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a b s t r a c t

From a collection of > 140 strains isolated from groundwater with thermal anomalies for the purpose of
obtaining good candidates with applications in the cosmetic industry, two strains were selected because
of their taxonomic novelty. Among the isolates, strains TMF_100T and TFM_099 stood out for their poten-
tial biotechnological relevance, and a comparative analysis of 16S rRNA gene sequences indicated that
these strains represented a new species of the genus Hydrotalea. In addition, from the public genomic
databases, metagenome-assembled genomes (MAGs) and single-cell amplified genomes (SAGs) could
be retrieved that affiliated with this genus. These MAGs and SAGs had been obtained from different envi-
ronmental samples, such as acid mine drainage or marine sediments. In addition to the description of the
new species, the ecological relevance of the members of this genus was demonstrated by means of den-
itrification, CRISPR-Cas system diversity and heavy metal resistance, as well as their wide geographical
distribution and environmental versatility. Supported by the taxonomic study, together with physiolog-
ical and morphological differences and ecological features, we concluded that strain TMF_100T repre-
sented a novel species within the genus Hydrotalea, for which we propose the name Hydrotalea
lipotrueae sp. nov.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Hydrotalea Kämpfer et al. 2011 is a genus of the phylum Bac-
teroidetes classified into the family Chitinophagaceae with the type
species H. flava [17]. Currently, the genus includes the two species
H. flava [17] and H. sandarakina [1]. The members of this genus
have a common phenotype, since they are orange- or yellow-
pigmented without flexirubins. Cells are non-motile rods, Gram-
stain-negative and aerobic with a salinity range of up to 1% [1].
All members described within this genus have been isolated from
aquatic environments and one of them is slightly thermophilic.
Recent studies have reported the potential implication of this
genus in acid environments with high concentrations of metals,
such as areas of mining activity [25,33]. These culture-
independent metagenome surveys of marine sediments and hot
springs showed the presence of metagenome assembled genomes
(MAGs) that affiliated with the genus Hydrotalea, which exempli-
fied the wide distribution of the family Chitinophagaceae [33].
The only species of this family that has been isolated from ground-
water is Heliimonas saccharivorans L2-4 T [23] from a subterranean
system similar to the one sampled in the current study.

Few insights into the ecological relevance of the Hydrotalea
genus have been reported, especially in environments where pH
or the presence of heavy metals determines the structure of micro-
bial communities [25,33]. The origins of the two Hydrotalea species
hitherto described represent aquatic environments, since H. flava
was isolated from industry distilled water and H. sandarakina from
hot spring water. However, some studies have reported that the
Hydrotalea genus forms part of the microbiota associated with
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insects [31], the gut bacterial community in freshwater herbivo-
rous fish species [46] or ruminants [26]. The functional implication
of Hydrotalea in their specific communities has also been
described, such as for example the codification for antibiotic resis-
tance genes in marine sediments [36]; or for the genes involved in
organic carbon remediation and pyrite oxidation that indicated
Hydrotalea was a member of the communities occurring in biolog-
ical heap leaching systems used for the decomposition of ores [51].
Overall, there is evidence for the wide distribution of this taxon in
different ecosystems, such as terrestrial or aquatic environments.
Finally, their gene content and metabolic potential could make
these organisms good candidates with potential applications in
the biotechnological industry.

The current study reports the identification of a new member of
the genus Hydrotalea obtained as a pure culture from a collection
of > 140 strains isolated from several groundwater samples with
thermal anomalies occurring in the south of the island of Mallorca,
Spain. The results contributed to revealing the presence of Hydro-
talea in these environments, since cultivable strains and metagen-
ome assembled genomes (MAGs) were isolated from the
groundwater samples. In addition, the study led to the description
of a new species of the genus Hydrotalea represented by strain
TMF_100T for which we propose the name Hydrotalea lipotrueae
sp. nov. The ecological relevance and environmental versatility of
the members of the genus Hydrotalea were also shown.
Materials and methods

Sampling and bacterial culture

Two bacterial strains, TMF_100T and TFM_099, were isolated
after direct plating from water collected in November 2016 from
an aquifer in the south of Mallorca Island (39�28044.100N
2�53009.600E), during part of a bioprospecting study associated with
groundwater samples for understanding their potential uses in the
cosmetic industry. Another five additional samples were obtained
from the groundwater in different areas of Mallorca Island and
their general features are detailed in Supplementary Fig. S1 and
Supplementary Spreadsheet S1. On the same day of collection,
samples were serially diluted using sterile buffer PBS1x (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4) spread
on different media (R2A, nutrient and M6 agar) and incubated at
30 �C, 40 �C and 50 �C until colonies were visible after a minimum
period of two weeks and a maximum of three months. Subse-
quently, colonies were subcultured on their original medium in
order to obtain pure cultures. Identification was carried out using
the tandem approach of MALDI-TOF MS and 16S rRNA gene analy-
sis, as described in previous studies [3,14,35,48,49]. From the six
samples, >140 microorganisms were isolated, of which two of
them (TMF_100T and TFM_099) affiliated with the genus Hydro-
talea using the 16S rRNA gene (see below). Pure cultures were
stored in cryoprotectant solution containing 13% (w/v) glycerol at
�80 �C. Random amplified polymorphic DNA (RAPD; [43]) was
used to reveal clonality between the strains. The RAPD primers
241–2120 (50-CTCAATGGCAGCGGCTATGG-30) and 241 + 9 (50-GTT
TCGCTCGATGCGCTACC-30) were applied for this purpose.
Phenotypic and chemotaxonomic characterization

