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Abstract

We performed high-quality genome sequencing of eight strains of the species of the genus Tepidimonas and examined the
genomes of closely related strains from the databases to understand why Tepidimonas taiwanensis is the only strain of this
genus that utilizes glucose and fructose for growth. We found that the assimilation of these hexoses by T. taiwanensis was
due to the presence of two transporters that are absent in all other genomes of strains of members of the genus Tepidimonas
examined. Some strains lack genes coding for glucokinase, but the Embden—Meyerhof-Parnas pathway appears to be oth-
erwise complete. The pentose phosphate pathway has a complete set of genes, but genes of the Entner—Doudoroff pathway
were not identified in the genomes of any of the strains examined. Genome analysis using average nucleotide identity (ANIb),
digital DNA-DNA hybridization (dDDH), average amino acid identity (AAl) and phylogenetic analysis of 400 conserved genes
was performed to assess the taxonomic classification of the organisms. Two isolates of the genus Tepidimonas from the hot
spring at Sao Pedro do Sul, Portugal, designated SPSP-6" and SPSPC-18 were also examined in this study. These organisms
are mixotrophic, have an optimum growth temperature of about 50 °C, utilize several organic acids and amino acids for growth
but do not grow on sugars. Distinctive phenotypic, 16S rRNA gene sequence and genomic characteristics of strains SPSP-6"
and SPSPC-18 lead us to propose a novel species based on strain SPSP-6" for which we recommend the name Tepidimonas

charontis sp. nov. (=CECT 9683"=LMG 308847).

The slightly thermophilic species of the genus Tepidimonas are
classified in the class Betaproteobacteria and the order Burk-
holderiales, but this genus is not assigned to a family by LPSN
(http://www.bacterio.net/-classifphyla.html#tepidimonas).
The genus comprises seven species with validly published
names, Tepidimonas ignava [1], Tepidimonas aquatica [2],
Tepidimonas taiwanensis [3], Tepidimonas thermarum [4]
and Tepidimonas fonticaldi [5], Tepidimonas sediminis and
Tepidimonas alkaliphilus [6], while the species ‘Tepidimonas
arfidensis’ [7] has not been validly published.

With the exception of T. taiwanensis, none of the strains
of this genus grow in a minimal medium with glucose and
fructose as sole carbon and energy source. The type strains
of all species of this genus assimilate individual organic acids
and amino acids for growth. Moreover, the strains examined
oxidize thiosulfate in the presence of an organic carbon
source, indicating that the strains are mixotrophic.

Chemoorganotrophic and mixotrophic bacteria that do not
utilize sugars for growth are not rare; these organisms may
lack specific sugar transporters or enzymes involved in the
Embden-Meyerhof-Parnas, the Entner-Doudoroff or the
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information about a genome sequence.

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA gene sequence of strains SPSP-6" and SPSPC-18 are MH590702 and MH590703,
respectively. Draft genome accession numbers of strains T. alkaliphilus YIM 72238" (KCTC 52717) (VJNBO000000O), 7. aquatica CLN-17 (DSM 14833)
(VJNADOO000QO), T. fonticaldi AT-A2" (LMG 26746) (VJOO00000000), T. ignava SPS-1037T (DSM 12034) (VJNC00000000), T. sediminis YIM 722597 (NBRC
112410) (VJND0O00Q000), T. taiwanensis 11-17 (LMG 22826) (VJOM00000000), T. thermarum AA-1T (LMG 23094") (VJOL00000000) and strain SPSP-6"

(LMG 308847) (VJONO0OOOOOO) have been deposited in GenBank/EMBL/DDBJ.

Seven supplementary tables and one supplementary figure are available with the online version of this article.
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pentose phosphate pathways. With the objective of under-
standing the conundrum that only one type strain of this
genus is capable of growing on hexoses, we performed high-
quality draft genome sequencing of eight type strains of T.
ignava, T. aquatica, T. fonticaldi, T. taiwanensis, T. thermarum,
T. sediminis, T. alkaliphilus and the type strain of one isolate
of the genus Tepidimonas from the hot spring at Sdo Pedro
do Sul, Portugal, designated SPSP-6". We also scrutinized two
genome sequences of strains closely related to the type strain
of T. taiwanensis 11-1%, namely strains VT154-175 and MB2
as well as a strain closely related to T. fonticaldi designated
PL17 [8, 9]. We also propose that strain SPSP-6" represents a
novel species for which we recommend the name Tepidimonas
charontis sp. nov.

