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Editorial on the Research Topic

Community  series-extremophiles: microbial genomics and
taxogenomics, volume I

Introduction

The importance of extreme environments and their microbial inhabitants has been
gaining visibility. Such environments account for most of Earth’s habitable zone by volume
(Gold, 1992; Charette and Smith, 2010) and they are sources of valuable new strains and
bio-products that will fuel the bioeconomy and will provide new solutions to the current
challenges we face in the in areas of human health, energy, environment, and agriculture
(Antunes et al., 2016; Corral et al., 2019). Developments in extremophile microbiology are
increasingly linked with technological improvements in sequencing, bioinformatics, and
other upcoming technologies that are opening new paths for scientific breakthroughs and
promises to change our understanding of life on Earth. The evolution and physiology of
extremophiles remain relevant to investigate the universal ancestor and the limits of life
(Merino et al., 2019). The study of extremophiles is also vital to both Astrobiology and
Space Microbiology and will support humanity’s next steps into space (e.g., Antunes and
Meyer-Dombard, 2023; Simdes et al., 2023).

Within this setting, we hosted the special Research Topic entitled Extremophiles:
Microbial genomics and taxogenomics (de la Haba et al., 2022). Based on its success, we
then launched a second volume as the start of a community series dedicated to this topic.
Our new volume includes 14 manuscripts, covering a wide range of areas within the field,
with contributions on: (i) the discovery of new taxa and genomic-based analysis of their
properties; (ii) new community-based studies in previously overlooked extreme and poly-
extreme environments; and (iii) new insights into high taxonomic ranks of extremopbhiles.
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The volume was well received, with a total of 77 contributing
authors from institutions in 14 different countries spread
across the globe, namely Australia, Belgium, Botswana, China,
Ethiopia, Germany, India, Italy, Poland, Russia, Spain, Sweden,
United Kingdom, and United States of America. At the time of
writing, over 190,000 views and downloads have been recorded for
both volumes of the series.

New taxa and their properties

The isolation of new extremophiles is vital within this field
as highlighted by several contributions to this volume describing
new taxa and the use of genomics to uncover some of their
remarkable properties.

Two articles on hypersaline soils (Odiel Saltmarshes Natural
Area, Spain) describe new taxa from this previously overlooked
type of environment. In the first article, Galisteo et al. (a)
describe the novel species Fodinibius salsisoli. Comparative
genomics revealed that the species of the genera Aliifodinibius
and Fodinibius belong to the same genus, so the authors propose
the reclassification of the species of the former into the single
genus Fodinibius. Further analysis highlighted abundant but still
uncultured representatives of the family Balneolacea in this
environment and their potential role as a source of biotin for other
organisms. In the second publication from this group, Galisteo et al.
(b) describe the new genus Terrihalobacillus, and the new species
Terrihalobacillus insolitus and Aquibacillus salsiterrae, both based
on several isolates. The genomic features of these new taxa were also
analyzed, and both were suggested to belong to the rare biosphere
of these environments.

An additional study by Garcia-Roldan et al, also focusing
on high-salinity environments in Spain (a solar saltern from Isla
Cristina, Huelva), describes a new species of Natronomonas, named
Natronomonas aquatica. Further genome-based phylogenetic and
metabolic analysis of this genus confirmed its phylogenetic
coherence, indicated a heterotrophic lifestyle and versatile nitrogen
metabolisms, and suggested its ubiquity in mid- to high-
salinity environments.

The contribution by Zavarzina et al. focuses on haloalkaliphiles
inhabiting soda lakes in Mongolia and Kenya. In this article,
two new strains of Dethiobacter alkaliphilus, initially described
as sulfur/thiosulfate-reducing and iron-reducing bacteria,
respectively, were both found to be capable of reducing iron
and thiosulfate. Distinct sets of multiheme cytochromes that
probably mediate these reactions were identified and their high
variation was suggested to be an effective adaptive strategy for
occupying geochemically diverse extreme environments. Analysis
of the distribution of this genus in natural environments revealed
strong connection to alkaline, sulfur- or iron-enriched ecotopes
(soda lakes and serpentinite-associated sediments). Soda lakes are
geologically ancient ecosystems that are still widespread on Earth
and that are thought to harbor archaic microbial communities,
but they might constitute secondary habitats for D. alkaliphilus
when compared with Fe-rich serpentinites. These results increase
our understanding of the metabolic diversity of extremophiles
and point to evolutionary traits that could have occurred in
prokaryotes during the early stages of the biosphere’s evolution,
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namely when the sulfur biogeochemical cycle overtook the iron
cycle as a predominant biogeochemical process.

The inspection of the extensive repositories in culture
collections can also yield new taxa. The contribution by
Montero-Calasanz et al. looks at isolates deposited at the
Leibniz Institute DSMZ in the 1990s that originated from
soils in the Atacama Desert, Chile, and landfill leachate from
Vancouver, Canada. Analysis of these isolates, which belong to
the Geodermatophilaceae, used new genomic data to determine
genotype-phenotype correlations within this family. Based on their
results, the authors describe and name four novel species in
the genus Blastococcus, introduce the new genera Trujillonella,
Pleomorpha, and Goekera, and reclassify Blastococcus endophyticus
as Trujillonella endophytica, Geodermatophilus daqingensis as
Pleomorpha dagqingensis, and Modestobacter deserti as Goekera
deserti. The authors also emphasize how genomics can effectively
replace and/or complement some of the routine phenotypic
analyses in microbial systematics.

Additionally, two articles from the Daroch group describe
new genera of thermophilic cyanobacteria isolated from
terrestrial hot springs and name them under the botanical
(Tang et al) and
Both
also investigate carbon-concentrating mechanisms based on

code Trichothermofontia  sichuanensis

Thermocoleostomius  sinensis  (Jiang et al.). articles
annotations of bicarbonate transporters, carbonic anhydrases,
and carboxysome-associated genes. For Thermocoleostomius
sinensis, these genes were also shown to be expressed under

low-CO; conditions.

Community-based studies

The use of molecular methods to analyze microbial community
structure and functional diversity in different environments
continues to be a formidable tool. This volume includes
new community-based studies in previously overlooked or
understudied extreme and poly-extreme environments in Africa,
Asia, Europe, and the Americas.

In one of the contributions, Gawas and Kerkar study sediments
from three salt pans, adjoining different prominent estuaries in
Goa, India. Marked differences in the unique genera found for each
site led the authors to suggest that the different estuaries select for
unique bacterial diversity.

In another publication, an amplicon sequencing study
in the East African Rift Valley analyzes prokaryotic and
eukaryotic diversity in three soda lakes, Lake Abijata, Lake
Chitu, and Lake Shala, with

enrichment culture methods The culture-

and compares the results
(Jeilu et al).
independent approach captured higher diversity than previously
detected in these lakes, provided a more reliable estimate
than
pointed to differences in microbial community composition

of microbial diversity traditional culture methods,

among the three lakes, and identified the most commonly
found  prokaryotic  taxa—Pseudomonadota  (Halomonas),
Bacillota  (Bacillus, Clostridia),
Euryarchaeota (Thermoplasmata, Thermococci, Methanomicrobia,

Bacteroidota  (Bacteroides),

Halobacter), and Nanoarchaeota (Woesearchaeia)—and eukaryotic
taxa—Ascomycota and Basidiomycota.
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different
assess the prokaryotic taxonomy and potential functional
diversity of three
Gobi Their
generation sequencing platforms and identifies 36 bacterial
Bacillota,

Acidobacteriota,

In a poly-extreme setting, Zhang et al

hyper-arid soil samples from the

Desert. study compares two different next-

phyla, including Pseudomonadota, Bacteroidota,

Actinomycetota, Methanobacteriota,
Nitrososphaerota, and Planctomycetota. The authors suggest
that environmental factors such as total dissolved salts,
available potassium, total nitrogen, and organic matter are
positively correlated with the abundance of most groups,
and that the community structure was mainly controlled by
stochastic processes.

Another of this

from geothermal systems. The study by Ugwuanyi et al.

focus section is on metagenomes

compares metagenomes from different substrates—water,
mud, and fumarolic deposits—from Solfatara and Pisciarelli
hydrothermal systems in Italy, and reveals a high abundance
of pathways for carbon fixation and sulfur oxidation. A
separate metagenomic recovered and

study interpreted

Caldarchaeales ~ metagenome-assembled ~ genomes  from
geothermal features in Hawai’i and Chile and proposes both
chemoorganotrophic and chemolithotrophic lifestyles (Balbay

etal.).

New insights into high taxonomic
ranks of extremophiles

The final highlights of this volume center on studies targeting
high ranks in the taxonomy of extremophiles and the new insights
that such studies can provide.

Looking into new frontiers within this field, Wu et al. delve
into the archaeal class Halobacteria and provide an overview
of astrobiology-relevant exposure experiments, identifying key
knowledge gaps and research opportunities within this model
group of microorganisms. The authors stress that further testing
is still needed to fully cover the taxonomic diversity present in
this archaeal group both at high and low ranks. This should
be prioritized given the relevance of the group for the search
for life on Mars and on the exooceans of the icy moons, for
planetary protection, and for the expected future needs of the space
biotechnology sector.

