12T showed digital 

Fig. 1. The neighbor-joining (NJ) phylogenetic tree based on 16S rRNA gene sequences showing the phylogenetic position of Endosaccharibacter 
gen. nov., Rhizosaccharibacter gen. nov., and related taxa. Rhodopila globiformis DSM 161T was used as an outgroup. Closed circles indicate that the 
corresponding nodes were also recovered in both trees generated with the maximum-likelihood (ML) and the maximum-parsimony (MP) algorithms, 
open circles indicate the nodes were recovered in the ML tree. Percentage bootstrap values ≥ 50 % (1000 bootstrap replicates) are shown for NJ, ML 
and MP at branch nodes. Asterisks indicate that the nodes do not appear in the ML or MP trees. Bar, 0.01 represents substitutions per nucleo-
tide position. 
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Fig. 2. Maximum-likelihood phylogenetic tree based on the core genome indicating the phylogenetic positions of strains KSS8T and KSS12T with the 
related species. The scale bar indicates 0.2 substitutions per nucleotide position. Symbiobacterium thermophilum IAM 14863T was used as an out-
group. GenBank accession numbers are listed for each sequence in parentheses. 
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DNA-DNA hybridization (dDDH) values of 19.3–44.7 % when compared with the closest genera, which was significantly less than the 
70 % dDDH threshold level as novel species within an extant genus, therefore classifying them as the first species of two novel genera 
[57,58]. AAI values between strains KSS8T, KSS12T, and the most closely related type strains of Acetobacteraceae ranged from 52.8 % to 
67.5 % (Table 1), which were within the previously reported range of genus-level pairwise differences (65–72 %) [59]. POCP com-
parison conducted via Protologger revealed that strains KSS8T and KSS12T had the highest similarity (>51 %) to the type strains within 
the family Acetobacteraceae: Gluconacetobacter diazotrophicus Pal5T, Tanticharoenia sakaeratensis NBRC 103193T, Asaia bogorensis NBRC 
16594T, and Kozakia baliensis DSM 14400T. According to the genome-based phylogenetic tree (Fig. 2), strain KSS12T formed a distinct 
phylogenetic clade with the cluster of strain KSS8T and Lichenicola cladoniae PAMC 26569T with a high bootstrap value, confirming the 
topology determined by 16S rRNA gene sequences. The genome tree was in accordance with the highest ANI and AAI values of strains 
KSS8T to KSS12T and Lichenicola cladoniae PAMC 26569T, which were 73.8–74.2 % and 66.1–67.5, respectively. 

The comparative analysis of the presence and absence of genes in KSS8T, KSS12T, and the closest related genera, Lichenicola cla-
doniae PAMC 26569T and Lichenicoccus roseus KEBCLARHB70RT, revealed that the core shared by the four genera accounted for 1880 
core genome orthologs (Fig. 3). In terms of the strain-specific genome, 28 and 12 genes were unique for strains KSS8T and KSS12T, 
respectively. The orthologous groups specific to KSS8T were related to the glutathione metabolic process, sequence-specific DNA 
binding, haloacetate dehalogenase activity, phthalate catabolic process, fatty acid elongation, siderophore transport, oxidoreductase 
activity, etc. (Supplementary Table S1, available in the online version of this article). The orthologous groups specific to KSS12T were 
associated with processes such as transferase activity, xenobiotic catabolic process, and DNA transposition. The strain KSS8T shared 
116 orthologous genes with strain KSS12T and 132 genes with Lichenicola cladoniae PAMC 26569T, both of which were higher than the 
shared genes with Lichenicoccus roseus KEBCLARHB70RT. This pattern aligns with the topology of the phylogenetic tree based on the 
core genome. 

3.4. Phenotypic and chemotaxonomic characteristics 

After incubation at 30 ◦C for 48 h, KSS8T exhibited pink-colored circular colonies with smooth surfaces, raised elevations, and 
entire margins on GPY agar, while those of KSS12T were light-pink-colored circular colonies with smooth surfaces, convex elevations, 
and entire margins. The cells of strains KSS8T and KSS12T were Gram-stain-negative rods, similar to most other acetous taxa. Strain 
KSS8T was motile through a single subpolar flagellum (Supplementary Fig. S1, available in the online version of this article), which was 
similar to the type strains of Endobacter [12] and Lichenicoccus [5] but different from the other closely related genera that are motile by 
peritrichous or polar flagella and the non-motile strains of KSS12T and Lichenicola [4]. The strains KSS8T and KSS12T showed 