Strains SPSP-6" and SPSPC-18 were isolated from water
samples at the hot spring at Sdo Pedro do Sul in Central
Portugal (40° 46’ N, 8° 4’ W) with temperatures of 65 and
50°C, respectively. The samples were maintained without
temperature control for 1day. Samples or dilutions of the
water samples were filtered through membrane filters
(Gelman type GN-6; pore size 0.45um; diameter 47 mm).
The filters were placed on the surface of solidified Thermus
medium (https://www.dsmz.de/microorganisms/medium/
pdf/DSMZ_Medium1033.pdf) [10]. The plates were wrapped
in plastic to prevent evaporation and incubated at 50 °C for
up to 5days. Cultures were purified by sub-culturing and the
isolates stored at —70°C in Thermus medium with 15% (w/v)
glycerol. Cultivation in Degryse medium 162 [11], containing
0.25% yeast extract and 0.25% tryptone, was later adopted
because this medium resulted in higher growth yields. The
strains of T. alkaliphilus YIM 72238" (KCTC 527177), T.
aquatica CLN-1" (DSM 14833"), T. fonticaldi AT-A2" (KCTC
23862"), T. ignava SPS-1037" (DSM 12034"), T. sediminis
YIM 72259" (NBRC 1124107%), T. taiwanensis 11-1T (LMG
22826") and T. thermarum AA-1" (LMG 23094") were used
for comparative purposes.

The growth temperature ranges of SPSP-6" and SPSPC-18
were examined with 5°C increments between 20 and 65°C
by measuring the turbidity at 610nm of cultures in liquid
Degryse medium as described previously. The pH range for
growth was examined at 50 °C in the same medium by using
50 mM MES, HEPES, TAPS and CAPSO over a pH range of
6.0 to 10.0 with 0.5 unit increments, in a rotary water-bath
shaker. Growth with added salt, 0.5 and 1% (w/v) NaCl, was
determined in liquid medium. Catalase and oxidase activities
and nitrate reduction were examined as described previously
[12].

Single-carbon source assimilation tests were performed
in a minimal medium composed of Degryse medium 162
basal salts containing filter-sterilized single carbon sources
(2.0g I'"), ammonium sulfate (0.5g 1) and a vitamin and
nucleotide solution at a final concentration of 40 pg 1! [4].
Growth of the strains on single carbon sources was exam-
ined by measuring the turbidity of cultures (at 610nm) in
20 ml screw-capped tubes containing 10 ml medium for up
to 7 days.
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Growth on thiosulfate was assessed on modified 69 medium
(https://www.dsmz.de/microorganisms/medium/pdf/
DSMZ_Medium69.pdf) containing the following compo-
nents per litre: Na HPO,.12H 0O, 10.6g; KH,PO,, 1.5g;
NH,Cl, 0,3 g; yeast extract, 1.0 g; 1 ml trace elements solution
SL-6 of medium 27 (https://www.dsmz.de/microorganisms/
medium/pdf/DSMZ_Medium?27.pdf) without the addition
of sulfate. A vitamin and nucleotide solution consisting of
thiamine, riboflavin, pyridoxine, biotin, folic acid, inositol,
nicotinic acid, pantothenic acid, p-aminobenzoic acid, cyano-
cobalamin, adenine, thymine, cytosine, guanine, cytidine,
uracil and inosine was added to modified 69 medium at a
final concentration of 40 pg 1! [4]. Concentrations of 0.5 and
1g I of thiosulfate was added to this media. At appropriate
intervals, the turbidity of the cultures was measured and
the levels of thiosulfate and sulfate in the supernatants were
measured using the methods described by S6rbo 1987 [13]
and Westley 1987 [14]. Motility of SPSP-6" and SPSPC-18 was
examined by phase-contrast microscopy (1000x) and with
the Ryu strain [15].

Cultures for fatty acid analysis were grown on R2A and
Degryse medium 162 at 50 °C for 24 h. Fatty acid methyl esters
(FAMEs) were obtained from fresh wet biomass, separated,
identified and quantified with the standard MIS Library
Generation Software, version 6.0, aerobe TSBA method
(Microbial ID, MIDI) as described previously [16].