The final contribution looks at the Halomonadaceae, the most
diverse family of halophilic bacteria, and a group in dire need of
an in-depth taxogenomic analysis. The study by de la Haba et al.
delivers on this daunting task by sequencing the genomes of 17
type strains and comparing them with all other publicly available
genome sequences within this family. Based on comparative
genomic, phylogenomic, and clade-specific signature gene analyses,
the authors suggest that the genus Halovibrio is misplaced within
the family, propose a division of the genus Halomonas into seven
separate genera with reclassification of some of its current species
to the genus Modicisalibacter, and identify various synonymous
species names within the family.
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Final remarks

The

microbial

their
interest

study of extreme environments and
inhabitants is the

and activity by researchers across different expertise and

subject of intense
spread across the globe. The next few years of research,
supported by the increased use and further developments
in genomics and taxogenomics, promise to continue to

deliver exciting new advances on this disciplinary field
with implications on different aspects of our lives on Earth

and beyond.
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Water bodies on Mars and the icy moons of the outer solar system
are now recognized as likely being associated with high levels of salt.
Therefore, the study of high salinity environments and their inhabitants has
become increasingly relevant for Astrobiology. Members of the archaeal class
Halobacteria are the most successful microbial group living in hypersaline
conditions and are recognized as key model organisms for exposure
experiments. Despite this, data for the class is uneven across taxa and
widely dispersed across the literature, which has made it difficult to properly
assess the potential for species of Halobacteria to survive under the
polyextreme conditions found beyond Earth. Here we provide an overview
of published data on astrobiology-linked exposure experiments performed
with members of the Halobacteria, identifying clear knowledge gaps and
research opportunities.

astrobiology, archaea, Halobacteria, extremophiles, Mars, icy moons

Introduction

Astrobiology is a relatively recent but increasingly relevant cross-disciplinary field
of research, which focuses on the origin, distribution, and evolution of Life in the
universe (Des Marais et al., 2008; Horneck et al., 2016; Hallsworth et al., 2021b). Fittingly
for such a wide scope of study, astrobiology combines techniques and expertise from
fields as diverse as biology, chemistry, geology, or planetary sciences (Dartnell and
Burchell, 2009; Race et al.,, 2012; Tagkin and Aydinoglu, 2015). With the increase in
frequency and broadening of scope of space exploration, including human space travel,
it has become vital to better understand the survival and reproduction of microbial life
under multiple extreme conditions, and their impact on space exploration missions
and on human travelers who they may encounter or with whom they may cohabit
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(Cavicchioli, 2002; Moissl-Eichinger, 2011; Moissl-Eichinger
et al., 2016; Cottin et al., 2017; Checinska Sielaff et al., 2019;
Merino et al., 2019; Nickerson et al., 2022).

Terrestrial analogs

One of the main pillars of astrobiology is the investigation
of specific terrestrial analog environments and the study of
their microbial inhabitants. Such analogs exhibit characteristics
found in other locations in the Solar System (Preston and
Dartnell, 2014; Martins et al., 2017). Thus far, most terrestrial
analog sites used for astrobiology have been selected based on
conditions found on Mars (Fairén et al,, 2010; Martins et al.,
2017), although a few suitable analogs for the exooceans of the
icy moons of the outer solar system have also been proposed
(Marion et al.,, 2003; Kereszturi and Keszthelyi, 2013; Antunes
et al, 2020).

The study of terrestrial analog sites is seen as essential for:
(i) studying the limits of life (e.g., Azua-Bustos et al.,, 2012;
DasSarma et al., 2017; Koschnitzki et al,, 2021), (ii) obtaining
new microbes for astrobiological exposure experiments (e.g.,
Musilova et al., 2015; Beblo-Vranesevic et al., 2020), (iii)
analyzing long-term viability and preservation of microbes and
biomolecules (e.g., Gramain et al, 2011; Leuko et al, 2017;
Schreder-Gomes et al., 2022), (iv) technology development and
testing for life-detection in space missions (e.g., Harris et al,,
2015; Garcia-Descalzo et al.,, 2019; Lantz et al., 2020; Dypvik
et al, 2021; Rull et al, 2022), and (v) defining and refining
planetary protection measures (e.g., Rettberg et al., 2019).

When analyzing the potential viability of microbes in
other parts of our Solar System, several environmental factors
need to be taken into consideration (Horneck et al., 2010;
Moissl-Eichinger et al., 2016; Cottin et al.,, 2017). The limited
information on the physical-chemical conditions present in the
exooceans of the icy moons partly restrains more in-depth
analyses on the survivability of microbes, despite some very
interesting studies on potential microbial metabolisms (e.g.,
Taubner et al., 2018; Goordial, 2021; Sherwood Lollar et al.,
2021). This is in stark contrast with the large amount of
information already available about Mars and its apparently
unwelcoming conditions. These are particularly harsh to
mesophiles, combining high levels of radiation (particularly
ultra-violet UVC and UVB) (Cockell et al., 2000; Vicente-
Retortillo et al,, 2020; Zhang et al,, 2022), desiccation/low
water activity (Knoll and Grotzinger, 2006; Stevenson et al.,
2015b; Toner and Catling, 2018; Rivera-Valentin et al., 2020;
Hallsworth et al., 2021a), high concentrations of salts and
volatile oxidants induced by radiation (Quinn et al, 2013;
Lasne et al, 2016; Wu et al, 2018), locations with acidic
conditions (Benison and Bowen, 2006; Bibring et al., 2006;
Noe Dobrea and Swayze, 2010; Ehlmann et al., 2016), solar
particle events (Lillis and Brain, 2013; Ramstad et al., 2018),
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low temperatures, low pressures (Pitzold et al, 2016; Spiga
et al., 2018), and low nutrient availability (Tomkins et al., 2019;
Fackrell et al., 2021; Tarnas et al., 2021). Although the extreme
setting of Mars has traditionally been seen as biocidal, this is
not necessarily the case, as recently highlighted by Hallsworth
(2021).

Water is essential for the existence and development of
all known life forms, so the search for life in other parts
of our solar system and beyond is directly linked with the
existence of this vital substance. Luckily for our pursuits,
water seems to be more abundant than previously thought
(Nimmo and Pappalardo, 2016; Grasset et al., 2017; Greenwood
et al,, 2018; Schorghofer et al,, 2021); there is now evidence
that water deposits exist on Mars (Ojha et al,, 2014; Martin-
Torres et al., 2015; Stillman et al., 2017; Rivera-Valentin et al.,
2020; Lauro et al., 2021; Deutsch et al., 2022) as well as
on several icy moons (Spencer and Nimmo, 2013; Vance
et al., 2014; Hayes, 2016; Jia et al., 2018; Genova et al,
2022). Despite several unknowns, these water bodies outside
our planet appear to contain high levels of salt, including
perchlorate (Navarro-Gonzalez et al., 2010; Oren et al., 2014;
Martin-Torres et al., 2015; Lauro et al.,, 2021). Therefore, the
study of Earth’s wide range of high salinity environments
(from salterns, to polar brine aquifers, deep-sea brines or
halite and other salt deposits), as well as their microbial
inhabitants, has become increasingly relevant in the context of
astrobiology.

Halophiles as models for astrobiology

Organisms living in high salinity environments are known
as halophiles (i.e., salt loving), with representatives spread
across the three domains of Life. Microbes living specifically
at the higher range of salinities are almost exclusively
composed of members of the archaeal class Halobacteria, a
phylogenetically coherent group of extreme halophiles (Edbeib
et al,, 2016; DasSarma and DasSarma, 2017). Among other
properties, members of this class are known for their resilience
and ability to thrive under multiple environmental extremes
(polyextremophilic) including high salinity, high levels of
radiation, vacuum, extreme cold, utilization or growth in
the presence of caustic materials such as perchlorate, oxygen
deprivation, low-nutrient availability, and desiccation, all of
which are relevant for astrobiology and particularly important
in a Martian context (e.g., Rittmann et al, 2004; McCready
et al,, 2005; Crowley et al., 2006; Baxter et al., 2007; Coker
et al., 2007; Oren et al., 2014; Stan-Lotter and Fendrihan, 2015;
Stevenson et al., 2015a; Laye et al., 2017; Sorokin et al., 2017;
Thombre R. et al, 2017; Laye and DasSarma, 2018; Leuko
et al,, 2020; further details provided in Section “The archaeal
class Halobacteria and astrobiology: Astrobiological testing”
and Table 1).
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TABLE 1 Overview of Halobacteria tested for astrobiology-relevant features (number of species/total species, genera/total genera in each taxon).
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Halobacteria (27/309), (14/72)
Halobasteriales (12/123), (6/35)
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TABLE 1 (Continued)

CO F Species/ strain T  Origin Ionizing UV Vacuum Freeze- Martian Martian Desiccation Gravity Simulated Stratosphere Orbital
radiation thaw chemistry GUERATO T multiple
R1 R2 R3 R4 M1 M2 M3 G1 G2 factors tests

Haloferacales (9/115), (3/19)

Halobacteria (27/309), (14/73)

Natrialbales (6/71), (5/18)

C = Class; O = Order; F = Family, T = Type strain; R1 = HZE (highly charged and energetic particles); R2 = y-rays; R3 = x-rays; R4 = electron-beam irradiation; UV = ultra-violet; M1 = effect of [ClO4 ] coupled with CO oxidation; M2 = effect of [ClO4 ™ ];
M3 = use of CO as carbon source; M4 = simulated Martian atmosphere (95% CO5, 2.7% N3, 1.6% Ar, 0.15% O, and 370 ppm H,O, 10% Pa); M5 = Martian soil analog; G1 = microgravity; G2 = hypergravity. # = tests performed with cells within halite
crystals.

