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Abstract

A novelbacterial strain, designated GeG2T, was isolated from soils of the native Cerrado, a highly biodiverse savanna-like
Brazilian biome. 16S rRNA gene analysis of GeG2" revealed high sequence identity (100%) to the alphaproteobacterium
Novosphingobium rosa; however, comparisons with N. rosa DSM 7285T showed several distinctive features, prompting a
full characterization of the new strain in terms of physiology, morphology, and, ultimately, its genome. GeG2T cells were
Gram-stain-negative bacilli, facultatively anaerobic, motile, positive for catalase and oxidase activities, and starch hydrolysis.
Strain GeG2" presented planktonic-sessile dimorphism and cell aggregates surrounded by extracellular matrix and nanometric
spherical structures were observed, suggesting the production of exopolysaccharides (EPS) and outer membrane vesicles
(OMVs). Despite high 16S rDNA identity, strain GeG2" showed 90.38% average nucleotide identity and 42.60% digital
DNA-DNA hybridization identity with N. rosa, below species threshold. Whole-genome assembly revealed four circular
replicons: a 4.1 Mb chromosome, a 2.7 Mb extrachromosomal megareplicon, and two plasmids (212.7 and 68.6 kb). The
megareplicon contains a few core genes and plasmid-type replication/maintenance systems, consistent with its classification
as a chromid. Genome annotation shows a vast repertoire of carbohydrate-active enzymes and genes involved in the degra-
dation of aromatic compounds, highlighting the biotechnological potential of the new isolate. Chemotaxonomic features,
including polar lipid and fatty acid profiles, as well as physiological, molecular, and whole-genome comparisons showed
significant differences between strain GeG2" and N. rosa, indicating that it represents a novel species, for which the name
Novosphingobium terrae is proposed. The type strain is GeG2T (= CBMAI 2313T=CBAS 753 7).
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Introduction

Novosphingobium is a genus that belongs to the Alp-
haproteobacteria class, whose members possess diverse
physiological profiles and colonize diverse niches such
as soils and rhizospheres [1-3], groundwater [4], fresh-
water [5-7], deep-sea environments [8, 9], mangrove
sediments [10], bioremediation systems [11], coolant
lubricant emulsion [12], among many other natural and
artificial habitats.

These organisms are Gram-negative non-sporulating
small bacilli (1-4 pm X 0.3-1.0 um), motile or non-
motile, aerobic or facultative anaerobic [13]. Novo-
sphingobium species are known for their production of
different exopolysaccharides (EPS), commonly used in
beverage and food industries [14], and their production
is affected by environmental and in vitro culture con-
ditions. Members of this genus also present the ability
to degrade a wide variety of xenobiotics and aromatic
compounds, such as polycyclic aromatic hydrocarbons
(PAHs), lignin derivatives, heterocyclic compounds, ster-
oid endocrine disruptors, and pesticides [11, 12, 15-17],
qualifying them as candidates for different bioremedia-
tion processes.

At the time of writing, the List of Prokaryotic names
with Standing in Nomenclature (LPSN) recognized 58
Novosphingobium species (https://lpsn.dsmz.de/genus/
novosphingobium), accessed in August 2022). Despite
the relatively high number of species described in this
genus so far, to date, only 13 genomes are flagged as
complete on GenBank (National Center for Biotechnol-
ogy Information — NCBI) and some aspects regarding
the biology of this important bacterial group remain
elusive.

In this work, we describe the genomic and physi-
ological characterization of a Novosphingobium strain
(GeG2T) isolated from soils of a Brazilian savannah-like
biome, known as Cerrado. A comprehensive morpho-
logical, chemotaxonomic, molecular, biochemical, and
genome sequence analysis revealed that, despite sharing
an identical 16S rRNA sequence with Novosphingobium
rosa, GeG27T represents a new species, for which the
name Novosphingobium terrae is proposed. Its environ-
mental adaptation repertoire can be assessed by the exist-
ence of a varied set of genes related to polysaccharide
catabolism, particularly xylan and hemicellulose, as well
as genes conferring the ability to degrade recalcitrant
aromatic compounds. Remarkably, in addition to the
main chromosome, we could detect and annotate a sec-
ondary megabase-sized replicon, most likely a chromid
[18], one of the largest reported to date.
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Material and methods
Bacteria isolation and cultivation

The microorganism was isolated from soils sampled at a
native area of Cerrado, a savannah-like Brazilian biome,
located at the Reserva Ecolégica do IBGE, Brasilia, Bra-
zil (15°55' S, 47°51" W), in January 2014. The isolate,
denominated strain GeG2", was initially grown in solid
media, prepared homogenizing 5% (w/v) of the soil sample
with distilled water, filtered in depth filters (pore size of
10 to 20 pm) to remove coarse particles, added with 1.5%
(w/v) of agar, and sterilized in the autoclave. Media were
supplemented with ampicillin (150 pg/mL), streptomycin
(50 pg/mL), chloramphenicol (20 pg/mL), and itraconazole
(0.25 mg/mL) before inoculation. Plates were incubated at
28 °C and cultures were transferred into fresh media approx-
imately once a month. For strain GeG2" isolation, colonies
were transferred to minimal medium (MM, per liter: 0.1 g
KH,PO,4; 0.2 g (NH,),S0O,, 0.1 g MgSO,.7H,0; 0.02 g
CaCl,.2H,0; 0.2 g NaCl; 0.1 g yeast extract; 0.05% glu-
cose; 15 g bacteriological agar, pH 5.5), using the standard
streak plate technique to obtain pure cultures. Plates were
incubated at 28 °C for 48 h and strain GeG2" was stored
at— 80 °C in sterile MM containing 20% (v/v) glycerol.

16S rRNA gene analysis

16S rRNA gene was amplified from genomic DNA extracted
from cultures using a standard phenol—chloroform method.
Briefly, cells were harvested from culture plates and resus-
pended in a lysis buffer containing 25 mM Tris—HCl, 10 mM
EDTA, 200 pg/mL proteinase K, 100 pg/mL RNAse A, and
0.6% (w/v) SDS. After incubation for 1 h at 37 °C, an equal
volume of phenol:chloroform:isoamyl alcohol mixture
(25:24:1) was added. The aqueous phase was then treated
with chloroform:isoamyl alcohol (24:1) and DNA was pre-
cipitated with 0.3 M NaCl and cold ethanol. After washing
with 70% ethanol (v/v), the extracted DNA was dried and
re-suspended in ultra-pure H,O.

The 16S rRNA gene of strain GeG2T was amplified by
polymerase chain reactions (PCR) using universal bacterial
primers 27F (5’AGAGTTTGATCCTGGCTCAG3')/1492R
(5" GGTTACCTTGTTACGACTT?3’) [19]. PCR reactions
were performed in a Bio-Rad PTC-100® (Peltier Thermal
Cycler) employing the following cycle conditions: 5 min at
95 °C, followed by 30 cycles of 1 min at 95 °C, 1 min at
55 °C, 2 min at 72 °C, and a final extension of 10 min at
72 °C. PCR products were purified with Wizard® SV Gel
and PCR Clean-Up System (Promega) and ligated to the
pGEM-T easy® vector (Promega), according to the manu-
facturer’s instructions. Plasmid extraction was performed
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with phenol:chloroform:isoamyl alcohol at 25:24:1 (v:v:v)
and Sanger sequencing was carried out by Macrogen Inc.
(Seoul, Korea) using universal primers T7 e SP6. The
EzTaxon-e server (available at https://www.ezbiocloud.net)
[20] was used to calculate the similarity between 16S rRNA
gene sequences of GeG2T and other strains (Accessed in
August 2022).