Total genomic DNA of T. thermarum AA-1T (LMG 230947), T.
ignava SPS-1037" (DSM 12034"), T. aquatica CLN-17 (DSM
14833"), T. fonticaldi AT-A2" (KCTC 23862"), T. taiwan-
ensis 11-17 (LMG 228267), T. sediminis YIM 72259" (NBRC
112410"), T. alkaliphilus YIM 72238" (KCTC 52717") and
SPSP-6" (LMG 30884") was extracted following the method of
Nielsen et al. [17]. The purity of the DNA was verified by 1%
agarose gel electrophoresis. DNA quantity was measured by
fluorescence in an Invitrogen Qubit 2.0 fluorometer (Thermo
Fisher Scientific). The DNA was prepared for genome
sequencing using the Nextera XT DNA Library Preparation
Kit (Illumina). Bacterial genomes were sequenced on the
MiSeq (Illumina) with paired-end (PE) 2x300bp reads. The
draft genomes of strains MB2 (GCF_001481285.1), VT154-
175 (GCF_000807215.1) and PL17 (GCF_001675355.1) of
members of the genus Tepidimonas were obtained from public
databases.

Sequenced reads were filtered for quality with Trimmomatic
(version 0.30 [18]; and assembled with SPAdes (version 3.9.1
[19]). The resulting contigs were annotated with Prokaryotic
Genome Prediction 2 (PGP2). PGP2 uses Prodigal (version
2.6 [20]) for gene prediction, Barrnap (version 0.8; https://
github.com/tseemann/barrnap) for rRNA and tRNA genes
detection, and Prokka (version 1.12 [21]) for the annotation
of protein-coding genes. Gene annotation with Prokka uses
the SwissProt [22], HAMAP [23], TIGRFAMs [24] and Pfam
[25] repositories. Genes observed to be missing in the path-
ways were searched manually at the ends of the contigs and
were annotated. These genes were the sulfur-oxidizing protein
soxZ of T. aquatica, strain SPSP-6", T. taiwanensis I1-1" and


http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.519
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1033.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1033.pdf
http://doi.org/10.1601/nm.519
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.11097
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium69.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium69.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium27.pdf
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium27.pdf
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1857
https://github.com/tseemann/barrnap
https://github.com/tseemann/barrnap
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.10203

Albuquerque et al., Int. J. Syst. Evol. Microbiol. 2020;70:1596-1604

strain MB2, the phosphoglycerate kinase gene (pgk) of strain
SPSP-6" and the alpha chain of the nitrate reductase narG of T.
thermarum. Genome estimated completeness and contamina-
tion were verified with CheckM (version 1.0.7) [26].

Multiple sequence alignments were performed using MUSCLE
[27]. Phylogenetic trees were reconstructed with the neighbor-
joining (NJ) and maximum-likelihood (ML) algorithms using
MEGA (version X) [28]. For the NJ and ML algorithms, genetic
distances were calculated with the Jukes—Cantor model [29].
Bootstrap analysis based on 1000 replicates was used to
evaluate the resulting tree topologies.

Pairwise average nucleotide identity based on BLAST
(ANIb) was analyzed with JSpecies [30]. Digital DNA-DNA
hybridization (ADDH) was determined with the Genome-to-
Genome distance Calculator [31]. The amino acid identity
(AAI) phylogenetic tree based on 400 universally conserved
protein sequences was produced with PhyloPhlAn [32] to
provide additional information on the relationships between
members of the genus Tepidimonas.

The assembled genomes of the strains of members of the
genus Tepidimonas ranged from 2465 kbp for T. alkaliphilus
strain YIM 72238" to 3009 kbp for strain T. fonticaldi AT-A2"
(Table 1). The DNA G+C content of genomes ranged from
66.63% for strain SPSP-6" to 71.83% for T. sediminis YIM
72259". The completeness of the genomes examined ranged
from 98.91% for the draft genomes of strains VT154-175 and
AA-1" to 100% for the draft genome of T. fonticaldi AT-A2".
The genomes of strains of members of the genus Tepidimonas
had a variable number of rRNA genes ranging from three in
T. alkaliphilus YIM 722387 to twelve in the genome of strain
VT154-175.