Results are classified according to the original publication and respectively marked as x = growth, = = survival, x = no survival, x = data not available.

Multiple factors combinations: a = UV + low temperature, b = low temperature + desiccation, ¢ = M4 + Martian average temperature (—60°C), d = vacuum + temperature range (100K~500K) + proton irradiation, e = vacuum + low temperature + proton
irradiation, f = UV + simulated Martian temperature + M4 + proton irradiation, h = UV + vacuum, i = vacuum + desiccation, j = UV + TechShot Mars Simulation Chamber?” + M5, k = dark + TechShot Mars Simulation Chamber?” + M5,
1= UV + M5, n = solar radiation + space vacuum + space temperature + desiccation, o = solar radiation + M4 + space temperature + desiccation, p = solar radiation + 10° Pa argon + space temperature + desiccation, q = dark + space vacuum + space
temperature + desiccation, r = dark + 10° Pa argon + space temperature + desiccation.

Genus abbreviation (14 genera in total): Har. = Haloarcula, Hbt. = Halobacterium, Hvr. = Halovarius, Hvn. = Halovenus, Nmn. = Natronomonas, Hcc. = Halococcus, Hfx. = Haloferax, Hbl. = Halobaculum, Hrr. = Halorubrum, Htg. = Haloterrigena,
Nab. = Natrialba, Ncc. = Natronococcus, Nnm. = Natrinema, Nrr. = Natronorubrum.

References: 1. Thombre R. et al., 2017; 2. Fendrihan et al., 2009; 3. Oren et al., 2014; 4. Myers and King, 2020; 5. Myers and King, 2019; 6. Shahmohammadi et al., 1997; 7. Shahmohammadi et al., 1998; 8. Rittmann et al., 2004; 9. McCready, 1996; 10. Leuko
and Rettberg, 2017; 11. Kish et al., 2009; 12. Webb et al., 2013; 13. Confalonieri and Sommer, 2011; 14. Whitehead et al., 2006; 15. Kottemann et al., 2005; 16. Karan et al., 2014; 17. DeVeaux et al., 2007; 18. Evans et al., 2018; 19. Leuko et al., 2015; 20. Baliga
et al,, 2004; 21. McCready et al., 2005; 22. Boubriak et al., 2008; 23. DasSarma et al., 2017; 24. Reid et al., 2006; 25. Weidler et al., 2004; 26. Laye and DasSarma, 2018; 27. Weidler et al., 2002; 28. Mancinelli et al., 2004; 29. Kish et al., 2012; 30. Stan-Lotter
et al., 2003; 31. Koike, 1991; 32. Koike et al., 1992; 33. Koike and Oshima, 1993; 34. Koike et al., 1995; 35. Feshangsaz et al., 2020; 36. Moeller et al., 2010; 37. Leuko et al., 2002; 38. Dornmayr-Pfaffenhuemer et al., 2011; 39. Fendrihan et al., 2010; 40. Leuko
etal, 20115 41. Leuko et al., 2020; 42. Okeke et al., 2002; 43. Martinez-Espinosa et al., 2015; 44. McDuff et al., 2016; 45. Myers and King, 2017; 46. Mancinelli, 2015; 47. Johnson et al., 2011; 48. Mancinelli et al., 1998; 49. Horneck, 1999; 50. Bryanskaya et al.,
2020; 51. Bryanskaya et al,, 2013; 52. King, 2015; 53. Trigui et al., 2011; 54. Baxter et al., 2007; 55. Shirsalimian et al., 2017; 56. Flores et al., 2020; 57. Abrevaya et al., 2008; 58. Abrevaya et al., 2011a; 59. Abrevaya et al., 2010; 60. Abrevaya et al., 2011b; 61.
Thombre R. S. et al., 2017; 62. Romano et al., 2022; 63. Mastascusa et al., 2014; 64. Martin et al., 2000; 65. Peeters et al.,
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As a result of their unique combination of adaptations
and capabilities, these polyextremophilic microbes have long
been hailed as models for astrobiology and flagged as
priority groups for testing (DasSarma, 2006; Reid et al., 2006;
Baxter et al, 2007; DasSarma et al, 2020). Accordingly,
several authors have followed this research thread and data
has been accumulating. However, a systematic approach for
thoroughly testing Halobacteria or a good overview of its
current status seems to be missing. We aimed to help to
address this growing issue by collecting all available data
from primary literature on exposure-based testing with strains
of this group, mapping the results as reported in their
original publications, and discussing the snapshot that we have
recorded.

The archaeal class Halobacteria
and astrobiology: Taxonomic
diversity

Currently, the class Halobacteria is grouped into six
families and three orders (Gupta et al., 2016). The order
Halobacteriales presently has the highest number of species
within the group and is split into three families: Haloarculaceae,
Halobacteriaceae, and Halococcaceae. Halobacteriaceae is the
largest family within the Halobacteria, contrasting with the
Halococcaceae which is the smallest one and comprises a single
genus (and only 10 species). To date, the order containing the
second-highest number of species is Haloferacales, spread across
two families: Haloferacaceae, and Halorubraceae, followed
by the order Natrialbales, which includes the single family
Natrialbaceae.

As outlined in Table 1 and in Supplementary Figure 1, only
a relatively small number of species within the class Halobacteria
has been tested for their capacity to grow or survive under
astrobiological- or Martian-relevant conditions, with a slightly
better performance when looking at genus-based coverage. This
is reflected both when looking at numbers for each class and
when breaking down into intermediate taxa level such as order
or family. The tested species are usually below 10% of the
total number within each taxon, and between 10 and 20% for
tested genera. The most noteworthy exception to these ranges
can be found within the Halococcaceae, as it is composed of
a single genus and has a small number of total species. These
low numbers occur despite the widely recognized importance
of the Halobacteria for astrobiology (e.g., Kunte et al., 2002;
DasSarma, 2006; Reid et al., 2006; Baxter et al., 2007; Leuko
et al., 2014; Oren, 2014a; Rettberg et al., 2019; DasSarma et al,,
2020).

Another aspect that
astrobiology-based studies have focused on a very narrow

worth  highlighting is most

range of genera and species within the class Halobacteria,
mostly associated with members of the order Halobacteriales,
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and particularly focused on the genus Halobacterium (Table 1).
Indeed, the Halobacteriales represent more than half of the
tested species within the class, followed by the Haloferacales
(nine tested species), and by the almost unexplored Natrialbales
(six species). Furthermore, within several families of the class
we find a relatively common trend: tests are usually focused
on a single genus (Table 1). This can be seen in the order
Halobacteriales for family Haloarculaceae (genus Haloarcula)
and family Halococcaceae (genus Halococcus), but also in
the order Haloferacales for the family Haloferacaceae (genus
Haloferax).

A Dbetter representation of diversity is found within
the family Halobacteriaceae with four different genera
(Halobacterium, Halovarius, Halovenus, and Natronomonas),
despite the clear emphasis on Halobacterium.

Regarding the strains selected for astrobiology-related
testing, most of them are type strains for their respective species
(Table 1). The use of such type strains is usually recommended,
as this contributes to more readily available data on the strains,
and their accessibility facilitates experimental reproducibility
and comparative studies (Antunes et al., 2017). One very clear
and notable exception to this predominance of type strains is the
use of Halobacterium sp. NRC-1. Although not a type strain, it
has been deposited in microbial biological resource centers and
is readily available; it has also been very extensively studied and
has long been considered a model system for studies in Archaea,
namely due to ease of culturing and genetic manipulation
(Ng et al., 2000; McCready et al., 2005; Boubriak et al., 2008;
Anderson et al., 2016; Dassarma et al., 2016). The status of this
strain explains the very extensive number of astrobiological-
based tests performed with it (Table 1).

The archaeal class Halobacteria
and astrobiology: Astrobiological
testing

Another insight of our analysis is the realization of
how restricted and limited datasets on testing currently are.
Indeed, most exposure experiments performed with the class
Halobacteria focus exclusively on the effects of a single
environmental factor (with a noticeable predominance of
radiation-exposure tests; Table 1 and Supplementary Figure 2).
While the testing of one variable at a time is consistent with
classical experimental techniques, the low number of tests with
multiple variables is limiting. This gap in our understanding
of the effect of simultaneous exposure to multiple extreme
conditions is particularly apparent given that astrobiology-
relevant settings beyond our planet include a combination of
multiple environmental extremes (e.g., Merino et al, 2019;
Simdes and Antunes, 2021).