Fig. 3. Venn diagram illustrating the distribution of shared orthologous clusters among strains KSS8T, KSS12T, and the closely related genera, 
Lichenicola cladoniae PAMC 26569T and Lichenicoccus roseus KEBCLARHB70RT. The numbers in the diagram indicate overlapped conserved genes or 
non-overlapped unique genes in each species. 
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Table 2 
Characteristics differentiating Endosaccharibacter trunci KSS8T and Rhizosaccharibacter radicis KSS12T from their closely related species in the family 
Acetobacteraceae Strain: 1, KSS8T; 2, KSS12T; 3, Lichenicola cladoniae JCM 33604T; 4, Lichenicoccus roseus KCTC 72321T; 5, Nguyenibacter vanlangensis 
TBRC 4639T; 6, Gluconacetobacter liquefaciens TBRC 378T; 7, Acidomonas methanolica TBRC 4990T; 8, Endobacter medicaginis LMG 26838T. +, Positive; 
w, weakly positive; -, negative.  

Characteristic 1 2 3a 4a 5a 6a 7a 8a 

Cell shape Rod- 
shaped 

Rod- 
shaped 

Rod- 
shaped 

Coccoid Rod-shaped Rod-shaped Rod-shaped Coccoid to 
rod-shaped 

Flagellation Subpolar Non- 
motile 

Non- 
motile 

Subpolar Peritrichous Peritrichous Polar or non- 
motile 

Subpolar 

Colony color Pink Light 
pink 

Pink Pink to 
salmon-pink 

Creamy to 
brownish 

Beige to light 
brownish 

White to light 
yellow 

White 

Optimum temperature 
for growth (◦C) 

25–30 25–30 15 10–15 30 28 30–32 28 

Growth at 5 ◦C – – + + – – – – 
Growth at 15 ◦C + + + + – – – – 
Growth at 37 ◦C + + – – + – + +

Optimum pH (range) for 
growth 

4.5–5.0 4.0–4.5 5.5–6.5 4.5–5.5 4.5–6.5 5.4–6.3 2.0–5.5 5.0–7.0 

Utilization of         
Methanol – – + – – + + w 
Mannose – + + – + + + +

D-Sorbitol w + + + + + – – 
D-Mannitol + + + – + + – +

Propane 1,2 diol – – + – – – – +

Acid formation from         
D-Mannose – – + – + + + +

Melibiose – w + – + – – – 
D-Ribose – – + – + w w w 
Glycerol – – – – – + w w 
Sucrose + + – – + – – – 
Maltose – – – – + – – – 
Ethanol + – – – + + + +

Soluble starch – – w – – – – w 
Raffinose – – – – + – – – 

DNA G+C content (%) 67.1 70.0 64.6 67.8 65.8 64.4 64.7 67.6  

a Cell shape, flagellation, colony color, temperature, and pH for growth of strains 3, 4, 5, 6, 7 and 8 were obtained from Noh et al. [4], Pankratov 
et al. [5], Vu et al. [13], Yamada et al. [68], Yamashita et al. [69], Sievers and Swings [70], and Ramírez-Bahena et al. [12]. 

Table 3 
Cellular fatty acid profiles of the strains KSS8T, KSS12T, and the closely related species. Strain: 1, KSS8T; 2, KSS12T; 3, Lichenicola cladoniae JCM 
33604T; 4, Lichenicoccus roseus KCTC 72321T; 5, Nguyenibacter vanlangensis LMG 31431T; 6, Gluconacetobacter liquefaciens DSM 5603T; 7, Acidomonas 
methanolica DSM 5432T; 8, Endobacter medicaginis CECT 8088T. All data from the present study. Values are represented as the percentage of total 
cellular fatty acids; the major components (>5 %) are shown in bold. Fatty acids that represented <1.0 % of the total are not shown. -, not detected.  

Fatty acid 1 2 3 4 5 6 7 8 

Saturated straight chain: 
C14:0 – 0.4 – – 0.9 4.6 0.3 0.1 
C16:0 13.9 9.9 2.2 4.7 11.2 9.0 8.4 8.6 
C17:0 – 0.4 – – 0.1 0.6 0.4 1.4 
C18:0 9.0 7.9 1.3 5.3 3.5 2.2 2.5 4.7 
Unsaturated: 
C18:3 ω6c (6, 9, 12) – 6.1 1.4 – – – – – 
Hydroxy:         
C14:0 2OH – – – – 1.0 3.6 1.1 – 
C16:0 2OH 2.8 2.0 2.7 2.2 6.8 6.1 6.1 2.7 
C16:0 3OH 2.7 2.2 1.6 2.3 2.9 2.4 2.1 3.4 
iso-C17:0 3OH 2.9 1.2 6.1 0.8 1.9 – – – 
C18.0 3OH 3.0 2.2 2.2 3.7 1.8 1.4 2.1 2.8 
C18:1 2OH 7.4 9.6 9.6 17.6 0.3 0.6 7.7 15.4 
Cyclopropane: 
C19:0 cyclo ω8c 10.7 10.7 7.4 1.0 4.3 5.8 4.3 3.4 
Summed features:a 