Genes coding for enzymes involved in the hydrolysis of
starch, cyclodextrin and pullulan, namely alpha-amylase
(EC 3.2.1.1), beta-amylase (EC 3.2.1.2), pullulanase (EC
3.2.1.41) and cyclomaltodextrinase (EC 2.4.1.19), were not
identified in the genomes of any strains of members of the
genus Tepidimonas. Therefore, it should not be possible for
these organisms to obtain glucose or maltose from starch
that could be taken up in pure culture. The type strain of T.
taiwanensis has been reported to hydrolyze starch [3], while
another study has reported that starch was not hydrolyzed
by the same organism, corroborating the absence of starch
hydrolyzing-enzymes from the genome analyses [4].

The ability of the type strain of T. taiwanensis to grow on
glucose and fructose has been reproduced in laboratories that
examined these phenotypic characteristics [4, 6]. Likewise,
the inability of the other species of this genus to grow on
hexoses is also well attested. The genome sequences of the
organisms used in this study clarified the likely reasons why
the type strain of T. taiwanensis is able to use glucose and fruc-
tose while the other strains are not (Table S1, available in the
online version of this article). The genome analysis indicated
that glucose and fructose transporters only occur in the type
strain of T. taiwanensis, as well as strains MB2 and VT154-
175, where putative ABC glucose/mannose (gtsABCD) and
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Table 1. Summary of genome sequencing and annotation metrics

Strains: 1, Tepidimonas alkaliphilus YIM 72238 (VJNBO00000QO0); 2, Tepidimonas aquatica CLN-1T (VJNAQO0O00QO0); 3, Tepidimonas fonticaldi AT-A2" (VJOO00000000); 4, PL17 (GCF_001675355.1);

5, Tepidimonas ignava SPS-1037" (VJNC00000000); 6, Tepidimonas sediminis YIM 72259" (VJND0O0000000); 7, SPSP-6" (VJONOO000Q0O); 8, Tepidimonas taiwanensis 11-17 (VJOM00000000); 9, MB2

(GCF_001481285.1); 10,VT154-175 (GCF_000807215.1); 11, Tepidimonas thermarum AA-1T (VJOL0O0000000).

11

10

2672904 3009257 2740548 2715700 2533936 2808982 2859782 2813615 2924885 2703753

2465445

Assembled genome size (bp)

68.70

68.80 68.66

68.80

68.55 69.00 69.53 68.79 71.83 66.63

69.01

DNA G+C content (%)

2507 2758 2519 2563 2337 2634 2622 2591 2658 2552

2280

Protein-coding genes

2256 2407 2290 2217 2141 2208 2310 2291 2362 2260

2049

Genes with function prediction

2,2,2 2,2,2 2,1,1 2,2,2 2,1,1 2,2,2 2,2,2 2,2,2 4,4,4 2,2,2

1,1,1

Ribosomal genes (58, 168, 23S)

98.91

98.91

99.53 100 99.53 99.53 99.07 99.14 99.42 99.42

99.51

Estimated genome completeness (%)

0.96 0.00 1.17 0.03 0.15 1.05 0.03 0.18 0.05 0.47

0.00

Estimated contamination (%)



http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.11097

Albuquerque et al., Int. J. Syst. Evol. Microbiol. 2020;70:1596-1604

fructose (frcABC) transporters were the only two sugar
transporters identified. Moreover, we did not identify other
transport systems for hexoses, disaccharides or pentoses in
the genomes of any of the strains of members of the genus
Tepidimonas. The gene coding for glucokinase (EC 2.7.1.2)
was only identified in the genomes of T. aquatica CLN-17, T.
taiwanensis I1-17, strains MB2 and VT154-175. Otherwise all
other genes of the Emden—-Meyerhof-Parnas pathway were
identified in the genomes of strains of members of the genus
Tepidimonas.

The genes coding for the enzymes of the pentose phosphate
pathway, specifically glucose-6-phosphate 1-dehydrogenase
(EC 1.1.1.49), 6-phosphogluconolactonase (EC 3.1.1.31),
2-dehydro-3-deoxyphosphogluconate aldolase (EC 4.1.2.14)
and phosphogluconate dehydratase (EC 4.2.1.12), were also
identified in the genomes of T. taiwanensis I1-17, strains MB2
and VT154-175 but were not identified in any of the other
genomes. The pentose phosphate pathway can be predicted to
channel intermediates to glyceraldehyde-3-phosphate. Addi-
tionally, the gene coding for the enzyme 6-phosphogluconate
dehydrogenase (EC 1.1.1.44, EC 1.1.1.343) was not identi-
fied in any of the genomes analyzed, thus precluding the
utilization of the Entner-Doudoroft pathway by all strains.
Gluconeogenesis, as expected, was predicted in all strains of
members of the genus Tepidimonas examined because the
key enzyme fructose-1,6-bisphosphatase (EC 3.1.3.11) was
identified in all genomes.