Physiological and chemotaxonomic characterizations

A Novosphingobium rosa strain, DSM 72857, was obtained
from the Leibniz-Institut Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (DSMZ) and used as a reference
strain for comparative phenotypic analyses against GeG2".
Growth of both strains in TSA (Trypticase Soy Agar—BD
Difco™), LB (Luria—Bertani, per liter: 5 g yeast extract;
10 g NaCl; 10 g tryptone), NA (Nutrient Agar—Kasvi, Bra-
zil), and MM media was assessed. Unless mentioned other-
wise, for all further characterizations, both bacterial strains
were cultured on MM containing glucose (0.05%—w/v) as
a carbon source, at 28 °C.

Growth of GeG2" and reference strain DSM 72857 in
different temperatures (4, 15, 20, 28, 33, 37, and 42 °C)
and different pH (4.0 to 9.0 in 1.0-unit intervals, buff-
ered with 50 mM MES—pH 4.0 to 6.0; MOPS—pH 7.0 or
Tris—pH 8.0 and 9.0) was evaluated in agar plates incu-
bated for 1 week. Salinity requirement and tolerance were
evaluated on solid MM supplemented with 0, 0.1, 0.3, 0.5,
0.8, 1.0, 1.5, 2.0, and 3.0% (w/v) of NaCl. Hydrolysis of
starch was analyzed in solid MM supplemented with solu-
ble starch (0.5%—w/v) and revealed with iodine vapor
after 7, 14, and 24 days [21]. Catalase activity was deter-
mined by assessing bubble production by cells in 3% (v/v)
H,0, [21]. Growth under anaerobic conditions was tested
in agar medium supplemented with cysteine hydrochloride
(0.05%—w/v), sodium sulfide (0.05%—w/v), and potas-
sium nitrate (0.1%—w/v) [22]. Anaerobic glass jars were
prepared under a nitrogen atmosphere, sealed with rubber
stoppers and aluminum seals, and incubated at 28 °C for
35 days. Jars maintained under aerobic conditions were
used as controls. Nitrate reduction, indole production,
urease and gelatinase tests, assimilation and oxidation of
various carbon compounds, and enzyme activities were
carried out by the Identification Service of DSMZ Leibniz
Institute, using the API 20NE and API ZYM kits (bioMé-
rieux), according to the manufacturer’s instructions.

Antibiotic susceptibility profiles of strain GeG2T were
evaluated by the agar diffusion method using antibiotic-
impregnated discs [23, 24], with bacterial suspensions
spread over MM plates, incubated at 28 °C for 48 h. The
tested antibiotics were nalidixic acid (30 pg), amika-
cin (30 pg), amoxicillin + clavulanic acid (20+ 10 pg),

ampicillin (10 pg), cephalothin (30 pg), cefepime (30 pg),
cefoxitin (30 pg), ceftazidime (30 pg), cefuroxime (30 pg),
ciprofloxacin (5 pg), clindamycin (2 pg), chlorampheni-
col (30 pg), erythromycin (15 pg), gentamicin (10 pg),
levofloxacin (5 pg), meropenem (10 pg), nitrofurantoin
(300 pg), norfloxacin (10 pg), oxacillin (1 pg), penicillin
(6 pg), rifampicin (5 pg), tetracycline (30 pg), trimetho-
prim + sulfamethoxazole (1.25+23.75 pg), and vancomy-
cin (30 pg).

Fatty acid compositions of strains GeG2T and DSM7285"
grown in solid MM for 72 h were determined following the
standard protocol of the Sherlock Microbial Identification
System (version 6.2) [25]. Briefly, approximately 40 mg of
bacterial biomass harvested from third quadrants was sub-
mitted to saponification in 1 mL methanol/sodium hydrox-
ide solution (150 mL deionized water, 150 mL methanol,
45 g sodium hydroxide), followed by methylation in 2 mL
of 6 mol/L methane in HCI and extraction with 1.25 mL
hexane:tertbutyl ether (1:1). The fatty acid profiles were
analyzed by gas chromatography (Agilent 7890A) using the
RTSBA6 method/library. Analysis of strain GeG2" polar
lipids and respiratory quinones was performed by the Iden-
tification Services of DSMZ Leibniz Institute, following
standard protocols [21, 26, 27].

Protein profiles analyses by MALDI-TOF

Protein profiles of strain GeG2T and the reference strain
DSM7285" were determined by MALDI-TOF mass spec-
trometry. Proteins were extracted using the protocol
described by [28] and then spotted (1 pL of protein extrac-
tion) in technical sextuplicates on a 96-well target steel plate,
covered by 1 pL of 10 mg/mL a-cyano-4-hydroxycinnamic
acid (HCCA) matrix (50% (v/v) acetonitrile, 0.3% (v/v) tri-
fluoroacetic acid) and let dry at room temperature. Spectra
were obtained in an Autoflex Speed II MALDI-TOF/TOF
(Bruker Daltonics) in positive linear mode, 2000-20,000 m/z
range, acquiring 2000 successful shots per spot using Flex-
Control 3.0 software. In total, 10,000 laser shots were accu-
mulated for each spectrum. Spectra were further analyzed
in MALDI Biotyper 3.0 software [29] which compares each
sample mass spectrum to reference mass spectra in the Bio-
typer database and calculates a score value between 0 and
3 reflecting their similarity. GeG2T and DSM 7285 main
spectra profiles (MSP) were compared to each other and Bio-
typer database. Scores of > 2.0 were accepted as reliable for
identification at the species level, > 1.7 but < 2.0 at the genus
level, and scores < 1.7 were considered unreliable, as speci-
fied by the manufacturer. All experiments were performed
in a biological sextuplicate. A dendrogram was constructed
using MSP information from each replicate on MALDI Bio-
typer 3.0 software.
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Microscopy

GeG2" morphological characterizations were performed
by light and electron microscopy analyses. Fresh or Gram-
stained cells grown on solid or liquid media were observed
by phase-contrast or bright field microscopy, respectively,
in an Axio Scope.Al (Zeiss, Germany) microscope. Scan-
ning electronic microscopy (SEM) was performed in cells
grown in liquid media for 72 h or 14 days and fixed on
Karnovsky’s fixative solution [30]. Images were generated
with a JEOL JSM-7001F microscope (JEOL Ltd., Tokyo,
Japan). Transmission electron microscopy (TEM) analyses
were conducted in the Center of Microscopy at the Univer-
sidade Federal de Minas Gerais using bacterial cells grown
for 7 days in liquid or solid media and posteriorly cryofixed
by high-pressure freezing (HPF) or cells grown for 14 days
in liquid media and fixed on Karnovsky’s fixative solution.

Genome sequencing and assembly

Genomic DNA was extracted from cultures using the same
phenol—chloroform method used for 16S rRNA amplifica-
tion, mentioned above. Genomic DNA integrity and quality
were assessed by agarose gel electrophoresis and spectro-
photometry (NanoDrop™, Thermo Fisher Scientific Inc.).
DNA quantification was carried out by fluorometric assay
for double-stranded DNA (Qubit™, Thermo Fisher Scien-
tific Inc.). Genome sequencing was performed at Macrogen
Inc., Korea, using a combination of Illumina and PacBio
technologies. Illumina libraries were constructed with
TrueSeq DNA shotgun PCR-Free (350 bp) kits and PacBio
20 kb bluepippin systems. Sequencing was performed on
Illumina HiSeq 2000 (paired-end sequencing) and PacBio
RS (2 SMRT cells) platforms, respectively.