2 2.4 2.1 2.23 2.7 1.6 1.5 2.4 3.0 
8 40.7 40.6 47.5 55.4 59.0 58.6 57.5 48.9  

a Summed features are fatty acids that cannot be resolved reliably from another fatty acid using the chromatographic conditions chosen. The MIDI 
system groups these fatty acids together as one feature with a single percentage of the total. Summed feature 2 comprises C12:0 aldehyde and/or 
unknown 10.9525; summed feature 3 comprises C16:1 ω7c and/or C16:1 ω6c; summed feature 8 comprises C18:1 ω7c and/or C18:1 ω6c. 
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comparative results of oxidizing lactate and acetate to carbon dioxide and water, in contrast to the related genera, Nguyenibacter and 
Lichenicoccus, which were able to oxidize only acetate and not both, respectively [5]. The inability to grow on 30 % glucose distin-
guished strains KSS8T and KSS12T from the genera Nguyenibacter and Acidomonas. All three types of 2-keto-D, 5-keto-D, and 2,5-dike-
to-D-gluconates were produced from D-glucose by strain KSS8T and were different from other related genera in this study. However, 
strain KSS12T could not produce the three types of D-gluconates from glucose. The strain KSS8T exhibited the ability to produce acid 
from ethanol similarly to the genera Nguyenibacter, Gluconacetobacter, Acidomonas, and Endobacter, while this was not the case for the 
strain KSS12T and the genera Lichenicola and Lichenicoccus. In contrast to the closest genera Lichenicoccus and Lichenicola, which are 
psychrophiles or psychrotolerant, the strain KSS8T and KSS12T grew at 15–37 ◦C (optimally at 25–30 ◦C) [4,5]. The characteristics that 
differentiate strains KSS8T, KSS12T from the type strains of the closely related species, Lichenicola cladoniae PAMC 26569T, Lichen-
icoccus roseus KEBCLARHB70RT, N. vanlangensis LMG 31431T, Acidomonas methanolica DSM 5432T, Gluconacetobacter liquefaciens DSM 
5603T, and E. medicaginis CECT 8088T are shown in Table 2. 

The respiratory quinone of the strains KSS8T and KSS12T was ubiquinone Q-10. The predominant cellular fatty acids (>5 %) in 
strains KSS8T and KSS12T were summed as feature 8 (C18:1 ω6c and/or C18:1 ω7c), C16:0, C19:0 cyclo ω8c, C18:0, and C18:1 2OH. 
Additionally, C18:3 ω6c (6, 9, 12) was observed in strain KSS12T exclusively (Table 3). The dominant fatty acid in the neighboring type 
strains N. vanlangensis LMG 31431T, Acidomonas methanolica DSM 5432T, and Gluconacetobacter liquefaciens DSM 5603T was C16:0 2OH, 
unlike in strains KSS8T and KSS12T. Strains KSS8T and KSS12T exhibited a major fatty acid, C16:0, similar to all tested-type strains 
except Lichenicola cladoniae PAMC 26569T and Lichenicoccus roseus KEBCLARHB70RT. A major fatty acid C18:0 was observed only in 
strains KSS8T and KSS12T, including the type strains of Lichenicoccus roseus KEBCLARHB70RT. 

3.5. Plant growth promoting activities 

In this study, two strains, KSS8T and KSS12T, could produce indole-3-acetic acid in the range of 21.0 and 17.5 μg/mL, respectively. 
These two strains could not solubilize tricalcium phosphate. Only strain KSS8T demonstrated the ability to dissolve zinc phosphate (SI 
= 3.03) (Supplementary Fig. S2), whereas it was unable to dissolve zinc oxide or zinc carbonate. On the other hand, strain KSS12T 