Space-exposure testing provides the ideal platform for
obtaining a better perspective on this, but the number of tested
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Halobacteria species remains low as most experiments have
made use of simulated conditions only. However, it should be
noted that these issues are not exclusive to Halobacteria but are
rather major general limitations that apply to most microbial
taxa. Several upcoming projects and recent publications have
flagged members of the Halobacteria as key target organisms
(Sgambati et al., 2020; Beblo-Vranesevic et al., 2022), so we can
expect relevant new results in the near future.

Despite the generalized sparsity of data across the board,
we have some good examples worth highlighting regarding
completeness of the datasets. It should be relatively easy to
complete a few datasets and cover some of the most obvious
gaps. For example, testing the effects of exposure to UV
currently has been performed for at least one representative
of each family of the class Halobacteria except for the
Halorubraceae (Table 1 and Supplementary Figure 2). Likewise,
the family Haloarculaceae is currently the only one that has
not been subjected to exposure to multiple combined extremes
(Table 1 and Supplementary Figure 2).

Looking at the individual species/strain level (Table 1),
we also have some good examples that are close to complete.
Halobacterium salinarum NRC-1 has the most complete
datasets, with very few gaps (12 out of 18 listed astrobiology
tests). As previously mentioned, the latter is widely recognized
as a model organism within the Halobacteria and an extensive
amount of testing has been done with this strain. Nonetheless,
regarding simulated single-factor astrobiology tests, to date
there are no reported results for exposure to microgravity and
several Martian chemistry and environment factors (M1 and
M3-MS5; Table 1 and Supplementary Figure 2). Furthermore,
this strain has been included in stratospheric exposure
experiments, but has not been subjected to orbital testing. Given
its status as model organism (McCready et al., 2005; Boubriak
et al,, 2008; Dassarma et al., 2016), this strain should be flagged
as a priority for future tests.

The second good example we would like to highlight
regarding completeness is Halococcus morrhuae. Although
currently having less complete datasets than Halobaculum
salinarum NRC-1 (10 out of 18 listed astrobiology tests; Table 1),
it could be flagged as a further target for future completion. This
species has the advantage of having already been used in orbital
exposure tests, which are arguably the most challenging from a
logistic and access point of view.

Natriabales is the only order of Halobacteria that does
not have a representative already subjected to orbital testing.
This order has the most incomplete datasets, as it is also
absent from testing for most radiation types (with the
notable exception of UV), most Martian chemistry and
environmental factors (apart from testing with Martian soil
analogs), desiccation, microgravity, and stratospheric testing
(Table 1 and Supplementary Figure 2).

Other important factors, not included on the overview
table are exposure to low temperatures and low pH. Both
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conditions are seen as relevant from a Martian perspective
but have not been directly listed as both are part of the
standard characterization of new species. The number of species
of Halobacteria capable of growth below 15°C or below pH
5 is notably small (currently consisting of 3 and 9 species,
respectively). Nonetheless, within those, only Halorubrum
lacusprofundi has been targeted for astrobiology testing.

On Earth, sites which are simultaneously acidic and highly
saline are relatively rare (Mormile et al, 2009; Conner and
Benison, 2013; Escudero et al, 2018), and studies on cold
hypersaline sites remain largely underexplored (Oren, 2014b;
Lamarche-Gagnon et al., 2015; Sapers et al., 2017). This might
explain the reduced number of species within the Halobacteria
that could be highlighted here. Further efforts in exploring these
sites should be prioritized and could prove quite beneficial.

Looking at coverage based on the type of stressor also
uncovered some unexpected areas where further work needs
to be done (Supplementary Figure 2). Selected highlights
of these gaps include exposure to single factors such as
microgravity (missing data for Halobacteriaceae, Halorubraceae,
and Natrialbaceae), simulated Martian atmosphere (with
Natrialbales,
Haloarculaceae) or Martian soil analogs/regolith (only tested

no representation for Haloferacales, or
for the Natrialbaceae). On the more complete datasets, tests
looking at exposure to desiccation or to perchlorate are still

needed to ensure that all families are represented.

Future work: Knowledge gaps and
research opportunities

As outlined above, we can see that there are currently clear
and significant gaps in the study of the class Halobacteria under
the scope of Astrobiology. More in-depth testing is needed to
cover the taxonomic diversity present in this archaeal group
both at higher- and lower-ranking taxonomy levels (particularly
in families with single-genus testing or with few tested species).
The fact that species of this class have large pangenomes, such
that even closely related taxa may be functionally quite distinct
(Gaba et al., 2020; de la Haba et al., 2021), further emphasizes
the need for more extensive testing.

Likewise, there is a need for more completed datasets on
astrobiology-relevant stressors on members of this class, both as
single factors and combined, particularly making use of space-
exposure experiments. A notable (and surprising) gap here is
on the study of the effects of different salts. Although their
relationship with salt is at the core of the definition of halophiles,
studies have been almost exclusively restricted to sodium
chloride (NaCl). The astrobiological relevance of studying the
interaction with different salts (including perchlorates), as well
as looking into chaotropic and kosmotropic effects, is clear and
has been well noted (Hallsworth et al., 2007; Ball and Hallsworth,
2015; Stevenson et al., 2015b; dC Rubin et al., 2017). Yet, most

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1023625
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Wu et al.

species of Halobacteria still remain untested. Another noticeably
neglected field here is the study of exposure to high pressure.
Although technically more challenging, these settings would be
very relevant in the context of the Martian subsurface or of the
exooceans of the icy moons (Ueta and Sasaki, 2013; Jebbar et al.,
2020; Olson et al., 2020).

From a physiological diversity perspective, new
opportunities might also be opening up. Although members
of the Halobacteria were typically seen as aerobic heterotrophs
(Andrei et al,, 2012) and reliant on the “salt-in” strategy (e.g.,
Kunte et al.,, 2002), they have consistently proven to be a lot
more diverse (Miiller et al., 2005; Oren, 2008; Gunde-Cimerman
etal,, 2018). An increasing number of species has been reported
to use alternative anaerobic metabolic pathways, or even to
show preference for anaerobic conditions or phototrophy (e.g.,
Antunes et al., 2008; Sorokin et al., 2017, 2018; Weber et al.,
2017; Miralles-Robledillo et al., 2021).

There might be possible implications of this versatility
in overall resilience and adaptability to astrobiology-relevant
conditions. Microorganisms with “less typical” features could
thus be interesting candidates for targeted future exposure
studies and comparisons. An over-reliance on quickly growing
or easier strains in detriment of those with higher relevance
for astrobiology, such as anaerobic ones (Beblo-Vranesevic
et al,, 2020) or psychrotolerant/psychrophilic (Kish et al., 2012),
should also be avoided despite the additional challenges and
technical issues they might bring (Hamm et al., 2019; Cui and
Dyall-Smith, 2021; Wang et al., 2021).

From an ecological perspective, it is relevant to note that
the vast majority of tested species were not isolated from
environments traditionally, or officially, flagged as terrestrial
analog sites, despite some notable exceptions (e.g., Hrr.
lacusprofundi). It is true that the identification of terrestrial
analog sites can be seen as somewhat subjective and, in some
ways, all hypersaline sites could potentially be seen as Martian
analog sites (e.g., Mancinelli et al.,, 2004; Parro et al, 2011;
Murray et al., 2012; Xiao et al,, 2017). Nonetheless, it would be
a useful priority to place further stress on: (i) testing members
of the class Halobacteria from well-established analog sites and
(ii) further identification and flagging of additional hypersaline
sites as suitable terrestrial analogs. Likewise, the increase in
cultivation-based studies specifically aimed toward isolating
new strains and describing new species from such sites, namely
polar, deep-sea, or magnesium-sulfate brines (Franzmann et al.,
1988; Antunes et al., 2008; Albuquerque et al., 2012; Mou et al,,
2012), would also prove beneficial and provide excellent new
targets for exposure tests (DasSarma et al., 2017; Laye and
DasSarma, 2018).

Furthermore, while single-species experiments are valuable,
we should note that microbes do not generally live in
isolation (e.g., Van Der Wielen and Heijs, 2007; Vikram et al,,
2016; Abed et al, 2018; Uritskiy et al., 2021). Therefore,
parallel experiments involving constructed consortia (as well as

Frontiers in Microbiology

15

10.3389/fmicb.2022.1023625

characterized natural consortia) of halophiles, could provide a
useful complementary approach (e.g., Wadsworth et al,, 2019;
Leuko et al., 2020). Other approaches could (and should) focus
on the distinction between survival and growth/multiplication
in exposure experiments or the issue of long-term viability of
microbes trapped in salt, a very relevant topic for halophilic
research (Gramain et al., 2011; Jaakkola et al., 2014; Stan-
Lotter and Fendrihan, 2015), but still under-explored from an
astrobiological perspective.

Access to launching opportunities has been rather
restricted in the past and has severely limited capability
to perform experiments in space, but this sector is rapidly
changing. The on-going rise of the space private sector,
the increased use of micro-satellites, or even the recent
launch of the Chinese Space Station, all provide further
launch and testing opportunities that should be harnessed
to address at least some of the gaps that we have identified.
Perhaps there is also room for technical improvements
on reducing some historical resistance toward high-salt
experiments in space (due to increased risks of corrosion
and clogging), allowing for, e.g., the testing of more live
strains in liquid medium rather than just in lyophilized,
freeze-dried form (Barravecchia et al., 2018; Rcheulishvili et al.,
2020).