Quality control on Illumina short reads was performed
with FastQC v0.11.5 [31] and TrimGalore v0.6.0 (https://
github.com/FelixKrueger/TrimGalore) was used, with
default parameters, to filter reads and trim bases based
on quality threshold. PacBio reads were extracted using
pbh5tools v0.8.0 (https://github.com/PacificBiosciences/
pbh5tools), applying the ngs-preprocess pipeline (https://
github.com/fmalmeida/ngs-preprocess), with default param-
eters. Additionally, [llumina paired-end reads were merged
with PEAR v0.9.8 [32] to increase overall read length and
help in the assembly step. Preprocessed Illumina and PacBio
reads were assembled with the reads merged by PEAR using
the program Unicycler v0.4.7 [33], with default parameters,
in hybrid mode, and assembly statistics were assessed with
QUAST v5.0.1 [34], both part of the MpGAP pipeline
(https://github.com/fmalmeida/MpGAP). Genome complete-
ness was assessed using BUSCO v3.1.0 [35] and CheckM
v1.0.13 [36], using sphingomonadales_odb10 and o_Sphin-
gomonadales (UID3310) reference datasets, respectively,
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with both tools executed with default parameters. Circular
representations for the different genome replicons were gen-
erated with DNAPIotter [37].

Whole-genome-based taxonomic analyses

Genome-based taxonomic identification was performed
by OGRI (overall genome relatedness index) estimations
and phylogenomic analyses performed through the Type
Strain Genome Server (TYGS) [38] and TrueBac ID [39]
services. Average nucleotide identity (ANI) between the
GeG2" genome and 198 Novosphingobium genomes down-
loaded from GenBank—NCBI (Accessed in September
2022) was calculated with FastANI v1.33—1 [40], using
default parameters. The phylogenetic tree based on con-
catenated core orthologous genes from genomic sequences
of 40 Novosphingobium strains, including strain GeG2T
and ANI closely related strains, as well as reference spe-
cies, was reconstructed by using the MICROB1AL1Z3R
web server (https://microbializer.tau.ac.il/) [41]. Sphingo-
monas paucimobilis NCTC11030 (NCBI accession number
GCA_900457515.1) was used as an outgroup.

Whole-genome alignment between strain GeG2" and N.
rosa NBRC 15208 (GCF_001598555.1), the only genome
available for the species in NCBI, was performed with
MUMmer toolkit v3.1 [42]. Alignments with at least 1 kb
length and 90% identity were used to draw a circular visu-
alization of alignments with ggbio [43].

Genome functional annotation

Genome annotation was performed with Prokka v1.14.0
[44] and rRNA sequences were predicted with Barrnap
v0.9 (https://github.com/tseemann/barrnap). Gene func-
tions based on KEGG Orthology were predicted with
KofamScan v1.3.0 [45], all orchestrated with the bacan-
not pipeline (https://github.com/fmalmeida/bacannot).
Plasmid sequences were predicted using Plasflow v1.1
[46] and sequence similarity against known plasmids was
calculated with the NCBI’s Microbial Nucleotide Blast.
Dinucleotide relative abundance distance between genome
replicons was determined as described in [47]. Clusters of
Orthologous Genes (COG) assignments were performed by
eggNOG-mapper v2 [48] and the two-proportions Z-test
was used with the prop.test, R language built-in function,
to calculate significance between the proportions of COG
categories annotated in the replicons. Metabolic pathways
and oxygenases were determined with the KEGG Orthology
database [49]. Predictions of carbohydrate-active enzymes
(CAZymes) were made with the dbCAN2 meta server [50],
from which only CAZymes predicted by at least 2 tools
were considered. All the tools were executed with default
parameters.
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Results and discussion

Isolation, growth, and 16S rDNA-based
phylogenetic analysis

A bacterial strain, denominated GeG2T, was isolated from
microbial enrichments obtained from the Cerrado soils, an
extremely biodiverse environment with a vast microbial
genetic repertoire and biotechnological potential [51, 52].
Growth in solid minimal medium (MM) resulted in white,
circular (2-3 mm diameter), convex colonies, with regular
edges and a shiny appearance. Light microscopy analysis
revealed GeG2T cells to be Gram-negative, motile, and
rod-shaped, with dimensions ranging from 1.3 to 2.3 pm in
length and 0.3-0.6 pm in width.

Nearly complete 16S rRNA gene fragments of strain
GeG2" were obtained by PCR amplification and sequenced.
All 22 sampled amplicon sequences (1450 bp) were identical
and comparisons with sequences from the EzBioCloud data-
base [20] revealed the highest similarity with Novosphingo-
bium rosa NBRC 15208 (100% rDNA sequence identity,
with 95% of sequence coverage), followed by Novosphin-
gobium lotistagni THG-DN6.20" (97.59%), Novosphingo-
bium oryzae ZYY112" (97.02%), and Novosphingobium
barchaimii LL02" (96.95%).

Although highly useful for the initial taxonomic classifi-
cation of microorganisms, resolution limitations in the phy-
logenetic analysis based solely on 16S rRNA gene sequences
are often reported, especially at the species level [53-55],
indicating that additional approaches must be employed for
the delimitation of bacterial species [56, 57]. For instance,
despite a 99.9% similarity observed between Novosphin-
gobium pentaromativorans US6-1T and Novosphingobium
sp. PP1Y 16S rRNA genes, comparisons based on whole-
genome sequences and chemotaxonomic traits suggest that
these strains are different species [58, 59]. For this rea-
son, physiological, chemical, morphological, and whole
genome-based analyses of strain GeG2" were carried out,
as described in the following sections.

Physiological and chemotaxonomic
characterizations

Considering the highest 16S rRNA gene identity observed
between strain GeG2" and Novosphingobium rosa, a type
strain of this species, DSM 72857, was obtained from DSMZ
microorganism collection (Leibniz Institute, Germany) and
used as the reference strain for comparative phenotypic anal-
yses. Differently from N. rosa DSM 72857, strain GeG2"T
was unable to grow in several rich media, such as Trypti-
case Soy Agar, Nutrient Agar, and Luria—Bertani medium
(Table 1). Some Sphingomonadaceae members isolated

from soils are known to exhibit better growth in low nutri-
ent culture media [13] and the characteristic low nutrient
availability of Cerrado soils [60] could probably have driven
GeG2T strain adaptation to oligotrophic growth conditions.

Morphological differences were observed between colo-
nies of strain GeG2" and N. rosa DSM 7285" grown in MM
for 48 h, with colonies of strain GeG2" presenting a whit-
ish and viscous aspect, while N. rosa DSM 72857 colonies
were smaller, drier, and yellow-pigmented (Supplemen-
tary Fig. S1). Both bacterial strains grow in temperatures
between 15 and 33 °C, with optimal growth at 28 °C, and
pH 4.0 to 7.0, though while N. rosa DSM 72857 grows in
NaCl concentrations ranging from 0 to 1.5%, strain GeG2T
only grows up to 1% NaCl (Table 1). Starch hydrolysis was
not observed for N. rosa DSM 72857, whereas GeG2" was
positive after 14 days of incubation in MM containing both
glucose and starch, or only starch (Table 1, Supplementary
Fig. S2). Furthermore, even though Novosphingobium mem-
bers were initially described as strict aerobes [61], some
species have recently been identified as facultative anaerobes
[62, 63]. As reported for N. pentaromativorans US6-1T [62],
the slow growth of strain GeG2" under anaerobic conditions
was detected (after 30 days), which was never observed for
N. rosa DSM 7285" (Table 1).

Antibiotic susceptibility profiles based on disc-diffusion
tests (see Methods) revealed strain GeG2T to be resistant
to several antibiotics, with susceptibility observed only to
tetracycline and rifampicin. A similar resistance pattern was
observed for N. rosa DSM 7285, which, in addition to tet-
racycline and rifampicin, was also susceptible to trimetho-
prim/sulfamethoxazole. Although information regarding
resistance mechanisms in Sphingomonadaceae is still scarce,
soil and rhizosphere isolates belonging to this family are
generally resistant to various kinds of antimicrobial agents
[64] and have been identified to constitute an environmental
reservoir of the antibiotic resistome [65].