Although the type strain of T. taiwanensis grows on glucose
and fructose, this strain, like all strains of this genus, does not
grow on any other carbohydrates examined, such as mannose,
galactose, trehalose, maltose, sucrose, ribose, L-arabinose,
xylose or polyol (Table S1). We were unable to identify genes
in any strains of members of the genus Tepidimonas that could
channel these carbohydrates to the Emden—-MeyerhofParnas
or the pentose phosphate pathways.

Enzymes of the TCA cycle were identified in all genomes of
members of the genus Tepidimonas. Genes coding for the
enzymes of oxidative phosphorylation were NADH dehydro-
genase (EC 1.6.5.11, complex I), succinate dehydrogenase/
fumarate reductase (EC 1.3.5.1, complex II), cytochrome bcl
(EC 1.10.2.2, complex III), cytochrome c oxidase cbb3-type
(EC1.9.3.1, complex IV) and an F-type ATPase (EC 3.6.3.14,
complex V) in all genomes.

Experimental nitrate reduction to nitrite has been observed
for the type strains of T. aquatica, T. fonticaldi, T. thermarum
and T. taiwanensis but not or the type strain of T. ignava
and strain SPSP-6" [5]. The strains of the members of the
genus Tepidimonas have variable genes involved in nitrogen
metabolism (Table S2). For example, the type strain of T. fonti-
caldi possesses the most complete set of genes of the species of
this genus, being predicted to be capable of reducing nitrate
to nitrous oxide via the products of norB (nitric oxide reduc-
tase, large subunit) and norC (nitric oxide reductase, small
subunit). The other strains, including the closely related strain
PL17, appear to lack genes norB and norC. Genes coding
for nitrate/nitrite transporters nasA/narK and the nitrate
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reductase complex narGHIJ were identified in the genomes
of T. aquatica CLN-17, T. fonticaldi AT-A27, strain PL17,
T. taiwanensis 11-1", strain VT154-175 and T. thermarum
AA-17, but not in T. alkaliphilus YIM 72238, strain SPSP-6"
and strain MB2. T. ignava SPS-1037" and T. sediminis YIM
72259" have genes coding for the nitrate/nitrite transporters
nasA/narK but the nitrate reductase complex narGHIJ was
not identified in the genome sequences. Nitrate did not
appear to be reduced by T. thermarum AA-1" experimentally
in one study but his strain has been reported to reduce nitrate
in another study [4, 5]. However, the genome predicts that
nitrate should be reduced to nitrite because this organism
possesses narGHIJ. The only gene involved in the reduction
of nitrate identified in SPSP-6" and T. alkaliphilus YIM 72238"
was NirB (nitrite reductase, NADH-dependent large subunit)
(Tables S1 and S2).

With the exception of strains PL17, MB2 and VT154-175
whose phenotypic characteristics are not available, and
the type strains of T. sediminis and T. alkaliphilus where
thiosulfate oxidation was not examined, all other strains of
members of the genus Tepidimonas oxidize thiosulfate to
sulfate experimentally. However, all genomes predict that
thiosulfate is oxidized to sulfate via the sox pathway, namely
the soxXABCDYZ genes.

The three subunit orthologs of the tripartite ATP-independent
periplasmic transporter (TRAP) that transport the C, -
dicarboxylates malate/fumarate (DctM, DctP and DctQ) were
identified in T. aquatica CLN-17%, T. ignava SPS-1037", T. alka-
liphilus YIM 72238 and T. taiwanensis 11-17. These organisms
use malate and fumarate as single carbon sources [33]. The
other type strains appear to have only the genes for the DctM
and DctP components or the DctM component alone. The
type strain of T. thermarum and strain SPSP-6" do not grow
on malate or fumarate. The type strain of T. fonticaldi does
not grow on malate but growth on fumarate was not tested,
while the type strains of T. sediminis and T. alkaliphilus were
not tested for the utilization of malate or fumarate (Table S1).