Finally, we highlight the increasing relevance of data and
its analysis in the context of Halobacteria and astrobiology.
Obviously, the selection and identification of model organisms
for astrobiology should make use of a variety of data on
their capabilities and characteristics. The increased relevance
of the class Halobacteria, together with its significant on-going
increase in the description of new species and genera, as well
as in genomic and phenotypic data (e.g., DasSarma et al,
2010, 2019; Oren, 2014b; Antunes et al., 2017; Cui and Dyall-
Smith, 2021; Lach et al,, 2021), make it notoriously difficult
to navigate this ocean of relevant yet dispersed information.
Despite some efforts targeting the collection of data from this
specific taxon (e.g., Pfeiffer et al., 2008; DasSarma et al., 2010;
Ukani etal., 2011; Sharma et al., 2014; Loukas et al., 2018; Reimer
et al,, 2019), the absence of dedicated tools to quickly compare
species or even to quickly identify strains with a combination
of selected properties can be seen as a significant bottleneck in
a range of fields of applied research with this group of archaea.
Further community-wide efforts and the development of such
tools should be thus seen as a key priority for researchers
working with this taxon in the context of astrobiology and
beyond.
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The integration of genomic information into microbial systematics along
with physiological and chemotaxonomic parameters provides for a reliable
classification of prokaryotes. In silico analysis of chemotaxonomic traits is
now being introduced to replace characteristics traditionally determined
in the laboratory with the dual goal of both increasing the speed of the
description of taxa and the accuracy and consistency of taxonomic
reports. Genomics has already successfully been applied in the taxonomic
rearrangement of Geodermatophilaceae (Actinomycetota) but in the light
of new genomic data the taxonomy of the family needs to be revisited.
In conjunction with the taxonomic characterisation of four strains
phylogenetically located within the family, we conducted a phylogenetic
analysis of the whole proteomes of the sequenced type strains and
established genotype—-phenotype correlations for traits related to
chemotaxonomy, cell morphology and metabolism. Results indicated that
the four isolates under study represent four novel species within the genus
Blastococcus. Additionally, the genera Blastococcus, Geodermatophilus
and Modestobacter were shown to be paraphyletic. Consequently,
the new genera Trujillonella, Pleomorpha and Goekera were proposed
within the Geodermatophilaceae and Blastococcus endophyticus was
reclassified as Trujillonella endophytica comb. nov., Geodermatophilus
dagingensis as Pleomorpha daqgingensis comb. nov. and Modestobacter
deserti as Goekera deserti comb. nov. Accordingly, we also proposed
emended descriptions of Blastococcus aggregatus, Blastococcus
Jjejuensis, Blastococcus saxobsidens and Blastococcus xanthilyniticus.
In silico chemotaxonomic results were overall consistent with wet-lab
results. Even though in silico discriminatory levels varied depending on
the respective chemotaxonomic trait, this approach is promising for
effectively replacing and/or complementing chemotaxonomic analyses at
taxonomic ranks above the species level. Finally, interesting but previously
overlooked insights regarding morphology and ecology were revealed
by the presence of a repertoire of genes related to flagellum synthesis,
chemotaxis, spore production and pilus assembly in all representatives of
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the family. A rich carbon metabolism including four different CO, fixation
pathways and a battery of enzymes able to degrade complex carbohydrates
were also identified in Blastococcus genomes.

KEYWORDS

Trujillonella, Pleomorpha, Goekera, phylogenetic systematics, in silico

chemotaxonomy

Introduction

The family Geodermatophilaceae, belonging to order
Geodermatophilales (Sen et al., 2014), was initially proposed by
Normand et al. (1996), confirmed by Stackebrandt et al. (1997),
formally described by Normand (2006) and later emended by Zhi
et al. (2009) and Montero-Calasanz et al. (2017). The family
accommodates the genera Blastococcus (Ahrens and Moll, 1970;
Urzi et al., 2004; Lee, 2006; Hezbri et al., 2016), Geodermatophilus,
the type genus (Luedemann, 1968; Montero-Calasanz et al., 2017;
Montero-Calasanz, 2020a), Klenkia (Montero-Calasanz et al.,
2017), and Modestobacter (Mevs et al., 2000; Reddy et al., 2007;
Xiao et al., 2011; Qin et al., 2013; Montero-Calasanz et al., 2019).

The genus Blastococcus consists of Gram-reaction-positive
aerobic bacteria that can be distinguished by the presence of
individual motile rod-shaped cells and/or non-motile cocci (Lee,
2006) with a tendency to form aggregates (Urzi et al., 2004; Hezbri
etal., 2016). At the time of writing, the genus comprises 10 validly
named species including B. aggregatus (type species), isolated
from sediment from Baltic Sea (Ahrens and Moll, 1970),
B. atacamensis, isolated from an extreme hyper-arid Atacama
Desert soil (Castro et al., 2018), B. capsensis, isolated from an
ancient Roman pool in Tunisia (Hezbri et al., 2016), B. colisei,
isolated from the ruins of a Roman amphitheatre in Tunisia
(Hezbri et al., 2017), B. deserti, isolated from Gurbantunggut
Desert in China (Yang et al., 2019), B. endophyticus, isolated from
Chinese medicinal plant leaves (Zhu et al., 2013; Hezbri et al.,
2016), B. jejuensis, isolated from sand in Korea (Lee, 2006; Hezbri
et al., 2016), B. litoris, isolated from sea-tidal flat sediment (Lee
etal., 2018), B. saxobsidens, isolated from an archaeological site in
Greece (Urzi et al., 2004), and B. xanthinilyticus, isolated from a
marble sample collected from the Bulla Regia monument in
Tunisia (Hezbri et al., 2018).

The integration of genomic information into microbial
systematics (Klenk and Goker, 2010) along with physiological
and chemotaxonomic parameters enables a reliable classification
of prokaryotes (Chun et al., 2018). Laboratory-based DNA-
DNA hybridisation methods have already been routinely
replaced by overall genome relatedness indices (OGRI; Chun
etal,, 2018) of which digital DNA:DNA hybridization was shown
to be the best-performing method (Meier-Kolthoff et al., 2013a).
The use of in silico analysis for chemotaxonomic traits is now
being introduced to replace characteristics traditionally
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determined in the laboratory (Amaral et al., 2014; Fotedar et al.,
2020; Lawson et al., 2020) with the dual goal of both increasing
the speed of the description of taxa and the accuracy and
consistency of taxonomic reports (Chun and Rainey, 2014;
Whitman, 2015).

Genomics has already successfully been applied in the
taxonomic rearrangement of Geodermatophilaceae (Montero-
Calasanz et al,, 2017) although other research studies based on
genomic data are still scarce in the family. In particular, only two
papers were published so far about the genus Blastococcus
including genomic and proteomic mining of B. saxobsidens DD2
and genome mining of B. atacamensis which revealed numerous
genes involved in stress response and adaptation to harsh habitats
(Chouaia et al., 2012; Sghaier et al, 2016) apart from an
exceptional potential to produce novel natural compounds
(Castro et al., 2018).

Based on genome-scale data and phenotypic evidence
according to the principles of phylogenetic systematics (Hennig,
1965; Wiley and Lieberman, 2011), this study characterises four
novel species in the genus Blastococcus, introduces the new
Pleomorpha,
Geodermatophilaceae and reclassifies Blastococcus endophyticus

genera  Trujillonella, and  Goekera in
as Trujillonella endophytica comb. nov., Geodermatophilus
daqingensis as Pleomorpha dagingensis comb. nov. and
Modestobacter deserti as Goekera deserti comb. nov., all
representing type species of the new genera. Accordingly, we also
propose emended descriptions within Blastococcus. Additionally,
we emphasise how genomics could effectively replace and/or
complement some of the phenotypic analyses routinely carried

out in microbial systematics.

Materials and methods
Isolation

Strains AT 7-17, AT 7-8, AT 7-14" and AT 7(-2)-11" were
isolated during a screening of microorganisms from soil samples
from the Atacama Desert (Chile) in the 90s and deposited by Prof.
Fred A. Rainey (University of Alaska Anchorage, United States) at
Leibniz Institute DSMZ. On the other hand, strain G1S" was
isolated by Eppard et al. (1996) from leachate of a landfill in
Vancouver (Canada). All strains were subsequently accessed in the
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DSMZ open collection as DSM 44268", DSM 44269, DSM 442707,
DSM 442727, and DSM 442057, respectively.