Additional biochemical characterizations were performed
with API 20NE and API Zym kits and revealed similar over-
all biochemical profiles for strain GeG2T and N. rosa DSM
7285T (Table 1). However, although weak positive activi-
ties of chymotrypsin, f-glucuronidase, and nitrate reduc-
tion were detected for strain GeG2T, N. rosa DSM 728571
presented negative results for these traits. Moreover, while
GeG2T was negative for N-acetyl-p-glucosaminidase, a
weak positive activity was observed for N. rosa DSM 7285"
(Table 1).

As expected for members of the Sphingomonadaceae
family [13, 61], the major respiratory quinone identified
in GeG2T cells was Q10 (>95%), with Q9 also detected
in smaller amounts. Major fatty acids were C¢.q (24.62%),
Cig.0 (21.84%) and C 4. ,07¢/C 4. w6¢ (18.18%) (Table 2).
Despite presenting similar composition, proportions of dif-
ferent fatty acids varied considerably between GeG2" and
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Table 1 Differential

o . T Characteristic 1 2 3
characteristics of strain GeG2
and typz strai;s of related Isolation source Cerrado soil Rose rhizosphere Lotus pond
Novosphingobium species. .
Strains: 1. GeG2™: 2. N. Colon.y color White Yellow Yellow
rosa DSM 7285" (data from Cell size (pm):
this study); 3. N. lotistagni Width 0.3-0.6 0.3-0.5 0.6-0.8
THG-DN6.20" (data from Length 13-2.3 1.0-1.9 0.9-4.2
[6]. All strains are positive .
. . Motility + + -
for hydrolysis of aesculin;
catalase; oxidase; assimilation Growth on TSA - + w
of glucose, arabinose, and Growth on NA =¥ + +
maltose; alkaline phosphatase, Growth on LB ik + -
acid phosphatase, naphthol- Growth conditions:
AS-BI-phosphohydrolase,
B-galactosidase, a-glucosidase, pH 47 47 ND
and B-glucosidase activities. NaCl (%) 0-1 0-1.5 0-1
All strains are negative for Temperature (°C) 15-33 15-33 442
hydrolysm of gelatm and urea; Facultatively anaerobic growth + - -
indol production; glucose i
fermentation; assimilation of Hydrolysis of starch + - -
mannitol, caprate, adipate, Nitrate reduction w - -
malate, citrate, phenylacetate; Assimilation of:
arginine dihydrolase, lipase B
(C14), and a-mannosidase Mannose ) +
activities. +, positive; —, N-Acetylglucosamin + w w
negative; w, weakly positive; Gluconate + w -
-* no growth after first transfer; Enzyme activities of:
ND, no data Esterase (C4) w + w
Esterase lipase (C8) w w w
Leucin-arylamidase + + w
Valin-arylamidase + + w
Cystin-arylamidase w w w
Trypsin - +
Chymotrypsin w - +
a-Galactosidase - - +
B-Glucuronidase w +
N-Acetyl-f-glucosaminidase - w -
a-Fucosidase - - w
DNA G +C content (mol%) 63.57 64.50 63.10

N. rosa DSM 72857, for which the major fatty acids detected
were Cg.,07¢/Cg.,w6¢ (38.71%), followed by C,,., 2-OH
(19.65%) and C4. (14.84%) (Table 2). Notably, while the
unsaturated fatty acid C,g.;w9c¢ represented a considerable
fraction of fatty acids (8.29%) in GeG2" cells, it was only
detected in trace amounts (< 1%) in N. rosa DSM 72857
cells grown under the same conditions (Table 2).

The polar lipids of strain GeG2" included phosphatidyl-
glycerol (PG), phosphatidylethanolamine (PE), sphingo-
glycolipid (SGL), diphosphatidylglycerol (DPG), besides
an aminolipid (AL) and unidentified lipids (Supplementary
Fig. S3). Interestingly, even though phosphatidylmonometh-
ylethanolamine (PME) and phosphatidyldimethylethanola-
mine (PDE) are commonly identified in Novosphingobium
members [66], including N. rosa [67], these polar lipids were
not detected in strain GeG2". Differences in polar lipids and
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fatty acids profiles between strain GeG2T and the N. rosa
strain suggest that these bacteria do not belong to the same
species, as sphingomonads species can be distinguished
from each other due to qualitative and/or quantitative varia-
tions in these chemotaxonomic components [68].

Protein profile analyses by MALDI-TOF

Comparative analysis of protein profiles by MALDI-TOF
mass spectrometry was performed to further demon-
strate the distinctive phenotype of strain GeG2T. While
main spectra profiles (MSP) obtained for strain DSM
7285T matched those from the species Novosphingobium
rosa (scores >2.0), MSP generated from GeG2T protein
extracts showed identification scores lower than 2.0 when
compared to DSM 7285 MSP and MALDI Biotyper®
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Table2 Whole-cell fatty acid contents (%) of strain GeG2T and the
closest related species Novosphingobium rosa DSM 7285". Both
strains were grown on MM agar at 28 °C for 72 h. TR, trace (< 1%);
-, not detected

Fatty acid GeG2" N. rosa
DSM 7285"
Cizo TR -
C,3.0anteiso TR TR
Ciso 1.85 1.30
Ci402-OH 7.22 19.65
Ciso 24.62 14.84
C,7. anteiso TR -
C,7. cyclo TR -
Cizo TR -
Ci5.1@9¢ 8.29 TR
Ciso 21.84 7.82
C19:0 iso TR -
Cig. cyclo w8c 1.92 2.18
Caoo TR -
Cig.107¢/C 4. 06C 11.97 13.88
C5.,07c/C 5., 06C 18.18 38.71

database, suggesting that this strain represents a new spe-
cies, not yet represented in the database containing over
8000 strains. Furthermore, dendrogram analysis of gener-
ated MSP shows that GeG2T and N. rosa DSM 72857 are
grouped in different clades, even when external groups are
added (Supplementary Fig. S4), further indicating that they
belong to different species.

Fig. 1 Transmission electron
micrograph of strain GeG2T
cells showing intracytoplasmic
electron-dense granules (A

and B) and scanning electron
micrographs of strain GeG2T
cells surrounded by amorphous
polymeric matrix, with the
characteristic aspect of exopoly-
saccharides (EPS) (C) and
presenting smooth or granular
surfaces (D). Magnifications
and scale bars are indicated
under each micrograph. IG,
intracytoplasmic granule. CM,
cytoplasmic membrane. OM,
outer membrane. P, peptidogly-
can layer

—
15.0kv SET SEM WD _18.4mm X 23,000

Morphological characterization of GeG2 cells
by electronic microscopy

Transmission electron micrographs of strain GeG2" cells
revealed one or two intracytoplasmic electron-dense gran-
ules (70-150 pm in diameter) per cell, mostly located in
the central portion of the cytoplasm (Fig. 1A and B).
The observed granules exhibit a characteristic aspect of
polyphosphate (poly-P) granules or acidocalcisomes, sub-
cellular structures enriched in phosphorus compounds,
and different cations [69]. While acidocalcisomes are
membrane-encapsulated, poly-P granules lack surround-
ing membranes and, even though recent studies suggested
that these are different subcellular structures that can be
simultaneously found in alphaproteobacterial species
[70], the presence of surrounding membranes in GeG2"
granules could not be determined by electron microscopy.
Further microscopic and chemical analyses are required
to elucidate the nature and function of the electron-dense
granules observed in strain GeG2T. However, as poly-P
molecules are involved in diverse physiological and regu-
latory mechanisms in bacteria such as response to nutri-
ent starvation and oxidative, acid, osmotic, or UV stresses
[69], it is tempting to speculate that the granules observed
in GeG2T cytoplasm could represent an adaptative strategy
to thrive in nutrient deprived conditions encountered in
the minimal medium as well as native Cerrado soils [60].