The cellular morphology was examined using differential inter-
ference contrast (DIC, Nomarsky) microscopy (Zeiss Axio Imager)
after fixing the culture with 3% formaldehyde. Gliding motility
was analyzed using either the hanging drop method or a modified
protocol described by [7]. The growth temperature range (4, 10, 15,
20, 25, 30, 35, 40, 45, 50 and 55 �C), pH range (4–11 with incre-
2

ments of 1 pH unit) and growth with added NaCl up to 6% (w/v)
were undertaken in R2A broth after observing turbidity in the liq-
uid medium for up to 7 days. The pH of the medium was adjusted
using the following buffer systems: pH 5.0–8.0, 0.1 M citric
acid/0.2 M Na2HPO4; pH 8.0–9.0, 0.1 M Tris/0.1 M HCl; pH 9.5–
11.0, 0.05 M NaHCO3/0.1 M NaOH [14]. The presence of
flexirubin-type pigment in the culture was detected using 20%
(w/v) KOH solution as described by [6]. Hydrolysis of casein, starch,
tyrosine, Tweens 20 and 80 were determined according to the
method described by [11]. Catalase activity was detected by bubble
production in 3% (v/v) aqueous hydrogen peroxide solution and
oxidase activity was determined using swabs impregnated with
N,N-dimethyl-p-phenylenediamine dihydrochloride (Scharlab,
ref: 06–120-050). Anaerobic growth on R2A agar was performed
in an anaerobic jar using GENbox (BioMérieux, Lion). Other bio-
chemical and physiological characteristics were carried out with
API ZYM and API 20 NE (BioMérieux), according to the manufac-
turer’s instructions, incubated at 29 �C for 4 h and 32 �C for up
to 6 days, respectively. For the latter API test, results related to sole
carbon assimilation were discarded, since further analysis for the
same purpose was performed according to the method published
by [18]. Acid production from carbohydrates was determined using
API 50 CH, with API 50 CHB/E medium, incubated at 32 �C and the
results were read for up to 6 days. Fatty acids were extracted from
cell lysates of strain TMF_100T grown for 48 h at 28 �C on R2A agar.
Analysis of these lipid compounds was carried out according to the
method described by Kämpfer and Kroppenstedt [16] through the
separation of fatty acid methyl esters using gas chromatography
(5898A, Hewlett Packard). Peaks were automatically integrated
and fatty acid names and percentages were determined with Sher-
lock MIDI version 2.1 (TSBA version 4.1).
Genome sequence analysis

Sequencing the genome of strain TMF_100T was performed
using Illumina NovaSeq (2 � 150 bp, paired end reads) at the
Macrogen Company, South Korea. From raw reads, the subsequent
steps, which involved filtering, assembling and gene prediction,
were performed as described before [14]. The genome sequence
of strain TMF_100T was deposited in the NCBI database under
the accession number JAESDL000000000. The genomes of both
available type strains H. flava CCUG 51397T (LUHG01000000) and
H. sandarakina DSM 23241T (QKZV01000000), including the new
isolate TMF_100T, together with the closest relative MAGs and
SAGs (single-amplified genomes; see below) affiliated with the
genus Hydrotalea. All the genomes are available in the European
Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/
home), and they were annotated using the protocol described by
Roth E. Conrad (https://github.com/rotheconrad) for the SwissProt
and TrEMBL databases. Furthermore, comparative annotation was
performed between the results from the last step and those given
by rapid annotation using subsystem technology (RAST; [4]) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG; [19]). From
the latter database, a list of Kegg orthologs (KO) was used to recon-
struct the metabolic pathways. CRISPR spacer prediction was car-
ried out for all of them using the bioinformatic tool
CRISPRCasfinder, available as an online version at https://crispr-
cas.i2bc.paris-saclay.fr [10]. Venn diagrams were performed by

using the online tool from the Van de Peer Lab (http://bioinformat-

ics.psb.ugent.be/software/details/Venn-Diagrams). The average
nucleotide identity (ANI) between all the genomes was calculated
using the BLAST (ANIb) algorithm through the JSpecies web server
(v3.7.3; [40]). Average amino acid identity (AAI) was also calcu-
lated according to Konstantinidis and Tiedje [21] using the script
ani.rb from the Enveomics Collection [41]. From this collection,
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the HMM.essential.rb script was used to estimate completeness and
contamination for each genome analyzed in this study.
Metagenome analysis

Samples T2 and T6 were sequenced using Illumina HiSeq
(2 � 100 bp, paired end reads) and Illumina Nextera DNA XT
(2 � 150 bp, paired end reads), respectively. Metagenomic raw
reads were trimmed using Prinseq-lite tool v.0.20.4 by applying
the following parameters: min_length: 50, trim_qual_right: 30,
trim_qual_type: mean and trim_qual_window 20. To compare
the novel strain TMF_100T with similar genomes in other environ-
ments where Hydrotalea genomes had been retrieved, a total of ten
metagenomic datasets from acid mine water, marine sediments
and hot springs were used for this purpose. The origin of these
metagenomes was Brazil (4) [25,33], the Gulf of Khambhat (4)
[36], the Arabian Sea (1) [36] and Yellowstone (1) [53], which were
downloaded from ENA and JGI (Joint Genome Institute; https://
genome.jgi.doe.gov/portal/). Details concerning the dataset are
summarized in Supplementary Spreadsheet S2.

Recruitment of metagenomic reads against the reference gen-
omes of genus Hydrotalea (H. flava CCUG 51397T and H. sandarakina
DSM 23241T) and strain TMF_100T was carried out using BLASTn
[54], selecting reads with � 95% similarity and an alignment
length � 70%. In order to obtain the relative abundance of the ana-
lyzed genomes (% of reads), the number of mapped reads was
Fig. 1. Geographical distribution of the original samples from which one or more genom
sandarakina DSM 23241T. The name of the genomes retrieved from each location is give

3

divided by the total number of reads in each metagenome and
divided again by the size (bp) of the total length of the genome.
From recruitment plots, average and sequencing breadth were cal-
culated using the Enveomics Scripts Collection [41]. Metagenomes
of samples T2 and T6 have been deposited under study number
PRJEB46206.
Metagenome-assembled genomes (MAGs) and single amplified
genomes (SAGs)