Genotypic analysis

Genomic DNA extraction, PCR-mediated amplification of the
16S rRNA gene, and purification of the PCR product were carried
out as previously described by Rainey et al. (1996). For genome
sequencing, strains were cultivated in GYM Streptomyces broth
(DSMZ medium 65, pH 6.8 £0.2; https://www.dsmz.de/collection/
catalogue/microorganisms/culture-technology/list-of-media-for-
microorganisms) at 28°C and genomic DNA was extracted by
using JetFlex™ Genomic DNA Purification Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. The project
information is available through the Genomes Online Database
(Mukherjee et al., 2017). The draught genomes were generated at
the DOE Joint Genome Institute (JGI) as part of the Genomic
Encyclopaedia of Archaeal and Bacterial Type Strains, Phase II
(KMG-II): “From individual species to whole genera” (Kyrpides
etal, 2014) and ACTINO 1000: “Exploiting the genomes of the
Actinobacteria: plant growth promoters and producers of natural
products and energy relevant enzymes united in a taxonomically
unresolved phylum,” following the same protocol as in Nouioui
et al. (2017). All genomes were annotated using the DOE-JGI
annotation pipeline (Huntemann et al., 2015; Chen et al., 2016)
and released through the Integrated Microbial Genomes system
(Chen etal., 2017). In addition, genomes were uploaded to RAST
(Aziz et al., 2008; Brettin et al., 2015) and analysed through the
SEED viewer (Overbeek et al., 2014). CRISPRFinder (Grissa et al.,
2007) was used to identify CRISPR elements. Further details about
sequencing projects are summarised in the Supplementary Table S1.

Phylogenetic analysis of the 16S rRNA gene sequences from
the type strains of all species with validated names in
Geodermatophilaceae, as well as those from Antricoccus suffuscus
DSM  100065", Cryptosporangium arvum DSM 447127,
Cryptosporangium aurantiacum DSM 461447, Epidermidibacterium
keratini JCM 31644", Longivirga aurantiaca NBRC 112237" and
Sporichthya polymorpha DSM 43042" for use as outgroup, was
conducted as previously described (Goker et al., 2011; Montero-
Calasanz et al, 2014). Pairwise 16S rRNA gene sequence
similarities were calculated as recommended by Meier-Kolthoff
etal. (2013b) to determine strains with >99.0% similarity, between
which (digital) DNA:DNA hybridization experiments were
conducted for clarifying species affiliation. Genome-scale
phylogenies were inferred from the available Geodermatophilaceae
(and outgroup) whole proteome sequences using the high-
throughput version (Meier-Kolthoff et al., 2014a) of the Genome
BLAST Distance Phylogeny (GBDP) approach (Auch et al.,, 2010)
in conjunction with FastME (Lefort et al., 2015). The tree was
rooted according to Nouioui et al. (2018). The entire approach is
implemented in the Type (Strain) Genome Server (TYGS; Meier-
Kolthoff and Goker, 2019; Meier-Kolthoff et al., 2022). The GBDP

tree restricted to the well-supported branches (>95%
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pseudo-bootstrap support) was used as a backbone constraint in
a subsequent 16S rRNA gene sequence analysis to integrate
information from genome-scale data (Hahnke et al., 2016). Digital
DNA:DNA  hybridisations the
recommended settings of the Genome-To-Genome Distance
Calculator (GGDC) version 3.0 (Meier-Kolthoff et al., 2013a) as
implemented in the TYGS (Meier-Kolthoft and Goker, 2019;
Meier-Kolthoff et al., 2022). The G+ C content was calculated
from the genome sequences as described by Meier-Kolthoff et al.
(2014b). The genomic homogeneity of strains DSM 44268" and
DSM 44269 was examined by ribotyping and matrix-assisted
laser-desorption/ionisation time-of-flight (MALDI-TOF) mass
spectra (MS). Automated ribotyping of Pvull-digested samples

were conducted using

was carried out using the RiboPrinter microbial characterisation
system (Qualicon, DuPont) as described in Bruce (1996) and
Stackebrandt et al. (2002). MALDI-TOF analysis was performed
according to Toth et al. (2008).

Phenotypic analysis

Morphological and physiological tests
Morphological features of colonies were examined by
stereomicroscope on GYM Streptomyces agar at 28°C and
observed periodically during 7 days. Bacterial cell morphology
and motility was determined by phase contrast microscopy with
a magnification of 100x and with a field-emission scanning
electron microscope (FE-SEM Merlin, Zeiss, Germany). Catalase
production was tested on slides with the addition of some drops
of 3% H,0, solution into a loop of bacterial biomass. It was
considered positive when the production of bubbles was observed
after mixing. Oxidase activity was determined by obtaining blue-
purple colour after addition of some drops of 1% (w/v) solution of
N,N,N’,N’-tetramethyl-p-phenylenediamine (Sigma-Aldrich) to a
loop of bacterial biomass spread on filter paper. Gram reaction
was performed according to the procedure developed by
Gregersen (1978). API ZYM system (bioMérieux) was used to
determine enzymatic activities according to the manufacturer’s
protocol at 28°C after 24h incubation. Homogeneous bacterial
suspensions of strains DSM 442057, DSM 44268", DSM 44269,
DSM 44270", and DSM 44272" along with the reference type
strains in the genus Blastococcus were prepared in viscous
inoculating fluid (IF C) at 86% T (Transmittance) for
B. atacamensis P6", 83% T for B. capsensis DSM 468357, 89% T for
DSM 442707, B. colisei DSM 46837", and B. xanthinilyticus DSM
46842", 90% T for strains DSM 44268", DSM 44269, and DSM
44205", 91% T for DSM 442727, and 95% T for all the others
reference strains. Then those were inoculated in GEN III
Microplates per duplicate and incubated for 10 days at 28°C in an
Omnilog device (BIOLOG Inc., Hayward, CA, United States).
Data were analysed using the opm package R v.1.3.72 (Vaas et al.,
2012, 2013). Reactions that reflected different behaviour between
replicates were regarded as ambiguous. Temperature ranges were
evaluated on GYM Streptomyces medium for 15 days at 4, 10, 15,
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20, 25, 30, 37, 40 and 45°C. pH ranges were determined using
modified ISP2 medium (Montero-Calasanz et al., 2015) from 4.5
to 12.5 in increments of 0.5 pH unit adjusting with NaOH or HCI
since the use of a buffer system inhibited the growth of strains
(Montero-Calasanz et al., 2014). pH of solidified plates was
measured before inoculation and when recording results (15 days
post-inoculation). Hydrolysis of specific substrates such as
tyrosine (Gordon and Smith, 1955), casein, starch, xanthine as
well as hypoxanthine was also tested as outlined by Montero-
Calasanz et al. (2015).

Chemotaxonomic tests

For chemotaxonomic analysis, strains were grown in GYM
Streptomyces broth with shaking (120rpm) at 28°C for 7 days.
Bacterial biomass was collected and subsequently freeze dried.
Extraction of whole-cell amino acids and sugars was carried out
as developed by Lechevalier and Lechevalier (1970) followed by
thin layer chromatography (TLC) analysis and identification
(Staneck and Roberts, 1974). Analysis of peptidoglycan
hydrolysates (6N HCI, 100°C for 16 h) was performed on cellulose
TLC plates as described by Schleifer and Kandler (1972).
Menaquinones (MK) analyses (Kroppenstedt, 1982) were
accomplished as indicated by Collins et al. (1977) following the
identification of MK by high-performance liquid chromatography
(HPLC; Kroppenstedt, 1982). Polar lipids were extracted and
identified by 2D TLC as outlined by Minnikin et al. (1984) with
modifications proposed by Kroppenstedt and Goodfellow (2006).
Dragendorff’s reagent (Merck Millipore, 102035) was additionally
sprayed to identify choline-containing lipids (Tindall, 1990). For
fatty acid analysis, cell biomass grown on PYGV (DSMZ 621) agar
plates for 16days at 20°C was harvested and fatty acid methyl
esters were extracted according to Sasser (2001). Microbial
Identification System (MIDI) Sherlock Version 6.1 (method
TSBA40, ACTIN6 database) was used for performing data
analysis. All the chemotaxonomic analyses for strains were carried
out under standardised conditions.

Results and discussion
Basic genome statistics

Standard draught genomes were obtained for strains DSM
442057, DSM 44268", DSM 44270, and DSM 44272" and type
strains of species B. aggregatus, B. endophyticus and
B. xanthinilyticus. An improved-high-quality genome draught
according to GOLD sequencing quality standards (Mukherjee
et al., 2017) was also obtained for both B. colisei DSM 46837" and
B. saxobsidens DSM 44509" (Supplementary Table S1). The
genome sizes ranged from 4.0 Mbp (strain DSM 44205") to 5.1
Mbp (strains DSM 44272 and DSM 46837"), with an average
genome size for all sequenced Blastococcus strains of 4.6 +0.4 Mbp
(Supplementary Table S2). The genomic G + C content of the sole