Scanning electron micrographs of GeG2" cells grown
in liquid MM revealed aggregated cells surrounded by
an amorphous polymeric matrix, with the characteristic

lpm  IMM_UnB lpm  JEOL-UnB

15.0kv SET SEM WD _16. 1mm!
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aspect of exopolysaccharides (EPS) (Fig. 1C). Sphingo-
monadaceae members are known for their ability to pro-
duce diverse EPS, generically denominated sphingans,
presenting important applications in bioremediation,
pharmaceutical, and food industries [14]. Some of the
functions already described for bacterial EPS in soils are
drought protection, nutrient trapping, aggregation, and
biofilm structure, providing important benefits in stress
responses [71]. A recent study revealed that Enterobacter
EPS can alter the soil microbiome, as well as nutrients
availability, to allow the microorganisms to better cope
with heavy metal soil contamination [72].

Moreover, heterogeneities in cell surfaces among dif-
ferent GeG2T cells have also been identified: some showed
a smooth uniform aspect, while others were granular and
rough, a characteristic aspect of outer membrane vesicle
(OMV) producers (Fig. 1D) [73, 74]. Although initially
characterized in pathogenic Gram-negative bacteria [75],
OMVs produced by environmental species have been
increasingly studied and their varied composition under
different conditions suggests diverse biological functions,
including nutrient acquisition, stress responses, biodegrada-
tion of aromatic compounds, surfactant actions, and biofilm
formation [73, 76-79].

Planktonic-sessile dimorphism of strain GeG2"

After sequential transfers in liquid MM, isolate GeG2T was
found to grow as either planktonic motile cells or sessile-
aggregated non-motile cells that form macroscopic flocks
of different sizes (Supplementary Fig. S5). This phenom-
enon, also observed in other sphingomonads, is known as
planktonic sessile dimorphism [80-82]. As reported for
other species [80], flock formation by strain GeG2" seemed
to be influenced by different growth parameters. While cul-
ture agitation increased flock formation, cultures incubated
without agitation or in flasks containing greater volumes of
media showed fewer macroscopic flocks and more homoge-
neous turbidity, indicating that greater oxygen levels may
favor cell aggregation and extracellular matrix production.
Increased flock formation was also observed in non-agi-
tated cultures grown for extended incubation periods (over
4 days).

Scanning electron micrographs from agitated cultures
grown for 14 days and presenting several flocks revealed
long extracellular fibers forming a network connecting the
cells, as well as an extracellular matrix enclosing them
(Fig. 2A). An increased number of cells with granular sur-
faces were also identified, suggesting that OMV production
could be favored in these cultivation conditions (Fig. 2B).
Moreover, spherical structures resembling large vesicles,
with diameters ranging from 150 to 250 nm, were identi-
fied among cell aggregates (Fig. 2B). Similar extracellular
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Fig.2 Scanning electron micrographs of strain GeG2" cultures pre-
senting macroscopic flocks grown in MM for 14 days. Cells present-
ing granular surfaces are indicated by white arrows and spherical
structures resembling large vesicles are indicated by yellow arrows.
Magnifications and scale bars are indicated under each micrograph

structures were reported for environmental bacteria grown
in minimal media containing different hydrocarbons, in
which an emulsifying activity and optimization of substrate
assimilation roles were proposed [83, 84]. Furthermore, the
formation of macroscopic flocks composed of aggregated
cells embedded in an extracellular matrix rich in size-vary-
ing vesicle structures has recently been described for Novo-
sphingobium sp. PP1Y grown in minimal media containing
glutamate as the sole carbon source, suggesting a potential
role of vesicles in nutrient acquisition under limiting condi-
tions [79]. Likewise, it is possible that the vesicles associ-
ated with GeG2T cell aggregates observed after long incu-
bation periods may be related to better nutrient assimilation
under oligotrophic conditions.

Genome assembly and genome-based taxonomic
analyses

To further improve its characterization, the complete
genome sequence of strain GeG2" was assembled using a
combination of long and short-read sequencing approaches,
resulting in a high-quality and contiguous assembly total-
izing 7,162,928 bp, distributed in 6 contigs, with a total
GC content of 63.57% (Table 3). Four circular replicons
were identified: a 4,164,843 bp chromosome (GC content:
64.23%), a 2,710,928 bp extrachromosomal megareplicon
(GC content: 62.93%), and two plasmids — pGeG2a and
pGeG2b—with 212,687 and 68,553 bp (GC content of 61.41

Table 3 Statistics of strain
GeG2T genome assembly
performed with a hybrid
approach using both short

Feature Value

Number of contigs 6

(Illumina) and long reads Largest contig (bp) 4,164,843
(PacBio) Total size (bp) 7,162,928
N50 4,164,843
L50 1
GC (%) 63.57
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and 55.61%, respectively) (Fig. 3). Two additional contigs
containing the entire rRNA operon and tRNA genes (with
5,558 bp and 359 bp) were assembled separately from the
chromosome by Unicycler (Supplementary Fig. S6) possibly
due to difficulties associated with the resolution of highly
repetitive regions [33].

The complete genome sequence of strain GeG2T offers
a new perspective regarding its relationship with N. rosa,
given the context of 100% sequence identity of their 16S
rRNA genes. Initially, we could ascertain that the GeG2"
16S rRNA gene sequence predicted from the genome assem-
bly (1,486 bp) was identical to the sequences obtained
by direct colony PCR amplification followed by Sanger
sequencing (1450 bp). As recently proposed [56], overall
genome-related indexes (OGRI) were calculated to better
evaluate the taxonomic classification of strain GeG2T. As
shown in Table 4, average nucleotide identity (ANI) and

4000000

3500000

Chromosome
4,164,843 bp

2000000

212,687 bp

Q/

125000

100000

Fig.3 Circular maps and genetic features of the chromosome, chro-
mid, and plasmids of strain GeG2™. From outside to center: forward
CDS (green), reverse CDS (light blue), genomic islands (brown),

1000000

digital DNA:DNA hybridization (IDDH) values obtained
for these isolates (90.38% and 42.60%) are markedly diver-
gent, considering the generally accepted species boundary
of 95-96% and 70% for ANI and dDDH, respectively [56].
Moreover, genome-based taxonomic analyses performed in
both Type Strain Genome Server (TYGS) [38] and TrueBac
ID [39] servers identified that strain GeG2T does not belong
to any species currently found in their databases, further
indicating that it represents a new species within the genus
Novosphingobium (Supplementary Fig. S7, Supplementary
File S1). Finally, we carried out a whole-genome alignment
between strain GeG2T and N. rosa NRBC 152087, Setting
a threshold of 90% identity in 1 kb blocks, it is possible to
observe in Fig. 4 a sizeable number of unaligned regions in
the chromosome (24% unaligned blocks) and even more in
the megareplicon (65%), indicating that the genomes are
divergent from each other.