A total set of ten MAGs and six SAGs (single amplified genomes)
identified as Hydrotalea species were available in the European
Nucleotide Archive (ENA), (https://www.ebi.ac.uk/ena/browser/
home) database [25,33,34,36], and they were included in the pre-
sent study in order to evaluate the ecological distribution of the
members of this genus (Fig. 1). In addition, eight MAGs originated
from a marine sediment metagenome in the Gulf of Khambhat and
they were available from within the project PRJNA598413 with the
following accession numbers: WVWQ01000001, WVXH01000001,
WVYD01000001, WVZD01000001, WVZT01000001,
WWAN01000001, WWBA01000001 andWWBX01000001. A single
MAG with accession number DTJW01000000 assembled from a hot
spring metagenome sample from Yellowstone National Park in
October 2012 (detailed information available under project acces-
sion number PRJNA480137), and one MAG from the Sossego Mine
(June 2014) with the accession number SCKY01000001 from
e sequences were obtained, including the type strains H. flava CCUG 51397T and H.
n in the corresponding boxes, together with their accession numbers in brackets.
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within the project PRJNA513256 were also included. Finally, six
SAGs were incorporated that had also been obtained from the same
acid mine drainage site from Brazil submitted within the project
PRJNA513256 under accession numbers FLNO01000000,
FLNP01000000, FLNQ01000000, FLNR01000000, FLNS01000000
and FLNT01000000. The map with the geographical distribution
of the MAGs and SAGs, including strain TMF_100T, was created
using the packages ggplot2, sf, rnaturalearth and rnaturalearthdata

in R Studio v 1.1.463 (http://www.r-project.org, TeamR RStudio,
2016).

Phylogenetic reconstruction based on 16S rRNA, core and
housekeeping genes

A phylogenetic tree was constructed based on 16S rRNA gene
sequences retrieved from a set of genomes analyzed in the present
study, which included the strain to characterize, as well as their
closest relatives and the MAGs and SAGs whose 16S gene sequence
was present in the genome. According to this, the small subunit
ribosomal was extracted using the barrnap v0.9 tool (https://
github.com/tseemann/barrnap) and then imported into the latest

updated LTP_12_2020 database [30] available at https://imedea.

uib-csic.es/mmg/ltp, and aligned by using the SINA v1.3.1 aligner
[38] implemented in the ARB program package [29]. Final align-
ments were manually improved following the reference alignment
in ARB Editor. Sequences were used to reconstruct de novo trees
based on the RAxML [44] method using GTRGAMMA correction.

The predicted protein sequences of a partial set of genomes
included in the study, comprising in this case the described spe-
cies, the closest relatives and MAGs, were used in order to perform
phylogenetic reconstruction based on single-copy core genes and a
set of 101 essential genes. Predicted protein sequences were com-
pared using an all-versus-all BLAST (v2.2.31), identifying the
shared reciprocal best matches according to the method described
Fig. 2. Phylogenetic reconstruction based on the 16S rRNA gene sequence analysis of all
MAGs affiliated with this genus. The tree was reconstructed using the maximum likeli
flanking sequences) in order to take into account all variable positions. Bar indicates 10

4

previously [14]. After aligning all the protein sequences shared
between them using MUSCLE v3.8.31 [12], these were concate-
nated and used to build a phylogenetic tree based on the RAxML
[44] algorithm with PROTGAMMA correction [22]. A phylogenetic
analysis based on housekeeping genes was also performed from
the same genomes as those mentioned above and, after applying
the methodology previously published [14], a reconstructed tree
with aligned protein sequences was carried out again using the
RAxML algorithm with PROTGAMMA correction.
Results and discussion

As part of a wider study related to the bioprospecting of poten-
tially valuable bacterial resources from subsurface habitats, a total
of six groundwater samples were collected for this purpose in
November 2016. The direct plating approach rendered a collection
of � 140 strains, two of which affiliated taxonomically with the
genus Hydrotalea. Both of these two strains, TMF_100T and
TFM_099, were from the same sample (T2) obtained from the Lluc-
major area of Mallorca at a temperature of 28.7 �C. TMF_100T and
TFM_099 were isolated from the original sample with no previous
enrichment and were shown to be coexisting clonal varieties in
accordance with the RAPD analysis that had identical banding pat-
terns for both strains. Therefore, as both isolates were considered
to be the same strain, only isolate TMF_100T was selected for fur-
ther analysis (Supplementary Fig. S2).

Phylogenetic analyses

All genomes, MAGs and SAGs identified as Hydrotalea present in
the ENA repository were compared. The two almost complete gen-
ome sequences of the two type strains H. flava CCUG 51397T iso-
lated from water samples in Sweden between July 2005 and
December 2006 [17,24] and H. sandarakina DSM 23241T obtained
Hydrotalea species available in the LTP_12_2020, as well as the available SAGs and
hood algorithm and no filter was applied (except the termini to remove the gene
% sequence divergence.
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https://github.com/tseemann/barrnap
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from hot spring water on the island of São Miguel, Azores [1], rep-
resented the only cultivated members of the genus. On the other
hand, ten MAGs (A-C108, ACK-C130, CS1-C145, CS3-C139, CS4-
C041, KS1-C152, KS2-C139, KS4-C130, AMD and SpSt-841) and
six SAGs (A04, K06, B16, J04, L11 and P17) reconstructed from
microbial metagenomes of different environments were found,
and they affiliated with members of the genus Hydrotalea
(Fig. 1). Eight MAGs were assembled from a marine sediment
metagenome of the Gulf of Khambhat within the study carried
out by the University of Maharaja Krishnakumarsinhji Bhavnagar
[34; 36] that, according to the description in the ENA database,
all came from the same site and had the same data (April 2017).
One MAG was assembled from a hot spring metagenome sample
collected in Yellowstone National Park in October 2012 by
researchers from Hong Kong University [53]. Another MAG was
obtained from water samples from Sossego Mine (June 2014;
[25]) as part of the project led by the Federal University of Lavras
(UFLA; Brazil). Finally, six SAGs from the same acid mine drainage
site in Brazil were obtained from a previous study also carried out
by UFLA [33] using samples collected in July 2014 for single-cell
genomics investigation. Therefore, given the possibility to investi-
gate the biogeography and distribution of this bacterial taxa, these
genomes were included in the current study.