could not solubilize any forms of inorganic zinc sources used in this study. Several organic acids, including keto-D-glutarate, 2, and 2,5- 
keto-derivatives, have been reported to be related to zinc solubilizing mechanisms [60]. These results were consistent with the ability 
of strain KSS8T to produce 2-keto-D, 5-keto, and 2,5-diketo-D-gluconate in contrast to KSS12T. Moreover, these two strains could not 
fix nitrogen as shown in the negative results of NH3 production. Only strain KSS12T possessed the ability to produce siderophores 
(Supplementary Fig. S2). The genome analysis using RASTtk identified genes related to the plant-beneficial properties of these two 
strains (Supplementary Table S2). The tryptophan synthase genes, such as trpABCDEFG, and genes involved in synthesizing 
indole-3-acetic acid (IAA) were observed in the genomes of KSS8T and KSS12T. Moreover, the KSS8T and KSS12T genomes contained 
the Pho regulon (PhoR-PhoB, PhoC, PhoU), the phosphate ABC transporter complex (PstSCAB), as well as the ppx, ppa, ppk, and gcd 
genes related to inorganic phosphate solubilization [61]. In the Nif system, only nifU, which is involved in the formation of metal-
loclusters of nitrogenase as well as in the maturation of other FeS proteins, was found in both genomes. Iron-sulfur (FeS) clusters are 
crucial cofactors for a wide range of proteins involved in biological functions, including nitrogen fixation, respiration, DNA repair, and 
gene regulation [62]. In order to produce FeS clusters, Nif proteins are also found in organisms that do not fix nitrogen [63]. The 
presence of the gene encoding the identical protein polyketide synthase, associated with siderophore biosynthesis [64], only in the 
KSS12T genome aligns with the result, confirming that only strain KSS12T possessed the ability to produce siderophores. Analysis of the 
KSS8T genome revealed putative genes encoding siderophore interacting proteins, TonB-dependent receptors, and Fe-ABC transport 
system (pitADC), but not for siderophore biosynthesis. Siderophore-interacting proteins (SIPS), such as YqjH from Escherichia coli and 
ViuB from Vibrio cholerae, are commonly associated with iron-dependent induction and siderophore utilization by ferric reductase 
activity [65]. Three cytoplasmic membrane proteins (TonB, ExbB, and ExbD) must be present for siderophore uptake across the outer 
membrane, and they must be able to associate a proton gradient with siderophore transport [66]. Many plant-associated endophytic 
bacteria have been categorized as plant growth-promoting bacteria because they possess mechanisms, such as phytohormone pro-
duction, nitrogen fixation, mineral solubilization, and siderophore synthesis. It has been noted that certain bacteria from the family 
Acetobacteraceae have relationships with plants, exhibiting the ability to enhance plant growth [67]. 

Based on the results obtained from phenotypic, chemotaxonomic, and genomic analyses, strains KSS8T and KSS12T were distin-
guished from the type strains of the genera of the family Acetobacteraceae. The genus Endosaccharibacter trunci gen. nov., sp. nov., and 
Rhizosaccharibacter radicis gen. nov., sp. nov., are proposed as two new members of the family Acetobacteraceae. 

4. Description of novel taxa 

4.1. Description of Endosaccharibacter gen. nov. 

Endosaccharibacter (En.do.sac.cha.ri.bac’ter. Gr. pref. endo-, within; N.L. neut. n. Saccharum the generic name of the sugarcane; N.L. 
masc. n. bacter a rod; N.L. masc. n. Endosaccharibacter, a rod isolated from the stem of sugarcane). 

Cells are Gram-stain-negative, rod-shaped, aerobic, and motile with subpolar flagellum. Cells are catalase-positive but oxidase- 
negative. Capable of producing 2-keto-D, 5-keto-D, and 2,5-diketo-D-gluconate from D-glucose. Oxidizes acetate and lactate. The 
dominant cellular fatty acids consist of summed feature 8 (C18:1 ω6c and/or C18:1ω7c), C16:0, C19:0 cyclo ω8c, C18:0, and C18:1 2OH 
including summed feature 2 (C14:0 3OH and isoI-C16:1). The major respiratory ubiquinone is Q10. The genomic DNA G+C content of 
the type strain calculated from the genome sequence is 67.1 %. The type species is Endosaccharibacter trunci. 
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4.2. Description of Endosaccharibacter trunci sp. nov. 

Endosaccharibacter trunci sp. nov. (trun’ci. L. gen. n. trunci, of a stem, of a trunk, referring to the stem of sugarcane that was the 
source of the type strain). 