We only identified the genes for the tripartate tricarboxy-
late ABC system transporter for citrate composed of three
subunits (TctA, TctB and TctC) in the genome of the type
strain of T. taiwanensis and strain MB2. Strain VT154-175
has two components (TctB and TctC), while the other strains
of members of the genus Tepidimonas appear to have only
one component [34]. The type strain of T. taiwanensis is the
only organism, among those examined that uses citrate for
growth (Table S1).

The pairwise 16S rRNA gene sequence similarity determined
between strains SPSP-6" and SPSC-18 was 100%. These
isolates shared pairwise 16S rRNA gene sequence similarities
0f98.07, 98.38 and 98.44% with the type strains of T. ignava,
T. aquatica and T. taiwanensis. (Fig. 1, Table S3). The sequence
similarity between T. fonticaldi AT-A2" and strain PL17 was
99.86 %, indicating an extremely close relationship between
the two organisms. A close relationship of T. fonticaldi AT-A2"
with ‘T. arfidensis’ of 99.58% was also noted. The 16S rRNA
gene sequence analysis also indicated T. taiwanensis I1-1" to be


http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.11097
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.33189
http://doi.org/10.1601/nm.33190
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1857
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.1858
http://doi.org/10.1601/nm.1859
http://doi.org/10.1601/nm.10203
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.24089
http://doi.org/10.1601/nm.10203

Albuquerque et al., Int. J. Syst. Evol. Microbiol. 2020;70:1596-1604

63

87

67

52
s E——

(AY845054)

88 | Tepidimonas taiwanensis 11-17

;mﬁTepidimonas taiwanensis MB2 (AUQ40 RS04785)

Tepidimonas taiwanensis VT154-175 (PL21 RS05080)

Strain SPSP-6" (MH590702)
100'Strain SPSPC-18 (MH590703)
Tepidimonas aquatica CLN-1T (AY324139)
Tepidimonas ignava SPS-1037" (AF177943)
Tepidimonas alkaliphilus YIM 72238 (MF509266)
Tepidimonas sediminis YIM 72259" (MF509190)
— Tepidimonas thermarum AA-1T (AM042693)
"Tepidimonas arfidensis" (AY594193)

ﬁETepidimonas fonticaldi AT-A2T (JN713899)

85 ' Tepidimonas fonticaldi PL17 (KF206381)
Hydrogenophaga intermedia S17 (AF019037)
lydrogenophaga flava ATCC 336677 (AF078771)

Tepidicella xavieri TU-16T (DQ295805)

Brachymonas chironomi IMA4T (EU346912)

60

52

85

66 Polaromonas aquatica CCUG 394027 (AM039830)
L Tibeticola sediminis YIM 73013 (KX161735)
62 57 Pseudorhodoferax soli TBEA3T (EU825700)
Rhodoferax antarcticus ATCC 700587 (GU233447)
—Acidovorax caeni R-24608T (AM084006)
88 _|:Comamonas aquatica LMG 23707 (AJ430344)
100 Comamonas terrigena ATCC 8461 (AF078772)
_76|:Caldimonas taiwanensis On17 (AY845052)
Zhizhongheella caldifontis YIM 781407 (KF771277)

Leptothrix discophora SS-17 (L33975)
ﬂL_‘—Rubrivivax benzoatilyticus JA2T (AJ888903)
Rubrivivax gelatinosus ATCC 170117 (D16213)
Azohydromonas lata AM 12599 (AB188125)
Ideonella azotifigens 1a22" (EU542576)
Ideonella dechloratans CCUG 309777 (X72724)
Aquincola tertiaricarbonis L10T (DQ656489)

Aquabacterium commune B8 (AF035054)
Leptothrix mobilis Feox-1T (X97071)

0.020

Alcaligenes faecalis ATCC 87507 (D88008)

Fig. 1. Phylogenetic reconstruction based on 16S rRNA genes of strains of members of the genus Tepidimonas using the neighbor-joining
algorithm. The numbers at branching points represent bootstrap values from 1000 replications. Bar, 0.02 substitutions per nucleotide
position. The tree was rooted using the sequence of Alcaligenes faecalis ATCC 87507 (D88008).