16S rRNA gene sequences were detected in five out of the six
SAGs and only one out of the ten MAGs. This could be due to the
fact that the initial screening and selection of SAGs was based on
amplification of the bacterial small subunit rRNA, as already
reported [33]. The lack of 16S rRNA gene sequences in MAGs is
not uncommon and could be associated with issues related to
the assembly of these genes into metagenomes [2]. As a result of
the 16S rRNA gene sequence phylogenetic reconstruction, two
clades could be observed. The first clade, which embraced most
of the sequences involved in this study, grouped strain TMF_100T,
MAG AMD and SAGs B16, L11 and P17. The second clade included
SAGs K06 and J04, and was independent from the first clade and
type strain H. flava CCUG 51397T (Fig. 2). H. sandarakina AF-51T

affiliated separately from all Hydrotalea sequences. The 16S rRNA
gene sequence identity between all members of the first clade
was 100%, and showed an identity of 99.3% and 96.0% with the type
strains H. flava CCUG 51397T and H. sandarakina AF-51T, respec-
tively. The second clade was formed exclusively by SAGs K06 and
J04, with a reciprocal identical 16S rRNA gene sequence sharing
99.5% identity with the members of the first clade. H. flava CCUG
51397T was once again the closest relative species with 99.6%, fol-
lowed by H. sandarakina AF-51T with 96.2% (Supplementary
Spreadsheet S3).

Given that some MAGs and SAGs did not include the 16S rRNA
gene sequence, the genomic uniqueness and discreteness were
assessed using a phylogenomic approach. The low completeness
of the SAGs hampered their inclusion in the analysis; however,
the ten MAGs were considered due to their completeness (Table 1).
It was corroborated based on a maximum likelihood reconstruc-
tion using 1,080 core genome genes (Fig. 3) or 73 essential house-
keeping genes (Supplementary Fig. S3) that the new isolate formed
an independent lineage together with the MAGs and some of the
SAGs studied. The lack of a 16S rRNA gene in some MAGs and
the low completeness of some SAGs was solved by the use of the
type strain genomes together with MAG AMD that could be
included in both approaches (16S rRNA gene and genome trees),
which helped to resolve the branching pattern of the clades. The
MAGs from Brazil (AMD) and the Gulf of Khambhat (A-C108,
ACK-C130, CS1-C145, CS3-C139, CS4-C041, KS1-C152, KS2-C139
and KS4-C130) affiliated with strain TMF_100T, whereas MAG
SpSt-841 from Yellowstone was associated with H. sandarakina
AF-51T (Fig. 2 and Supplementary Fig. S3).
Ta M st
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Fig. 3. Phylogenetic reconstruction based on 1,080 concatenated core orthologous gene sequences of all available Hydrotalea genomes, MAGs and SAGs, together with the
genome of the new strain TMF_100T. The tree was reconstructed using the maximum likelihood algorithm. Bar indicates 10% sequence divergence. The accession number of
each sequence is given in brackets.
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ANI [40] and AAI [21] values confirmed that the isolate
described in this study represented a novel species (Table 2). Strain
TMF_100T showed an ANI value of 93.60% and an AAI value of
93.94% with its closest relative H. flava CCUG 51397T, which was
clearly below the species threshold level [39]. Interestingly, it
was also found that the six SAGs (A04, K06, B16, J04, L11 and
P17) together with the MAG from acid mine drainage (AMD) and
those from marine sediment in the Gulf of Khambhat (A-C108,
ACK-C130, CS1-C145, CS3-C139, CS4-C041, KS1-C152, KS2-C139
and KS4-C130) shared ANI values between 98.24% and 99.16% with
strain TMF_100T, which reinforced the idea that they all belonged
to the same species, as observed in the phylogenetic analyses. In
addition, the MAGs originating from marine sediments (A-C108,
ACK-C130, CS1-C145, CS3-C139, CS4-C041, KS1-C152, KS2-C139
and KS4-C130) shared � 100% ANI among themselves, and ANI
and AAI values of < 95% with H. flava CCUG 51397T and H. san-
darakina AF-51T. MAG SpSt-841 showed ANI and AAI values of
94.18% and 96.56% with H. sandarakina AF-51T that, in accordance
with the 16S rRNA gene and genome trees, could represent a new
as yet uncultivated species of the genus.

Morphological, phenotypic and chemotaxonomic characterization of
the novel species

As the members of the clades could be considered to be a new
genomospecies within the genus Hydrotalea, phenotypic analyses
were performed in order to formally name it as a new species. Con-
sequently, colonies of TMF_100T were round with a regular shape,
flat and a smooth surface on R2A, with a diameter of 0.5–1.0 mm
and orange pigmentation, as possessed by other member species
of Hydrotalea (Supplementary Fig. S4; [1,17]). Unlike the Hydro-
talea species described to date, the novel strain was motile by glid-
ing. The presence of flexirubin-type pigment was not detected. Cell
morphology was rod-shaped, between 1.0–5.0 mm in length and
0.3–0.5 mm in width, similar to the other members of this genus.
Strain TMF_100T did not grow at temperatures below 15 �C but
grew up to 45 �C, with optimum growth at 30 �C. Growth was vis-
ible within the pH range from 4 to 9 and a saline concentration of
up to 1%. Based on biochemical and enzymatic analysis, isolate
TMF_100T was positive for hydrolysis of casein, starch, catalase,
oxidase, Tween 20, alkaline phosphatase, esterase (C4), esterase
6