chromosome in the type strains varied between 72.5-74.6%.
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Deviations from the published G + C contents of reference strains
were all below the 1% threshold determined within species
(Meier-Kolthoff et al., 2014b). In accordance with the genome
sizes, the number of protein-coding genes ranged from 3,939 for
strain DSM 44205" to 5,007 for strain DSM 44272, not observing
a priori any association between genome size and habitat of
isolation. Both tRNA and rRNA genes represented between 1.3%
(47 tRNA and five rRNA genes) in B. xanthinilyticus DSM 46842
and 2.2% (70 tRNA and nine rRNA genes) in DSM 44205" of the
whole genome sequences. A single copy of the 16S rRNA gene was
identified for strains DSM 442707, DSM 442727, B. aggregatus
DSM 47257, and B. xanthinilyticus DSM 46842". Three almost
identical 16S rRNA genes copies were annotated in the genome
sequences of strain DSM 44205", B. colisei DSM 468377,
B. endophyticus DSM 454137, and B. saxobsidens DSM 445097, and
four almost identical ones in the genome sequence of strain DSM
44268" (intragenomic heterogeneity of 16S rRNA genes is below
the 1% level for species delimitation; Meier-Kolthoff et al., 2013a).
Previous studies already reported low copy numbers (2-4) for
slow-growing actinobacteria (Sun et al., 2013; Vetrovsky and
Baldrian, 2013) isolated from oligotrophic environments
(Klappenbach et al., 2000). The number of rRNA operon copies is
suggested to be related to the life strategy of bacteria and how
quickly they respond to favourable changes in environmental
conditions and nutrient availability (Klappenbach et al., 2000).
Hence, rRNA copy number appears to be correlated with growth
speed. The number of identified tRNAs ranged from 47 to 49 in
all the Blastococcus representatives except in the genome sequence
of strain DSM 44205" that contained 70 tRNAs. The 20 standard
tRNA genes were present in all genomes but in a different
distribution. For example, four tRNA-Arg gene copies (six gene
copies for strain DSM 44205") versus one tRNA-Tyr gene copy.
Such uneven distribution supports the co-adaptation between
tRNA abundance and specific codon usage of each organism as a
higher ratio of optimal codons may facilitate the transcription
efficiency (Du et al., 2017). Out of the 70 (DSM 44205") and 48
(B. endophyticus) annotated tRNAs, seven (DSM 44205") and one
(B. endophyticus), respectively, were identified as pseudogene(s).
The latter are known to be dysfunctional in translation but to
be potentially involved in modulating other processes such as
antibiotic and cell wall biosynthesis and gene expression (Rogers
et al,, 2012). One copy of nonsense suppressor tRNA (tRNA
amber gene) was also identified in the repertoires of DSM 442707,
DSM 44272%, and B. colisei, which could prevent the premature
termination of translation caused by nonsense mutations (Ko
etal,, 2013). The number of pseudogenes was within the expected
values for free-living prokaryotes (0%-5%; Liu et al., 2004) and
varied from zero (for example: DSM 44205, DSM 442727,
B. endophyticus, B. xanthinilyticus or B. atacamensis, amongst
others) to 123 in B. colisei DSM 46837" (2.5%). Each genome
contained a largely unique set of pseudogenes, with over half of
those annotated as “hypothetical” proteins, suggesting that
pseudogenes in Blastococcus are formed and eliminated relatively
rapidly as previously reported by Kuo and Ochman (2010) for
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Salmonella genomes. In addition, the number of paralogous genes
varied from 437 (11%) in strain DSM 44205" to 1,601 (32%) in
B. colisei DSM 468377, the signal peptide percentage was 3.0%—
5.8% whilst the percentage of transmembrane proteins ranged
from 19.7% to 24.7%. According to CRISPRFinder, the number of
“questionable” Clustered Regularly Interspaced Short Palindromic
(CRISPR)
(Supplementary Table S2). Additional analyses to test the genetic

Repeats ranged from zero to  seven
environment often associated with CRISPR structures should
nevertheless be carried out to confirm the presence of a naturally
occurring genome editing system in Blastococcus representatives.

The average percentage of genes with a predicted function in

the Clusters of Orthologous Groups (COGs) database was
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63.3+2.3% (ranged from 2,558 to 3,117 genes; Supplementary
Table S2). As expected, functional COG profiles of Blastococcus
strains are similar (Supplementary Figure S1; Supplementary
Table S3).

Phylogenetic analysis

The phylogenetic tree inferred by whole proteomes of the
sequenced type strains and strains under study revealed the
affiliation of DSM 44268", DSM 44270", DSM 44272" and DSM
44205" to the genus Blastococcus (Figure 1). The subtree containing
the genera Geodermatophilus, Modestobacter and Blastococcus was
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not monophyletic which was caused by three misclassified species.
First, B. endophyticus DSM 45413" appeared with maximum
support as a sister group of Geodermatophilus and was not
phylogenetically placed within the maximally supported subtree
harbouring all the other Blastococcus type strains. Second,
G. dagingensis DSM 104001" represented a maximally supported
sister group to the large subtree comprising all other
Geodermatophilus and Blastococcus type strains. Third, M. deserti
CPCC 205119" formed a deeply-branching and maximally
supported sister group of Klenkia.

The constrained 16S rRNA phylogenetic tree (Figure 2) based
on gene sequences of all validly published species in the family
and strains under study, including strain DSM 44269, confirmed
the observations from the proteome-based GBDP analysis.
Moreover, strains DSM 44268 and DSM 44269 were placed with
high support in a clade together with strains DSM 44205 and
B. aggregatus DSM 4725".

The 16S rRNA gene sequence similarity values between (i)
DSM 44268" and DSM 44269, (ii) between DSM 44205%, DSM
44270" and G. aggregatus DSM 47257, and, (iii) between DSM
44270" and B. litoris GP-S2-8", ranged above the Actinobacteria-
specific 16S rRNA threshold of 99.0% (accepting an error
probability of 1%; Meier-Kolthoff et al., 2013b).

It was thus necessary to investigate the species status via
digital DDH (dDDH). The dDDH values between strain DSM
44268" and strains DSM 44205" (30.8%), DSM 44270" (23.8%),
and B. aggregatus DSM 4725 (30.3%) and between B. litoris
GP-S2-8" and strains DSM 44270" (26.9%) resulted in values
below the 70% threshold throughout, thus indicating distinct
species (Wayne et al., 1987).

In addition, the MALDI-TOF dendrogram (Supplementary
Figure S2) confirmed the affiliation of strains DSM 44268" and DSM
44269 to the same species showing a 100% similarity regarding mass
spectra patterns of proteins and separated from those under study
at a distance level >900 arbitrary units. The riboprinting patterns of
the DSM 44268" and DSM 44269 isolates were also highly similar
(98.3% similarity; Supplementary Figure S3) but differentiated them
as clonal variants of each other.

Phenotypic-genotypic correlations

Morphology and physiology

All target strains were aerobic, Gram-reaction positive and
showed coccoid cells with a tendency to form aggregates as previously
described by Urzi et al. (2004) for the genus Blastococcus
(Supplementary Figure S4). In addition, under studied culture
conditions, reproduction by budding was predominant although
bacterial binary fission was also observed (Supplementary Figure 54).
It was already indicated for strain DSM 44205 by Eppard et al.
(1996). Effectively, the presence of the cell division protein FtsZ and
related genes such as the actin-like protein MreB were annotated in
all genomes but no known mechanisms involved in division via
budding were identified (Supplementary Table S4). Whilst FtsZ is an
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essential structural homologue of the eukaryotic cytoskeletal element
tubulin (Lowe and Amos, 1998) and involved in forming a cytokinetic
ring at the division site (Wang and Lutkenhaus, 1993), MreB is mostly
essential for cell elongation and maintenance of the cell (Rivas-Marin
et al,, 2020). Mechanisms of bacterial division by budding are still
poorly understood in evolutionary cell biology (Rivas-Marin et al.,
2020). Geodermatophilaceae representatives are described as aerobic
2020b).
microaerophilic representatives isolated from the oxic/anoxic

bacteria (Montero-Calasanz, Nevertheless, some
interface of marine sediments were also reported (Ahrens and Moll,
1970). To date no anaerobic isolate was described, although the
presence of reductases using anaerobic terminal electron acceptors
such as arsenate, ferredoxin or flavodoxins as well as a repertoire of
genes involved in the fermentation of propanoate, butanoate and
pyruvate, amongst others, in the Blastococcus genomes could indicate
that anaerobic respiration may be possible. It was already suggested
by Sghaier et al. (2016).

In vivo motility was not observed in any of the studied strains.
The presence of homologues involved in flagellar biosynthesis and
function and chemotaxis in all the genome sequences, nevertheless,
suggests that Blastococcus strains may be flagellated chemotactic
bacteria and motility may have been influenced by culture
conditions. In fact, Ahrens and Moll (1970) suggested that the
motile rod stage in B. aggregatus could be favoured under
microaerophilic conditions. Later studies carried out by Holt and
Chaubal (1997) for Salmonella pullorum strains, confirmed that
flagellar synthesis is affected by agar concentration, carbohydrate
concentration and type, and incubation temperature. The presence
of flagellar gene clusters is consistent with observed motility by
type strains of B. jejuensis and B. saxobsidens (Urzi et al., 2004; Lee
2006) and other strains in the family (Montero-Calasanz et al.,
2017). In fact, flagellin synthesis was identified as the most highly
expressed protein in the proteogenome of Blastococcus sp. DD2
(Sghaier et al., 2016). The core set of flagellar structural genes for
Geodermatophilaceae representatives seems to be largely consistent
with that described by Liu and Ochman (2007) for the bacterial
domain. Twenty-eight different genes comprise specific proteins
that form the filament (fliC, two copies for strain DSM 442057,
DSM 442707, and B. xanthinilyticus), the hook-filament junction
(flgL and fIgK), the hook (flgE), the rod (flgB and flgC), the MS ring
(fliF; absent in DSM 442727), the C ring (fliG, fliM and fliN), the
motor (motA and motB), and the export apparatus (flhA, fIhB, fliP
fliQ, and fliR). In addition, flgD encoding for the hook-capping
protein, which is required for flagellar assembly (Liu and Ochman,
2007), and other broadly distributed flagellar structural genes such
as fliD (filament cap), fliE, fliK and fliH (hook) as well as, fliZ, fliS
and fliO are also part of the core set in Geodermatophilaceae
(Supplementary Table S4). The L and P ring proteins FlgH and FIhI
are absent in Gram-positive bacteria. Chemotaxis, on the other
hand, may be controlled by the universal two-component system.
Methyl-accepting chemotaxis proteins (MCP) would control
autophosphorylation of a cytoplasmic histidine kinase (CheA), via
a coupling protein (CheW), which would activate the response
regulator CheY and, consequently, interact with the switch
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Maximum likelihood phylogenetic tree inferred from 16S rRNA gene sequences, showing the phylogenetic position of the strains DSM 442057,
DSM 442687, DSM 44269, DSM 44270" and DSM 442727 relative to the type strains within Geodermatophilaceae. The branches are scaled in terms
of the expected number of substitutions per site (see size bar). Support values from maximum-likelihood constrained bootstrapping are shown
above the branches if equal to or larger than 60%