Chromid

2,710,928 bp

pGeG2b

68,553 b

transposases (pink), tRNAs (purple), GC content, and GC skew (red
and dark blue). Replicons are not shown to scale
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Table 4 Statistics of genome
similarity between strain GeG2”

and closest Novosphingobium
genomes obtained from the
TYGS analysis

Genome ANI dDDH (%) 16S rRNA (%)
N. rosa NBRC 152087 90.339 42.6 100.000
N. naphthalenivorans NBRC 1020517 78.857 14.0 96.774
N. subarcticum KF1T 78.836 14.1 96.445
N. aromaticivorans DSM 124447 78.582 13.8 96.306
N. lindaniclasticum DSM 254097 78.469 14.1 96.577
N. guangzhouense DSM 322077 78.449 14.0 96.774

Expanding the comparative genomics analysis to inves-
tigate the phylogenetic relationships of this genus, we used
the genome sequences from 40 Novosphingobium species
(32 from different species, 6 from indeterminate species,
and the two strains above) to extract orthologous gene sets.
Using the M1CROB1AL1Z3R web server, a total of 178 core
genes (subset of genes shared among the 40 species) were
recovered and used to construct a maximum-likelihood phy-
logenetic tree, which was compared to a tree built using only
the 16S rRNA gene sequences from the same species above.
This comparison is shown in Fig. 5 and reveals a close, but
divergent, evolutionary link between strain GeG2" and N.
rosa NRBC 15208". Moreover, despite their 16S rRNA gene
identity, which was the only case among the 40 genomes
analyzed, it is evident the lower resolution of 16S rRNA
trees (in terms of branch lengths) and branch divergence
compared to the core genes tree.

Sequences
Strain GeG2' chromosome
Strain GeG2" chromid
2 = N. rosadNBRt_C 152087
mapped contigs
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Fig.4 Circular visualization of whole-genome alignment between
strain GeG2" (chromosome in grey and chromid in orange) and N.
rosa NBRC 15208 reference genome (in blue). Only genome align-
ment blocks with at least 1,000 nucleotides and 90% identity are
shown
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The genome is bipartite and contains a chromid

Besides the chromosome and two plasmids, an interesting
feature identified in the genome of strain GeG2" was the
presence of an extrachromosomal megareplicon (2.7 Mb)
(Fig. 3). Gene content and genomic signature analyses of
this replicon revealed both chromosomal and plasmid fea-
tures, commonly associated with chromids: replicons that
are normally larger than the accompanying plasmids but
smaller than the chromosome, presenting nucleotide com-
position close to that of the chromosome, but plasmid-type
replication and maintenance systems [18].

While plasmid replication and segregation genes belong-
ing to the alphaproteobacterial RepABC family have been
identified in the megareplicon of strain GeG27, close GC
content (A=1.2%) and dinucleotide relative abundance dis-
tance from the chromosome (< 0.4) were observed, support-
ing its classification as a putative chromid [47]. Furthermore,
the presence of one or more core genes that can be found in
the chromosome of related species is considered a distinctive
characteristic of chromids [18]. Indeed, genes involved in
important cellular functions, such as DNA polymerase Il €
and o subunits (genes dnaQ and dnaFE), pentose phosphate,
and pyruvate oxidation pathway genes were detected both
in the chromosome and in the putative chromid of strain
GeG2", based on KEGG annotations. Moreover, the align-
ment of sequences with coding potential predicted in the
chromosome and the megareplicon has allowed the iden-
tification of 29 genes with high nucleotide and amino acid
sequence similarities (> 85%) (Supplementary File S2).

Secondary megareplicons (> 350 kb) were identified in
all six fully resolved Novosphingobium genomes evaluated
by [17], suggesting that multipartite genomes may be a
common characteristic of this genus. In this context, strain
GeG2" stands out since its 2.7 Mb secondary replicon is the
largest reported to date for Novosphingobium species, fol-
lowed by a 2.2 Mb replicon identified in Novosphingobium
sp. P6W [85], a 1.7 Mb replicon from N. resinivorum SA1T
[17] up to a 487.3 kb putative chromid in the genome of
N. aromaticivorans DSM 12444 T [47]. Interestingly, the N.
rosa NBRC 15208" genome assembly (GCF_001598555.1),
used for comparative purposes with GeG2T, does not report
any plasmids or chromids. However, the pairwise genome
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Core genes

Sphingomonas_paucimobilis_ NCTC11030

16S rRNA

‘Sphingomonas_paucimobiis_NCTC11030

5714
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Fig.5 Comparison of phylogenetic trees of 40 Novosphingobium spe-
cies based on core genes (left) and 16S rRNA genes (right). The trees
show phylogenetic positions of strain GeG2T and the 39 Novosphin-
gobium genomes selected based on the highest ANI values to GeG2T.
A total of 178 core genes were identified and used to construct a max-
imum-likelihood phylogenetic tree using the MICROB1AL1Z3R web

alignment, shown in Fig. 4, reveals several NBRC 152087
contigs mapping to GeG2T chromid, which may be an indi-
cator of additional replicons yet unresolved and underscores
the benefits of hybrid sequencing strategy, using both short
and long reads, resulting in the high-contiguity assembly
obtained for GeG2™

Next, we set out to explore if the chromosome and chro-
mid of GeG2" share sequence identity to probe their evolu-
tionary paths. DNA sequence alignments of both replicons
were performed using NCBI’s blastn and results were fil-
tered to keep only hits with 100% similarity and longer than
1000 bp. Using these thresholds, only six hits of approxi-
mately 1300 bp have been identified. Interestingly, we
found a single region of the chromid (between the positions
1,657,174 and 1,655,854) matching three different locations
in the chromosome. Inside this genomic region, two IS3
family transposases, namely IS868 and ISRtr2, have been
found in tandem. Altogether, these results indicate distinct
evolutionary routes between the chromosome and chromid,
and that transposable elements may mediate DNA exchange
between these megareplicons in GeG2T, even though on a
very limited scale.

Gene annotation

In total, 6,124 genes (3,697 in the chromosome) were pre-
dicted in the genome of strain GeG2", including 3 rRNAs
(collapsed in the rRNA operon in contig 5), 57 tRNAs, and
6,063 protein-coding sequences (CDS). A putative function

N . SYSU_G00007 I PR}
N_jiangmenen se_1Y9A - !
N ans_DSM_12444

server [41]. The 16S rRNA gene-based tree was inferred from Global
Blast Distance Phylogeny (GBDP) distances by the TYGS server
[38]. Branch lengths are displayed in the bottom scales and only the
bootstrap support values below 100% are indicated in the core genes
tree. Sphingomonas paucimobilis NCTC 110307 was used as an out-

group

was assigned to 3,706 of the protein-coding genes, while
2,357 were annotated as hypothetical proteins.

Functional analysis based on clusters of orthologous
groups of proteins (COGs) assigned 5,746 CDS predicted
from strain GeG2" genome to one or more COG functional
classes, which were then sorted into 21 groups, as shown
in Fig. 6A. As frequently observed in bacterial multipartite
genomes [86—88], functional biases were detected between
the genomic replicons of strain GeG2". While proteins
involved in essential processes such as DNA replication and
repair (L), cell division (D), translation machinery (J), and
cell wall/ membrane biogenesis (M) are mostly present in
the chromosome, enrichment of genes involved in inorganic
ion transport and metabolism (P), transcription (K) and car-
bohydrate transport and metabolism (G) are observed in the
secondary megareplicon (Fig. 6A). These categories were
shown to be primarily enriched in chromids rather than in
megaplasmids [47], further corroborating the classification
of GeG2" megareplicon as a chromid and indicating that it is
likely related to adaptative roles and responsive behaviors to
environmental changes [88]. However, unlike other bacterial
species in which cellular motility (N) and signal transduction
mechanism (T) categories are overrepresented in chromids
[88, 89], most genes associated with these functions are
chromosomal in strain GeG2" (Fig. 6A). Also, the majority
of putative proteins assigned to the unknown function COG
category (S) are present in the chromosome, differently from
other sphingomonads, in which hypothetical proteins were
mainly found in secondary replicons [90].
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Fig.6 COG functional cat-
egories (A) and carbohydrate-
active enzymes (CAZymes)

(B) predicted in each replicon
of strain GeG2T genome. COG
categories with significantly dif-
ferent proportions as shown by
the two-proportions Z-test are
indicated with *. D: cell cycle
control, cell division, chromo-
some partitioning; M: cell wall/
membrane/envelop biogenesis;
N: cell motility; O: post-trans-
lational modification, protein
turnover, chaperone functions;
T: signal transduction mecha-
nisms; U: intracellular traffick-
ing, secretion, and vesicular
transport; V: defense mecha-
nisms; Z: cytoskeleton; A: RNA
processing and modification; B:
chromatin structure and dynam-
ics; J: translation, ribosomal
structure, and biogenesis; K:
transcription; L: replication
and repair; C: energy produc-
tion and conversion; E: amino
acid metabolism and transport;
F: nucleotide metabolism and
transport; G: carbohydrate
metabolism and transport; H:
coenzyme metabolism and
transport; I: lipid metabolism
and transport; P: inorganic ion
transport and metabolism; Q:
secondary metabolites biosyn-
thesis, transport, and catabo-
lism; S: function unknown.