lipase (C8), leucine arylamidase, valine arylamidase, cysteine ary-
lamidase, trypsin, a-chymotrypsin, acid phosphatase, naphthol-
AS-BI-phosphohydrolase, a-galactosidase, b-galactosidase, a-
glucosidase, n-acetyl-b-glucosaminidase, a-mannosidase, glucose
fermentation (weakly positive after 48 h), aesculin hydrolase and
4-nitrophenyl-b-D-galactopyranoside hydrolysis. In addition,
results were negative for hydrolysis of tyrosine, Tween 80, lipase
(C14), b-glucuronidase, a-fucosidase, nitrate reduction, indole pro-
duction, arginine dihydrolase, urease and gelatinase. In order to
obtain the best knowledge of single carbon source assimilation in
strain TMF_100T, the method described by [18] was used. Accord-
ingly, D-fructose, D-galactose, gluconate, D-glucose, D-maltose and
D-saccharose were assimilated as sole carbon sources (weak posi-
tive results after 72 h incubation); but not acetate, propionate,
N-acetylgalactosamine, N-acetylglucosamine, L-arabinose,
D-cellobiose, D-mannose, glycerol, D-mannitol, maltitol,
a-D-melibiose, L-rhamnose, D-ribose, salicin, D-xylose, adonitol,
i-inositol, D-sorbitol, putrescine, cis-aconitate, trans-aconitate, 4-
aminobutyrate, adipate, azelate, fumarate, glutarate, DL-3-
hydroxybutyrate, itaconate, DL-lactate, 2-oxoglutarate, pyruvate,
suberate, citrate, mesaconate, L-alanine, b-alanine, L-ornithine,
L-phenylalanine, L-serine, L-aspartate, L-histidine, L-leucine,
L-proline, L-tryptophan, 3-hydroxybenzoate, 4-hydroxybenzoate
and phenylacetate. The results of API 50 CH showed a very similar
pattern in comparison to the other members described in this
genus, in particular H. flava CCUG 51397T (Table 3). Acid formation
was detected from D-xylose, D-galactose, D-glucose, D-fructose,
D-mannose, L-rhamnose, methyl-aD-mannopyranoside, methyl-a
D-glucopyranoside, N-acetylglucosamine, amygdalin, arbutin, aes-
culin ferric citrate, salicin, D-cellobiose, D-maltose, D-lactose,
D-melibiose, D-saccharose, trehalose, melezitose, raffinose, starch,
gentiobiose, and turanose. The fatty acid profile (Table 4) showed
branched iso-C15:0 and iso-C17:0 3-OH as the major components
present among the members of the genus Hydrotalea. Despite the
fact that the profiles were very similar between themselves, cer-
tain differences could be found in H. sandarakina AF-51T with a rel-
ative abundance of iso-C16:0.

The diagnostic phenotype of TMF_100T is shown in Table 3.
Based on the physiological comparison between the different
members of this genus, several traits, such as cell morphology, pig-
mentation, fatty acid profiles or acid-production, revealed a low
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heterogeneous phenotypic repertoire. The difference in tempera-
ture range for growth, motility, enzymatic activity or carbon-
source assimilation and acid-formation tests suggested some dif-
ferential features between strain TMF_100T and its closest relative
species H. flava CCUG 51397T.

Genome characterization and comparative analysis

The genome size of TMF_100T was 3.46 Mbp with a G + C con-
tent of 37% (Table 1), which was well in accordance with the other
type strains of the genus Hydrotalea. H. sandarakina DSM 23241T

presented the smallest genome (3.27 Mbp) and the lowest G + C
content (35.7%). Genome pairwise comparisons between type
strains of all Hydrotalea species showed that the total core-
genome was comprised of 2,304 orthology groups (OGs). From
these, a total of 445, 427 and 405 were specific for TMF_100T, H.
flava CCUG 51397T and H. sandarakina DSM 23241T, respectively
(Supplementary Fig. S5A). After analyzing the specific proteins of
strain TMF_100T, the presence was found of bacteriocin, compo-
nents involved in membrane transport, heavy metal resistance or
CRISPR-associated proteins, among other functions (Supplemen-
tary Spreadsheet S4). According to the KEGG annotation, strain
TMF_100T encoded for the main pathways involved in central car-
bohydrate metabolism, such as glycolysis (Embden-Meyerhof
pathway), the TCA cycle (Krebs cycle) or pentose phosphate path-
ways. Moreover, genes involved in gliding motility were identified
and were mainly represented by Gld and Spr proteins [3], in accor-
dance with the positive motility test performed in the laboratory.
Conspicuously, H. flava CCUG 51397T encoded for gliding genes,
while only a few of them were found in H. sandarakina AF-51T

and, despite their taxonomic characterizations, they were consid-
ered negative for the motility tests. However, the motility of these
strains may need to be stimulated under laboratory conditions in
order to reactivate the apparent lack of motility [42].

From the different sequence genomes reconstructed from
metagenomic samples obtained in distinct years (2012, 2014 and
2017), as well as environments (acid mine, marine sediment and
hot spring) and location (USA, Brazil and India) (Fig. 1), those with
the best quality for the analyses of the gene content were used. The
G + C content of the MAGs ranged from 35.5% to 37.8% with a gen-
ome size between 3.15 Mbp and 3.93 Mbp, whose completeness
and contamination were � 81.4% and � 2%, respectively (Table 1).
On the other hand, the six SAGs from acid mine drainage in Brazil
(recovered at the same location as the MAGs but one month later),
showed a G + C content in accordance with the rest of the genomes
but with a greater variability in the genome size due to their
incompleteness that ranged between 0.7 Mbp to 2.08 Mbp
(Table 1). The genomic pairwise comparison between all of them,
including strain TMF_100T and the closest relative H. flava CCUG
51397T, showed a core-genome constituted by 2,369 OGs (Supple-
mentary Fig. S5B).

Interestingly, the strains shared gene clusters encoding for
heavy metal resistance as part of their core genome. This was espe-
cially true for copper resistance determinants that were described
for all SAGs and the MAG AMD that had been obtained from acid
mine drainage in Brazil, and they were hypothesized to act as a
protective mechanism against the high concentration of this ele-
ment that could induce damage of the biological system [25,33].
The Cu resistance genes, and others also encoding for proteins con-
ferring resistance to heavy metals, which act by pumping them out
of the cytoplasm or periplasm, were present in MAGs originating
from marine sediments in the Golf of Khambhat and also in our
strain TMF_100T obtained from subsurface freshwater (Supple-
mentary Spreadsheet S5). The CzcCBA efflux protein complex or
copper translocating P-type ATPases could be detected in most of
the genomes together with other components, such as multicopper



Table 3
Diagnostic phenotypic characteristics of H. lipotrueae TMF_100T with the closely related Hydrotalea species.