Cells are Gram-strain-negative, aerobic, rod-shaped (approximately 0.8–1.0 × 1.9–2.6 μm) and motile by means of subpolar fla-
gellum. Colonies on GPY medium are pink-colored circular colonies with smooth surfaces, raised elevations and entire margins after 
incubation at 30 ◦C for 48 h. Growth occurs at 15–37 ◦C (optimum, 25–30 ◦C) and at pH 3.0–8.0 (optimum, pH 4.5–5.0). Grows on 0.5 
% (w/v) glutamate and 2.5 % (w/v) mannitol medium but not on 30 % (w/v) D-glucose. Oxidation occurs in acetate (weakly) and 
lactate. 2-keto-D, 5-keto-D and 2,5-diketo-D gluconates are formed from D-glucose. Catalase is positive and oxidase is negative. Acid is 
produced from D-glucose, D-galactose, sucrose, ethanol, L-arabinose (weakly), and D-xylose (weakly). Growth is observed on D- 
glucose, D-mannose, D-galactose, D-fructose, L-sorbose, D-xylose, L-arabinose, L-rhamnose, D-mannitol, D-sorbitol, Dulcitol, m- 
erythritol, glycerol, melibiose, sucrose, raffinose, D-ribose, xylitol, L-arabinitol, inositol, and D-arabitol. The major cellular fatty acids 
(>5 %) are composed of summed feature 8 (C18:1 ω6c and/or C18:1 ω7c), C16:0, C19:0 cyclo ω8c, C18:0, and C18:1 2OH. The major 
respiratory ubiquinone is Q10. The DNA G+C content of the type strain is 67.1 % based on the complete genome sequence. 

The type strain, KSS8ᵀ (= TBRC 14669ᵀ = NBRC 115232ᵀ = KCTC 92115T = LMG 32414ᵀ), was isolated from the stems of sug-
arcane (Saccharum officinarum L.), collected from Kham Sakaesaeng, Nakhon Ratchasima Province, Thailand. 

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequence and the whole genome sequence of strain KSS8ᵀ are 
MW605159 and JAMSKV000000000, respectively. 

4.3. Description of Rhizosaccharibacter gen. nov. 

Rhizosaccharibacter (Rhi.zo.sac.cha.ri.bac’ter. Gr. fem. n. rhiza a root; N.L. neut. n. Saccharum the generic name of the sugarcane; N. 
L. masc. n. bacter a rod; N.L. masc. n. Rhizosaccharibacter a rod from sugarcane root). 

Cells are Gram-stain-negative, rod-shaped, aerobic, and non-motile. Cells are catalase-positive but oxidase-negative. Does not 
produce 2-keto-D, 5-keto-D, and 2,5-diketo-D-gluconate from D-glucose. Oxidizes acetate and lactate. The dominant cellular fatty 
acids consist of summed feature 8 (C18:1 ω6c and/or C18:1 ω7c), C19:0 cyclo ω8c, C16:0, C18:1 2OH, C18:0 and C18:3 ω6c (6, 9, 12) including 
summed feature 2 (C14:0 3OH and isoI-C16:1). The major respiratory ubiquinone is Q10. The genomic DNA G+C content of the type 
strain calculated from the genome sequence is 70.0 %. The type species is Rhizosaccharibacter radicis. 

4.4. Description of Rhizosaccharibacter radicis sp. nov. 

Rhizosaccharibacter radicis sp. nov. (ra’di.cis. L. gen. fem. n. radicis, of a root referring to the root of sugarcane that was the source of 
the type strain). 

Cells are Gram-staining-negative, non-motile, aerobic, and rod-shaped (approximately 1.0–1.4 × 1.6–2.5 μm). Colonies on GPY 
medium are light-pink-colored circular colonies with smooth surfaces, convex elevations, and entire margins after incubation at 30 ◦C 
for 48 h. Growth occurs at 15–37 ◦C (optimum, 25 ◦C) and at pH 3.5–8.5 (optimum, pH 4–4.5). Growth is observed on 0.5 % (w/v) 
glutamate and 2.5 % (w/v) mannitol medium but not on 30 % (w/v) D-glucose. Oxidizes acetate and lactate to carbon dioxide and 
water. Incapable of producing 2-keto, 5-keto, and 2,5-diketo-D-gluconic acid from glucose. Glucose, mannose, D-galactose, D-fructose, 
L-sorbose, D-xylose, L-arabinose, D-mannitol, D-sorbitol, ducitol, glycerol, melibiose, sucrose, raffinose, D-ribose, inositol, xylitol, L- 
arabinitol, and D-arabitol can be used as carbon sources. Acid is produced from D-glucose, D-galactose, sucrose, L-arabinose (weakly), 
and melibiose (weakly). The genomic DNA G+C content of the type strain is 70.0 % based on the complete genome sequence. 

The type strain, KSS12ᵀ (= TBRC 13066T = NBRC 114898T = KCTC 82433T = LMG 32137T), was isolated from the roots of 
sugarcane (Saccharum officinarum L.), collected from Kham Sakaesaeng, Nakhon Ratchasima Province, Thailand. 

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequence and the whole genome sequence of strain KSS12ᵀ 
are MW187776 and JAMZEJ000000000, respectively. 
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