GT: glycosyl transferases;

GH: glycosyl hydrolases; CE:
carbohydrate esterases; CBM:
carbohydrate-binding module;
AA: enzymes for the auxiliary
activities; PL: polysaccharide
lyases
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Regarding the plasmids detected in strain GeG2T
(pGeG2a and pGeG2b), sequence similarity searches
against the NCBI database did not result in any significant
alignment, indicating they are newly identified plasmids
with still unknown functional properties, as depicted by
the fact that most CDS detected in these replicons were
annotated as hypothetical proteins. Genes related to cation
efflux (cusC) and drug efflux systems (emrB, emrK, stp)
have been predicted in pGeG2a, suggesting a potential
role of this plasmid in drug resistance [91]. Moreover,
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functional analyses based on COGs revealed that while
transcription (K), amino acid transport/metabolism (E),
and carbohydrates transport/metabolism (G) were the
main functional categories detected in pGeG2a, proteins
predicted in pGeG2b were predominantly (almost 40%)
attributed to trafficking, secretion and vesicular trans-
port category (U) (Supplementary Table S1), frequently
associated with resistance to toxic compounds [47, 92,
93]. Considering the indication of vesicle production by
strain GeG2" detected in SEM micrographs (Fig. 2B), it
is tempting to speculate that the numerous genes from this
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functional category identified in its plasmid pGeG2b, as
well as in its chromosome and chromid (Fig. 6A), could
be related to this phenotype. Furthermore, a consider-
able fraction of predicted proteins in both plasmids were
also attributed to replication, recombination, and repair
functions (category L) (Supplementary Table S1). Gene
enrichments from categories L and K have been reported
for plasmids of several bacterial species and are possibly
associated with replication and conjugation processes [47,
92], and the identification of tra and trb genes in both plas-
mids from strain GeG2" indicates their conjugative nature.

Biochemical pathways inferred from gene
annotation

Strain GeG2T genome encodes an extensive repertoire of
enzymes involved in carbohydrate metabolism, compris-
ing 41 glycosyl transferases (GTs), 131 glycosyl hydrolases
(GHs), 11 carbohydrate esterases (CEs), two polysaccha-
ride lyases (PLs), and seven enzymes for auxiliary activi-
ties (AAs), totalizing 192 carbohydrate-active enzymes
(CAZymes; Fig. 6B, Supplementary File S3), a higher num-
ber than previously reported for other Sphingomonadaceae
[90, 94]. As shown by COG analysis, many genes encoding
CAZymes are found in the chromid (89; 47%), especially
GHs and AAs (Fig. 6B), indicating an important role of this
replicon in polysaccharide catabolism [95].

Among GHs encoded in the genome, 40 (23 in the chro-
mid and 17 in the chromosome) belonging to families related
to the degradation of xylan and other hemicellulose compo-
nents (GH3, GHS, GH8, GH10, GH16, GH30, GH43, GH51,
GH67, GH115) were identified, as well as CEs involved in
the removal of the side chains from substituted xylose units
(CE1 and CE4), revealing a large potential of strain GeG2"
for plant biomass degradation [95]. Moreover, five GHs clas-
sified in families GH106 and GH78 of a-L-rhamnosidases,
enzymes involved in many essential microbial functions
and biotechnological applications [96], were detected in the
GeG2T chromid (three GH106 genes) and chromosome (one
GH78 and one GH106). The recent isolation and characteri-
zation of an a-L-rhamnosidase produced by Novosphingo-
bium sp. PP1Y hydrolyzing various glycosylated flavonoids
reveal interesting biotechnological potential associated with
these enzymes [97]. Furthermore, CAZymes associated with
the biosynthesis of oligosaccharides, polysaccharides, and
glycoconjugates (GTs) are mainly encoded in the chromo-
some (Fig. 6B). As reported for different EPS producers [98,
99], most GTs were classified in families GT2 and GT4,
which include enzymes with diverse origins and functions
(e.g., cellulose synthases, chitin synthases, glycosyltrans-
ferases) [100].

Metabolic profiles predicted from KEGG revealed that, as
reported for other 22 Novosphingobium genomes [17], strain

GeG2T encodes the complete glycolysis, pentose phosphate,
and tricarboxylic acid cycle pathways. While many genes
involved in carbon metabolism are found both in the chro-
mosome and the chromid (Supplementary Fig. S8), genes
involved in nitrogen metabolism are encoded exclusively in
the chromosome, including extracellular nitrite and nitrate
transporter, nitrite reductases (nirB/nirD), and nitronate
monooxygenase (ncd2), as well as genes encoding the Amt
family of ammonium transporters.

Interestingly, member genes were interspersed in the
chromosome and the chromid for some pathways. While
alkane sulfonate assimilation genes (ssuABCD), the only
extracellular sulfur assimilation pathway detected in the
GeG2T genome, were found exclusively in the chromid,
genes involved in sulfate, sulfite, and sulfide metabolism
are encoded solely in the chromosome (Fig. 7). Moreover,
except for hisC, all genes related to histidine biosynthesis
(hisG, hisE, hisJ, hisA, hisF, hisB, hisN, hisD) are exclu-
sively found in the chromosome, whereas genes encoding
enzymes responsible for the conversion of histidine into
glutamate (hutH, hutU, hutl, hutF, hutG) were detected in
the chromid. Similarly, genes involved in de novo purine
synthesis are encoded in the chromosome and many genes
for purine degradation and salvage pathways were identi-
fied exclusively in the chromid of strain GeG2". Curiously,
even though taurine dioxygenase (fauD) was identified in
all 27 Novosphingobium genomes from diverse habitats
analyzed by [101], none of the genes associated with the
taurine assimilation pathway could be detected in the GeG2"
genome (Fig. 7).