Characteristics H. lipotrueae TMF_100T H. flava CCUG 51397T H. sandarakina (AF-51T/AF-50)

Isolation source Groundwater Industry distilled water Hot spring water
Pigmentation Orange Orange-yellow Orange
Growth temperature range (�C) 15–45 20 to 37 25–52.5
Optimum growth temperature (�C) 30 25 to 30 45
Motility + - -
Hydrolysis of:
Gelatin - - +
Enzyme activity:
b-glucuronidase - + +
a-fucosidase - + +
Assimilation of:
Gluconate + (-) +
D-cellobiose - (+) +
D-mannose - (+) +
Glycerol - (-) +
L-rhamnose - (+) -
D-xylose - (+) +
DL-lactate - (-) +
L-ornithine - (-) +
L-aspartate - (+) +
L-proline - (-) +
Acid production from:
D-ribose - (-) +
D-galactose + (+) -
Glycogen - (+) +
Potassium 5-ketogluconate - (-) +
Major fatty acids iso-C15:0, iso-C17:0 3-OH iso-C15:0, iso-C17:0 3-OH iso-C15:0, iso-C17:0 3-OH, iso-C16:0

DNA G + C content (%) 37 37 35.2–35.3
ANI/AAI H. flava 93.60 / 93.94 100 / 100 76.54 / 80.27
ANI/AAI H. sandarakina 76.83 / 80.65 76.54 / 80.27 100 / 100
Reference [1]
Reference () [1]
Reference [ ] [17]

In the API ZYM test, all the strains were positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cysteine arylamidase,
trypsin, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-galactosidase, b-galactosidase, a-glucosidase, n-acetyl-b-glucosaminidase and a-man-
nosidase; but negative for lipase (C14). All strains were positive for casein, starch and aesculin.
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oxidase or protein CutC involved in copper homeostasis [20]. Apart
from Cu-resistance genes, components related to arsenic resistance
(i.e. arsenate reductase or Acr3 transporter; [13]) or mercury (i.e.
mercury ion reductase or mercuric transport protein; [8]) were
also detected, confirming that these microorganisms have devel-
oped molecular detoxification mechanisms to survive heavy
metal-rich environments.

One of the hypotheses proposed by [33] is for the key role of
Hydrotalea species in the denitrification process and therefore their
potential implication in the regulation of pH in acid mine environ-
ments. In the current study, acidity was not a characteristic of the
environments from where TMF_100T was isolated (Supplementary
Spreadsheet S1), despite the fact that the biogeochemical nitrogen
cycle has an important relevance in aquatic ecosystems [52]. Den-
itrification and dissimilatory nitrate reduction (DNRA) are key pro-
cesses involved in nitrate reduction. In both cases, the first step
consists of the conversion of nitrate to nitrite catalysed by nitrate
reductase, such as NarGHI or NapAB. In the present case, these
enzymes were not detected in strain TMF_100T in accordance with
a negative result for nitrate reduction in the phenotypic test. On
the other hand, the whole-genome analysis indicated that this
new strain encoded a nitrite reductase (NirBD) from DNRA and
other enzymes involved in the denitrification process (Supplemen-
tary Fig. S6). Regarding the latter, four enzymes were implied in
the complete denitrification process, where nitrate and nitrite are
reduced to molecular nitrogen: nitrate reductase (Nar), nitrite
reductase (Nir), nitric oxide reductase (Nor) and nitrous oxide
reductase (Nos) [37]. However, nitrite reductase (NirK or NirS)
and nitrous oxide reductase NosZ constitute the main key enzymes
for the ecology of denitrifying bacteria [52]. The gene nosZ was
8

detected in almost all the genomes, including strain TMF_100T,
MAGs (Brazil, Gulf of Khambhat and Yellowstone) and the type
strains Hydrotalea flava CCUG 51397T and Hydrotalea sandarakina
DSM 23241T. Due to the low completeness of the SAGs, this
enzyme could only be detected in SAG B16. Moreover, in these gen-
omes, nitric oxide reductase NorBC was also detected that,
together with nitrous oxide reductase NosZ, was implied in the last
steps of the denitrification process that transforms nitric oxide to
nitrogen. The nitrite reductase gene, encoding for the NirK-like
enzyme, was detected in most of the genomes; in particular, a
copper-containing nitrite reductase (EC 1.7.2.1). According to
[28], this enzyme could be considered as a NirK, implied in the
reduction of nitrite to nitric oxide, which has been detected in
prokaryotic and fungal communities. The gene encoding for this
enzyme was present in strain TMF_100T, the MAGs from Brazil
and the Gulf of Khambhat, the type strain Hydrotalea flava CCUG
51397T and some SAGs, such as A04, J04 and P17. Based on these
observations, it seems that this bacterial taxon could play an
important role in the denitrification process, in accordance with
[33], especially those genomes affiliated to the new species pro-
posed in this study and also the type strain Hydrotalea flava CCUG
51397T.

The presence of CRISPR-Cas systems was also investigated due
to their special relevance, since this mechanism was emphasized
in the description for the SAGs isolated from acid mine drainage
in Brazil [33]. CRISPR-Cas systems are constituted by a CRISPR
array, encoding individual spacers separated by repeats, and
CRISPR-associated proteins [50]. The latter, Cas proteins, are highly
diverse and thus CRISPR-Cas systems are classified into 2 classes, 6
types and 33 subtypes [32]. Accordingly, all genomes involved in



Table 4
Cellular fatty acids of strains TMF_100T, Hydrotalea flava CCUG 51397T and Hydrotalea sandarakina AF-51T grown on the same medium (R2A) and at the same temperature (28 �C).
Profiles indicated with + symbols were determined in this study. Bold type letters correspond to the most relevant traits determined.