closely related to strains MB2 and VT154-175 with sequence
similarities of 99.93 and 99.58%, respectively (Table S3). The
phylogenetic results of 16S rRNA gene analysis indicate that
SPSP-6" is located within a cluster comprising the type strains
of T. ignava, T. aquatica, T. taiwanensis, T. alkaliphilus and T.
sediminis. However, SPSP-6" is most closely related to the type
strains of T. ignava, T. aquatica and T. taiwanensis (Figs 1 and
S1). The phylogenetic results based on 400 conserved genes
were consistent with the 16S rRNA gene sequence results
(Fig. 2), corroborating the phylogenetic relations observed
for SPSP-6" within the genus Tepidimonas. The phylogenetic
analysis of 400 conserved genes also showed T. taiwanensis
I1-17, strains MB2 and VT154-175 to be very closely related
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to each other indicating that the three strains represent one
species. Strain PL17 and T. fonticaldi AT-A2" should also
probably be regarded as representing one species.

Additionally, the results of the genome comparisons, namely
ANIb, AAT and dDDH corroborated the results of the 16S
rRNA sequence analysis regarding the distinct species nature
of the lineages (Tables 2, S4 and S5). Based on a threshold
value of 95-96% for species delineation [35, 36], the ANIb
values indicate that SPSP-6", with ANIb values of about 80%
with other species constitutes a separate species of the genus
Tepidimonas. The ANIb value for T. fonticaldi AT-A2" and
strain PL17 of 97.46% indicates a very close relationship
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Fig. 2. Phylogenetic tree reconstruction of members of the genus Tepidimonas based on a set of 400 conserved bacterial genes. GenBank
accession numbers of the genomes are given in parentheses. Bootstrap values were calculated based on 1000 replicates. The scale bar

indicates the number of amino acid substitutions per site.

between these strains. The same is true of T. taiwanensis I1-17
with strains MB2 and VT154-175 that share ANIb values of
97.53 to 98.48%. In addition to the genomic values, these
are the only currently known strains that have genes for the
transport of glucose and fructose, and utilize these hexoses for
growth. On the basis of the ANIb values, the type strains of T.
aquatica and T. ignava are closely related (93.22 %). Neverthe-
less, this value is below the threshold value for delineation of
species (Table 2).

The AAT values, generally taken to have a cut off value of
around 70% to delineate genera [37], indicate that the strains
of members of the genus Tepidimonas, including strain SPSP-
67, belong to one genus because of higher AAI values (Table
S4). The genome of Tepidicella xavieri has high AAI values
with the species of the genus Tepidimonas (67.59 to 70.85%)
indicating that the organisms of the two genera are related,
but within a transitional zone of AAI values, making it diffi-
cult to have an opinion on the classification of the sole strain
of Tepidicella xavieri from the genomic analysis. However,
the phylogeny obtained for the 16S rRNA gene and for 400
conserved genes sequence analysis indicates that Tepidicella
xavieri is not closely related to the species of the genus Tepi-
dimonas 38, 39].

The genomic-based dDDH estimates have values of 79.8 to
87.20 % between T. taiwanensis strains I11-17, strains MB2
and VT154-175 (Table S5). These results are above the refer-
ence dDDH value of about 70% to delineate separate species
proposed by Stackebrandt et al. [35] leading us to the opinion
that the three strains represent members of the species T.
taiwanensis. Moreover, these three strains possess an ABC
glucose/mannose transporter that all other strains seem to
lack. The high dDDH value of 80.1% between T. fonticaldi
AT-A2T and strain PL17 also supports the view that these
two strains represent the same species. The low dDDH values
between other organisms of the genus Tepidimonas, notably
strain SPSP-6" sharing no more than 25.1 %, support the view
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that the organisms examined represent distinct species of the
genus Tepidimonas (Table S5).

The 16S rRNA gene sequence analysis, as well as the genomic
data, circumscribes all type strains of species of the genus
Tepidimonas, as well as strains PL17, MB2 and VT154-175 to
the genus Tepidimonas. Moreover, strains MB2 and VT154-
175 appear, based on the presence of glucose/mannose and
fructose transporters and the genomic results, to represent
Tepidmonas taiwanensis, while the close phylogenic and
genomic results ascribe strain PL7 to the species Tepidimonas
fonticaldi.