Genes for three secretion systems as well as the twin-
arginine translocation (Tat) and secretion (Sec) pathways
were detected in the genome of strain GeG2". Interestingly,
all genes associated with type IV secretion system (T4SS),
Tat, and Sec pathways are located in the chromosome, while
complete type I and type VI secretion systems (T1SS and
T6SS) are coded in the chromid. T4SS has been identified
in the chromosome of many bacterial species [102, 103],
including Sphingomonas [14], and has been associated with
horizontal DNA transfer and secretion of bacterial interac-
tion mediators [104]. T1SS is widely distributed among
Gram-negative bacteria and is frequently associated with
efflux mechanisms that lead to resistance to several com-
pounds in Sphingomonadaceae [14]. Although initially
identified as a typical virulence factor [105], T6SS is now
recognized as a versatile secretion system, commonly found
in soil bacteria, with roles in the assimilation of scarce ions,
inter-bacterial competition, and different interactions with
the environment [106]. The detection of T1SS and T6SS
secretion systems in the chromid of strain GeG2T can fur-
ther suggest an important role of this replicon in adaptative
responses to environmental changes and interactions with
other soil microorganisms.
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Fig.7 Schematic representation of sulfur metabolism genes identi-
fied in strain GeG2T chromosome (in blue) and chromid (in orange).
Genes associated with the assimilation of environmental sulfur com-
pounds that were not detected in the genome of strain GeG2" but can

Aromatic compound degradation

Members of Novosphingobium and related genera are recog-
nized for their ability to degrade several xenobiotics and aro-
matic compounds [17]. A large number of monooxygenases
and dioxygenases were detected in the strain GeG2T genome
(Supplementary Table S2). These enzymes catalyze the ring
cleavage step critical to the aerobic degradation of aromatic
compounds and are essential for the metabolism of a wide
variety of recalcitrant substances [107]. Although additional
experimental confirmations are still necessary, taking into
consideration the number and classes of monooxygenases
and dioxygenases identified in the genome of strain GeG27T
(Supplementary Table S2) that share the same annotation
with the ones previously reported for Novosphingobium
species known to be able to degrade compounds such as
hexachlorocyclohexane, pentachlorophenol, biphenyl, phen-
anthrene, pyrene, benzo(a)pyrene, naphthalene, fluorene,
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Cysteine and
methionine metabolism

be found in other Novosphingobium species [101] are represented
in grey. APS, adenosine phosphosulfate; PAPS, phosphoadenosine
phosphosulfate

among others [11, 17, 62, 82, 100, 108], strain GeG2T is
probably able to metabolize different aromatic compounds.

Interestingly, contrary to the observed for N. aromati-
civorans DSM 12444, Novosphingobium sp. P6W, Novo-
sphingobium sp. PP1Y, N. pentaromativorans US6-1T, and
Novosphingobium sp. THN1, in which mono and dioxygenases
are primarily encoded in chromosomes instead of their sec-
ondary megareplicons [17], most monooxygenases from strain
GeG2" are found in the chromid. On the other hand, dioxyge-
nases are detected in the chromosome and chromid (Supple-
mentary Table S2). Analysis of known pathways for aromatic
compound degradation revealed that, although monooxyge-
nases usually associated with the first steps of toluene and
xylene degradation (fmoA and xylM) could not be annotated in
strain GeG2" genome, all other genes for enzymes associated
with the biodegradation of these compounds could be identi-
fied (Fig. 8). Furthermore, many genes from the upper path-
way of aromatic compounds degradation producing catechol
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Fig.8 Pathways associated with the degradation of aromatic com- (benD-xylL); 1.13.11.1: catechol 1,2-dioxygenase (carA); 5.5.1.1:

pounds, obtained with the KEGG Mapper tool, indicating genes
detected in the chromosome (in blue), the chromid (in orange), or in
both replicons (in pink) of strain GeG2T genome. 1.1.1.90: aryl-alco-
hol dehydrogenase; 1.2.1.28: benzaldehyde dehydrogenase (xylC);
1.14.12.10: benzoate/toluate 1,2-dioxygenase subunit alpha (benA-
xylX); 1.3.1.25: dihydroxycyclohexadiene carboxylate dehydrogenase

intermediates were identified both in the chromosome and the
chromid, while all genes related to catechol orthoclivage to
tricarboxylic acids are encoded in the chromosome (Fig. 8).

Conclusion

In this study, we isolated a novel bacterial strain (GeG2T)
from soils of a native area of Cerrado, a highly biodi-
verse biome located in Central Brazil. Based on the
16S rRNA gene sequence, strain GeG2T belongs to the

muconate cycloisomerase (catB); 5.3.3.4: muconolactone D-isomer-
ase (catC); 3.1.1.24: 3-oxoadipate enol-lactonase (pcaD); 1.13.11.2:
catechol 2,3-dioxygenase (dmpB-xylE); 5.3.2.6: 4-oxalocrotonate
tautomerase (praC-xylH); 4.2.1.80: 2-keto-4-pentenoate hydratase
(mhpD)

alphaproteobacterial genus Novosphingobium, presenting
100% nucleotide identity (95% coverage) with previously
characterized species Novosphingobium rosa. Albeit this
fact, we conducted thorough morphological, biochemical,
and genomic analyses to describe GeG2™. This strain pre-
sented planktonic-sessile dimorphism and microscopical
analyses indicated the production of exopolysaccharide,
variable-sized extracellular vesicles as well as intracyto-
plasmic electron-dense granules with the characteristic
aspect of polyphosphate granules or acidocalcisomes.
The complete genome of GeG2" was resolved through a
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combination of long and short-read sequencing approaches
revealing a multipartite architecture consisting of a chro-
mosome (4.2 Mb), an extrachromosomal megareplicon
(2.7 Mb), and two plasmids (212 and 68 kb). Although
experimental demonstrations would be ideally necessary
for a definitive classification of the secondary megarepli-
con identified in GeG27, the identification of chromosomal
signatures and plasmid-type replication and maintenance
systems indicates that it is a chromid [47]. Genome-based
taxonomic identification, including overall genome relat-
edness index (OGRI) estimations and phylogenomic anal-
ysis, indicated a clear distinction between strain GeG2T
and other Novosphingobium representatives, even N. rosa,
despite their 100% 16S rRNA gene similarity. Further-
more, whole-genome sequence alignment between strain
GeG2" and N. rosa NBRC 152087 further demonstrated
their dissimilarity. In terms of gene space, a broad spec-
trum of carbohydrate metabolism enzymes and the large
number of monooxygenases and dioxygenases identified
in the genome of strain GeG2" reveal its great potential
for plant biomass degradation, polysaccharide produc-
tion, and degradation of diverse aromatic compounds. In
summary, a polyphasic characterization, including physi-
ologic, chemotaxonomic, MALDI-TOF protein profile,
and whole genome-based analyses, indicates that strain
GeG2" represents a new species within the Novosphingo-
bium genus for which the name Novosphingobium terrae
sp. nov. is proposed.

Description of Novosphingobium terrae sp. nov.

Novosphingobium terrae (ter’rae. L. gen. fem. n. ter-
rae, of soil, referring to the isolation source of the type
strain). Cells are Gram-negative bacilli, with 0.3-0.6 pm
in width and 1.3-2.3 pum in length. Colonies grown in
minimal media (MM) were white, circular, convex, with
regular edges, shiny appearance, and about 2-3 mm in
diameter. Growth occurs at 15-33 °C, pH 4-7, and NaCl
concentrations from 0 to 1% (w/v). The cells are posi-
tive for aesculin hydrolysis, catalase and oxidase activity,
assimilation of glucose, arabinose, mannose, N-acetyl-
glucosamine, maltose, gluconate, and activities of alkaline
phosphatase, leucine-arylamidase, valine-arylamidase,
acid phosphatase, naphthol-AS-BI-phosphohydrolase,
B-galactosidase, a-glucosidase, and B-glucosidase weakly
positive for nitrate reduction, esterase C4 and esterase
lipase C8. negative for hydrolysis of gelatin and urea,
indol production, glucose fermentation, assimilation of
mannitol, caprate, adipate, malate, citrate, phenylacetate,
arginine dihydrolase, lipase C14, and a-mannosidase
activities.

The type strain, GeG2T (= CBMAI 2313 T=CBAS
753 T) was isolated from Cerrado soils collected in Brasilia,

@ Springer

Brazil (15°55’ S, 47°51" W). The DNA GC content of the
type strain is 63.57 mol %. The 16S rRNA gene sequence
(MT325926.1) and the complete genome sequence of Novo-
sphingobium terrae GeG2T (GCA_017163935.1) have been
deposited in GenBank.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42770-022-00900-4.
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