Fatty acids TMF_100T Hydrotalea flava CCUG 51397T Hydrotalea sandarakina AF-51T

Saturated
C9:0 0.1 - -
C10:0 0.3 - -
C15:0 3.1 - -
C16:0 1.5 3.1 ± 0.2 2.4 ± 0.1
Unsaturated
C17:1x6c i - tr 1.6 ± 0.1
iso C17:1x9c 4.9 - -
Branched chain
iso-C14:0i - 0.7 ± 0.1 1.8 ± 0.1
iso-C13:0 3.8 3.8 ± 0.3 2.0 ± 0.1
iso-C15:1 G 6.5 2.5 ± 0.3 -
iso-C15:0 30.9 24.9 ± 0.5 26.2 ± 0.2
iso-C16:0 5.3 4.3 ± 0.4 8.4 ± 0.4
iso-C17:0 1.7 5.6 ± 0.4 3.1 ± 0.2
iso-C15:0 3-OH 2.9 3.8 ± 0.4 2.8 ± 0.1
iso-C16:0 3-OH 5.1 5.3 ± 0.5 4.2 ± 0.2
iso-C16:1H 1.4 0.7 ± 0.1 1.7 ± 0.1
iso-C17:0 3-OH 18.0 20.9 ± 1.0 10.5 ± 0.4
anteiso-C15:0 4.3 - -
Hydroxy
C15:0 2-OH i - 0.6 ± 0.1 0.6 ± 0.1
C16:0 3-OH 1.4 2.5 ± 0.3 1.5 ± 0.1
C17:0 2-OH 2.0 1.7 ± 0.4 1.3 ± 0.1
C17:0 3-OH i - 0.6 ± 0.1 tr
Summed features*
3 3.0 3.2 ± 0.3 6.9 ± 0.2
4 - - 0.8 ± 0.2
9 - 3.0 ± 0.2 6.6 ± 0.3
Unknown 12.560 i - 1.1 ± 0.2 1.6 ± 0.1
Unknown 13.565 2.1 3.0 ± 0.4 4.9 ± 0.3
Unknown 16.582 1.4 1.3 ± 0.2 0.7 ± 0.1
Reference + [1] [1]

iNot named in the database used in this study.
Tr: trace
- : not detected
*Summed feature 3 comprised C16:1x7c and/or iso-C15:0 2-OH in the database used in this study, and C16:1x7c and C16:1x6c in Albuquerque et al. [1]; summed feature 4
comprised iso-C17:1 I and/or anteiso-C17:1B; summed feature 9 comprised iso-C17:1x9c and/or 10-methyl C16:0
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this current study, except MAG SpSt-841 (DTJW01000000),
encoded for a complete or partial CRISPR-Cas system. The strain
TMF_100T presented two types of CRISPR-Cas systems. One of
them, placed in contig 9, was clearly a homologue of type II-C
(Fig. 4A); while contig 20 harbored the second type of CRISPR-
Cas that apparently corresponded to type I-B (Fig. 4B). However,
the latter did not present the same organization of module genes
as described by [32] for this system. The canonical type I-B operon
comprises, according to Makarova et al. [32], a specific set of Cas
proteins after the CRISPR-array, which is constituted by Cas 2,
Cas1, Cas 4 and Cas 3, followed by the effector complex (Cas 5,
Cas 7 and Cas 8) and Cas 6. Within the CRISPR-Cas system, the pro-
tein effector complex carries out the recognition and destruction of
invader nucleic acid [50]. In the case of strain TMF_100T, the
operon structure was identical but different in the effector com-
plex, since the order of the module genes was Cas 7, Cas 8 and
Cas 5. Moreover, in a further analysis using the CRISPRCas Finder
tool [10], the Cas proteins that constituted this complex in
TMF_100T belonged to type I-C, although, despite this fact, the
remaining Cas proteins presented the same operon structure as
type I-B. To our knowledge, this could be a new type only found
to date in strain TMF_100T.

For the rest of the genomes, the complete set of cas genes encod-
ing for type II-C was detected in the eight MAGs from the Gulf of
Khambhat (A-C108, ACK-C130, CS1-C145, CS3-C139, CS4-C041,
9

KS1-C152, KS2-C139 and KS4-C130), as well as for MAG AMD iso-
lated from an acidmine sample in Brazil. The latter was also charac-
terizedbya disrupted synteny, since the Cas-systemwasdistributed
in twodifferent contigs (Fig. 4A). SAGsB16, J04, L11andP17encoded
for the type II-C system in accordance with the results published by
[33]. On the other hand, a canonical type I-B operon was present in
MAG AMD and was partially complete in SAGs L11, K06, P17, J04
and B16. This CRISPR-Cas system could not be identified for MAGs
from the Gulf of Khambhat, although the repeat element in the
CRISPR array was identical to those genomes for which type I-B
was present. In this case, the CRISPR array was located on the edge
of the contig and the adjacent genes could not be identified. Alto-
gether, at least seven consensus repeat sequences could be detected
and each organism exhibited between one to sixty-three different
spacer regions (Supplementary Spreadsheet S6). Interestingly, most
of the repeat sequences were shared between them, highlighting
those present in strain TMF_100T that were also detected in MAGs
and/or SAGB16 andH. flavaCCUG51397T.Moreover, CRISPR spacers
were different and unique for each genome with the exception of
SAGsB16, L11andP17, as describedby [33]. Taking into account that
a segment of invading DNA is incorporated as a spacer within the
CRISPR system [45], it could be hypothesized that these organisms
had been infected by different viruses and, therefore, different viral
populations would have inhabited the original environment from
where the samples were collected.



Fig. 4. CRISPR-Cas systems detected in the new isolate H. lipotrueae TMF_100T and their comparison with the Hydrotalea genomes included in this study. A: Type II-C; B: Type
I-B.
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Ecological relevance

The metagenomes of the six collected subsurface samples were
from where the isolates were used to recruit the reference gen-
omes of H. flava CCUG 51397T, H. sandarakina DSM 23241T and
strain TMF_100T. The species H. flava CCUG 51397T and strain
TMF_100T were present only in samples T2 and T6 (Fig. 5), and
TMF_100T was clearly the most abundant, especially in its sample
of origin (T2). No sequences from the subsurface metagenomes
were recruited using the H. sandarakina DSM 23241T genome or
MAG SpSt-841 as references, suggesting that these Hydrotalea spe-
10
cies were not present in these samples. The relative genome abun-
dance values ranged between 0.01% to 0.015% for TMF_100T and
0.006% to 0.009% for H. flava CCUG 51397T (Supplementary Spread-
sheet S7). The recruitment plots of strain TMF_100T indicated a low
intra-specific diversity because the majority of reads mapped at a
100% identity. However, the recruitment in T6 indicated the pres-
ence of a different strain, as shown by the absence of coverage for
some genomic regions (genomic islands). These genomic islands
encoded for 430 CDS, of which 201 belonged to strain-specific
genes (Supplementary Spreadsheet S8). The annotation of these
genes showed components related to mobile genetic elements,