A small number of phenotypic characteristics of the type
strains of the species of the genus Tepidimonas distinguish
the strains from each other (Table S1). The fatty acid composi-
tions of the strains were obtained after the organisms were
grown in R2A and Degryse medium 162 agar plates for 24 h at
50 °C. These results indicated that the medium influenced the
fatty acid composition to a large extent (Tables S6 and S7). For
example, C _ cyclo was not detected in T. ignava SPS-1037"
and T. sediminis YIM 72259" grown on Degryse medium 162
but reached levels of 6.7 and 7.3%, respectively, when they
were grown on R2A agar. Nevertheless, the major fatty acids
of all strains were C _ , summed feature 3 (probably C . w6c¢
and/or C,_ ,w7c) and in some cases, C . cyclo and summed
feature 8 (C ,w6c and/or C,, wéc). However there were
differences in the concentrations of these fatty acids among
the type strains. For example, the combination of C _  cyclo
and C _ , after growth of the organisms on R2A and Degryse
medium 162, can distinguish strains SPSP-6" and SPSPC-18
from the other strains of species of this genus.

Many of the validly described prokaryotic species are only
based on a few distinctive phenotypic characteristics that
could represent interspecific diversity, since these novel
organisms are proposed on the basis of the description of
one strain alone. The species of the genus Tepidimonas are
an example of these considerations since strains SPSP-6"
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and SPSPC-18 have identical 16S rRNA sequences but have
slightly different phenotypic and fatty acid characteristics.

The novel species of the genus Tepidimonas represented by
strain SPSP-6" has very few phenotypic and chemotaxonomic
characteristics that distinguish this strain from the type strains
of the other species. The single carbon source assimilations,
with the exception of T. taiwanensis, sulfur oxidation and the
fatty acid composition are similar in all type strains of species
of the genus Tepidimonas (Tables S1, S6 and S7). However,
some phenotypic and chemotaxonomic characteristics indi-
cate that the organism represents a novel species; the fatty
acid composition indicated that SPSP-6" and SPSPC-18 can
be distinguished from other strains of members of the genus
Tepidimonas by combining the relative proportions of C
cycloand C,, . Except for strains SPSP-6" and T. alkaliphilus
YIM 722387, which possess only homologues for nirB, all
other strains possess genes coding for proteins involved in the
reduction of nitrate to nitrite. Considering the phenotypic,
genomic and the phylogenetic analysis based on 16S rRNA
gene sequence and on 400 conserved genes sequences clearly
confirms that strain SPSP-6" represents a species level taxon,
leading us to propose the name Tepidimonas charontis sp. nov.

DESCRIPTION OF TEPIDIMONAS CHARONTIS
SP. NOV.

Tepidimonas charontis (cha.ron'tis. L. gen. n. charontis of
Charon, the boatman who required payment to ferry the
ancient dead Greeks across the Rivers Styx and Acheron to
Hades.

Forms short rod-shaped cells 0.5-0.8um in width and
1.0-2.0um in length. Endospores are not formed. The
cells Gram-stain-negative and are motile by means of one
polar flagellum. Colonies on Degryse medium 162 are not
pigmented and are 1 to 2 mm in diameter after 48 h of growth.
The optimum growth temperature is about 50°C; growth
occurs in the range of 25-60 °C. The optimum pH is between
7.5 and 9.0; the pH range for growth is pH 6.5-9.5. Mixo-
trophic. Aerobic. Nitrate is not reduced to nitrite. Oxidase-
and catalase-positive. The major fatty acids are C,,  and
C,,w6cand/or C,  w7c. Yeast extract or growth factors are
required for growth. Thiosulfate is oxidized to sulfate. Several
organic acids and amino acids are utilized for growth, namely
succinate, lactate, pyruvate, acetate, glutamate, aspartate,
L-alanine, L-asparagine, L-lysine, L-glutamine, L-isoleucine
and L-ornithine, but the strains do not utilize carbohydrates
or polyols.

The type strain SPSP-6" (=CECT 9683=LMG 30884) was
isolated from a hot spring at Sdo Pedro do Sul in Central
Portugal. The genomic DNA G+C content of the type strain
is 66.63% (determined by genome sequencing). Strain
SPSPC-18 (=CECT 9684=LMG 30885) is an additional strain
of this species.

GenBank/EMBL/DDBJ accession numbers for the 16S
rRNA gene sequence of strains SPSP-6" and SPSPC-18 are
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MH590702 and MH590703, respectively. The draft genome
sequence of SPSP-6T (VJON00000000) has been deposited in
GenBank/EMBL/DDB].
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