Fig. 5. Recruitment plot of Hydrotalea flava CCUG 51397T (left) and strain TMF_100T (right) against metagenomes T2 and T6. The sequencing depth or coverage at the top of
each panel was estimated based on reads mapping at > 95% sequence identity. The boxes on the sequencing depth chart indicate genomic islands where no reads mapped to
the contig.
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such as conjugative transposases. Conspicuously, these hypervari-
able regions also encoded for transcriptional regulators involved in
arsenic and mercury resistance (i.e. ArsR and MerR family pro-
teins), the AraC family protein involved in carbon-source metabo-
lism, pathogenesis or stress responses [9,15,27], bacteriocins with
antimicrobial activity against other bacteria, and CRISPR-
associated proteins. We could hypothesize that these genomic
islands, which encode for functions that can be advantageous for
the host, may be horizontally transferable due to the presence of
conjugative transposases [5].

The metagenomic samples from where MAGs and SAGs were
isolated (Brazil, Gulf of Khambhat and Yellowstone; Fig. 1) were
also used for recruitment purposes, and H. flava CCUG 51397T

and strain TMF_100T were present in metagenomes from acid mine
drainage in Brazil and Gulf of Khambhat, but not in Yellowstone.
Conversely, only H. sandarakina DSM 23241T and MAG SpSt-841
(Supplementary Fig. S7) were detected in Yellowstone. As
expected, MAG SpSt-841 was the most abundant with a relative
abundance of 0.03% (Supplementary Spreadsheet S9). Interestingly,
the TMF_100T relative abundance ranged from 0.6% to 2.01% in the
acid mine drainage from Brazil; whereas H. flava CCUG 51397T val-
ues ranged from 0.4% to 1.29% (Supplementary Spreadsheet S9).
Both genomes were also detected, but at lower abundances in
the metagenomes from the Gulf of Khambhat, and only in sample
GOCS4. In this case, the relative abundance was 0.074% and 0.046%,
respectively. The recruitment plot of TMF_100T in GOCS4 showed
that most of the reads mapped at 100% identity. According to this,
we could assume that the same population was present in both
11
locations (Brazil and Spain) as part of the resident microbial
community, but with a low intra-specific diversity. This study
highlighted the ecological relevance of members of the genus
Hydrotalea especially due to their global distribution and environ-
mental versatility characterized by the ability to inhabit ecosys-
tems with different temperatures, pH levels or salinities; and
they could also be involved in symbiotic relationships, as has
already been hypothesized [25]. This genus seems to have relevant
features, such as denitrification and heavy metal resistance, as well
as CRISPR-Cas systems, relevant for their survival in variable
ecosystems.
Conclusions

Strain TMF_100T represents the first isolate of a widely dis-
tributed species of the genus Hydrotalea that shows high relevance
in its environments of origin due to its relatively high abundance
[25,33,36] and physiological versatility. This is supported by the
fact that they inhabit environments as distinct as oligotrophic
environments, industry distilled waters and subsurface groundwa-
ters, as well as acid mine drainage and marine sediments. The tax-
onomic results based on phylogenetic, genomic, phenotypic and
ecological analyses, clearly indicated that isolated strain TMF_100T

represented a new species within the genus Hydrotalea, for which
we propose Hydrotalea lipotrueae sp. nov., named after the biotech-
nology company Lipotrue, S.L. The protologue describing the diag-
nostic traits of the new species is given in Table 5.



Table 5
Protologue of the new species description.

Species name Hydrotalea lipotrueae

Specific epithet lipotrueae
Species status sp. nov.
Species etymology (li.po.true’ae. N.L. gen. n. lipotrueae of the Lipotrue company
Description of the new taxon and diagnostic traits Rod-shaped cells, 1.0–5.0 mm long and 0.3–0.5 mmwide, forming orange colonies

after 3 days growth on R2A agar at 30 �C, shiny with regular shape, flat elevation,
smooth surface and with a diameter of 0.5–1.0 mm. Cells are motile by gliding
and exhibit growth in the ranges of 15–45 �C, up to 1% NaCl and pH 4–9. The
organism is positive for starch, aesculin hydrolysis and Tween 20 but negative
for catalase, oxidase, casein and gelatin hydrolysis. Nitrate is not reduced.
Assimilation of D-fructose, D-galactose, gluconate, D-glucose, D-maltose and D-
saccharose. Acid formation from D-xylose, D-galactose, D-glucose, D-fructose,
D-mannose, L-rhamnose, methyl-aD-mannopyranoside, methyl-aD-
glucopyranoside, N-acetylglucosamine, amygdalin, arbutin, aesculin ferric
citrate, salicin, D-cellobiose, D-maltose, D-lactose, D-melibiose, D-saccharose,
trehalose, melezitose, raffinose, starch, gentiobiose, and turanose. The major
fatty acids were iso-C15:0 and iso-C17:0 3-OH.

Country of origin Spain
Region of origin Mallorca Island
Date of isolation (dd/mm/yyyy) 11/12/2016
Source of isolation Groundwater
Sampling date (dd/mm/yyyy) 14/11/2016
Latitude (xxoxx’xx” N/S) 39�28044.100N
Longitude (xxoxx’xx” E/W) 2�53009.600E
Altitude (meters above sea level) Groundwater
16S rRNA gene accession nr. -
Genome accession number [RefSeq; EMBL; . . .] JAESDL000000000
Genome status Draft – 97.1% completeness
Genome size 3.46
G + C % 37
Number of strains in study 1
Source of isolation of non-type strain Groundwater
Information related to the Nagoya Protocol Not applicable
Designation of the type strain TMF_100T

Strain collection numbers CECT 30288T = CCUG 75179T
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