mechanism in the flagellar motor (Szurmant and Ordal, 2004). genome sequences of DSM 44205", DSM 44268, and DSM 44270"
Surprisingly, a dedicated ribose-binding protein (ribose transport suggesting a key role of ribose as chemoeffector in those strains at
system substrate-binding protein, RbsB) was annotated in the low concentrations (Galloway and Furlong, 1977).
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In addition, tad (tight adherence) genes were unambiguously
annotated in all the studied genomes (Supplementary Table S4).
The tad genes encode the machinery required for the assembly of
adhesive Flp (fimbrial low-molecular-weight protein) pili (Tomich
etal., 2007). Those are essential for biofilm formation, colonisation,
DNA transfer and pathogenesis and have implications in functions
such as phage binding, rough colony morphology, and twitching
motility (Proft and Baker, 2009). The presence of Tad complexes
in Geodermatophilaceae genomes could be important for
successful colonisation of altered stones and patina formation
(Eppard et al., 1996; Urzi et al., 2001). Howbeit, the presence and
abundance of tad genes varied amongst strains suggesting that
strains may present different adherence-related phenotypes as
previously demonstrated by Kachlany et al. (2000) and Perez
et al. (2006).

Production of spores was not observed in any of the isolates
under the given culture conditions. Nevertheless, the unambiguous
presence of single copies of SsgA-like proteins (SALPs) in all
studied genomes suggested that sporulation may be a typical
feature previously overlooked in Blastococcus spp. and that, similar
to Geodermatophilus spp., the presence of SALPs may be affected
by growth conditions (Ishiguro and Wolfe, 1970). SALPs occur
exclusively in morphologically complex actinomycetes where they
play an important role in morphogenesis and control of cell
division (Jakimowics and van Wezel, 2012) and are essential for
sporulation (van Wezel et al., 2000). Furthermore, the presence of
single SALPs (presumably and invariably SsgB) in Blastococcus
saxobsidens DD2 and other Geodermatophilaceae representatives
was already described by Girard et al. (2013) and is suggested as a
link between the number of SALPs and the complexity of the
developmental process (Traag and van Wezel, 2008), suggesting
that these actinomycetes would produce single spores.

Colonies were opaque with a moist surface and regular margin
and varied from coral (strain DSM 44268" and DSM 44205") to
brownish-orange in colour (Strains DSM 44270" and DSM 44272"
and DSM 44269). Accordingly, phytoene synthase (crtB; EC
2.51.32) and phytoene desaturase (crtl; 4 step enzyme; EC
1.3.99.28, EC 1.3.99.29, EC 11.3.99.31), the key enzymes involved
in the biosynthesis of the colourful carotenoids (-carotene,
neurosporene, and lycopene (Paniagua-Michel et al., 2012) were
identified in all the genomes. Yet, the putative operon mentioned
by Sghaier et al. (2016) for B. sp. DD2 consisting of hopC
[squalene-associated FAD-dependent desaturase (fragment)],
ispA (generaylgeranyl pyrophosphate synthase), shc (squalene-
hopene cyclise), hpnH (hopanoid biosynthetic associated radical
SAM protein HpnH), was not identified in these genomes, except
crtB ilvC  (ketol-acid
Supplementary Table S4).

for and reductoisomerase;

Strains grew well on GYM Streptomyces and PYGV agar
media. They tolerated temperature ranging from 15°C to 37°C,
except strain DSM 44269, which only tolerated a more restricted
range from 20°C to 37°C. All strains showed optimal growth at
25°C-30°C. In addition, growth was observed at pH 6.0-12.0 for

strains DSM 44268" and DSM 44269, at pH 5.0-11.5 for strain
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DSM 44205, at 5.0-11.0 for strain DSM 442707, and at 6.5-11.0
for strain DSM 44272". All strains had an optimal pH range from
6.5 to 8.0. Regarding tolerance to salt, strains DSM 44269 and
DSM 442727 were the least tolerant (0%-1% NaCl, although at 4%
NacCl the Biolog system determined an ambiguous result for DSM
44272"), followed by both DSM 44268" and DSM 44205"
tolerating 0%-4% NaCl, and strain DSM 44270, which tolerated
up to 8% NaCl. A summary of selected differential phenotypic
characteristics is presented in Table 1 (for an overview of
phenotypic profiles in Blastococcus see Supplementary Figure S5;
Supplementary Table S5). Details about core metabolism will
be provided later on in this manuscript.

Chemotaxonomy

Whole-cell hydrolysates of all strains showed meso-
diaminopimelic (DAP) acid (Cell wall type III; Lechevalier and
Lechevalier, 1970) as the diagnostic diamino acid being consistent
with the family Geodermatophilaceae (Montero-Calasanz, 2020b)
and genomic data (presence of MurE encoding for UDP-N-
acetylmuramoylalanyl-D-glutamate--2,6-diaminopimelate ligase
[6.3.2.13] and absence of UDP-N-acetylmuramoyl-L-alanyl-D-
glutamate—L-lysine ligase [6.3.2.7]; Supplementary Table S4). In
addition, D-alanyl-D-alanine carboxypeptidase [3.4.16.4] was
automatically annotated in all Blastococcus representative genomes
except in B. atacamensis P6" and in most Geodermatophilaceae
representatives. The presence of diaminopimelate epimerase
(dapF), responsible for the interconversion of the LL- and meso-
isomers of DAP (Antia et al., 1957), was also annotated in all
genomes including in the genome of Sporichthya polymorpha
DSM 430427, whose cell wall is characterised by containing large
amounts of LL-DAP (Trujillo and Normand, 2019). In this way,
genomic data could easily be used to distinguish taxa with
DAP-type peptidoglycan from those with Lys-type pepdioglycan
but fail to differentiate those incorporating LL-DAP (e.g.,
Sporichthyales) from those incorporating meso-DAP (e.g.,
Geodermatophilales). Although the evolutionary explanation for
the incorporation of one or another stereoisomer is still unclear,
studies in E. coli suggest that the differentiation of DAP
stereoisomers might be related to dimerization of the DAP
epimerase (Mengin-Lecreulx et al., 1988; Hor et al., 2013).

As suggested by Hezbri et al. (2016) for the emendation of the
genus Blastococcus, whole-cell sugar analysis displayed a basic
pattern consisting of ribose, glucose, and mannose. Additionally,
galactose was identified in all strains under study except in the
profile of strain DSM 44205". Similarly, arabinose was found as
part of the sugar cell wall composition in all studied strains
excluding strain DSM 44270". Xylose was detected in strain
DSM 44205".

The predominant menaquinone (MK) for strains DSM
442057, DSM 44268", DSM 44269, DSM 44270", and DSM 442727
was MK-9(H,; 75.9%, 92.6%, 56.7%, 78%, and 62.9%, respectively)
in agreement with what was described for Geodermatophilaceae

frontiersin.org


https://doi.org/10.3389/fmicb.2022.975365
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

AB0)01qOIDIN Ul SID13U0IS

640" UISISIUOIY

TABLE 1 Phenotypic characteristics of strains DSM 442057, DSM 442687, DSM 44269, DSM 44270™ and DSM 442727 in comparison with the validly named species in the genus Blastococcus.

Ch 1 2 3 4 5 6 7 8 9 10 11 12 13

aracteristics

Motility - - - - + + - - - + + -

Oxidation of: +/— + + +/— +/— + +/— - +/— + + + -

Stachyose

o-D-Lactose - + + - - + + + + - - + +

D-Melibiose +/— +/— + +/— - + - + +/— +/— +/— + +/—

N-Acetyl-D- - + +/— - - +/— +/— +/— +/— +/— - +/— +/=

Galactosamine

D-Mannose - - + +/—= + +/—= - + - +/— +/— + +

L-Rhamnose - - - - - +/— - +/— + +/— - + -

L-Aspartic acid +— +/—= - + +/—= - - + +/—= - +/—= +—= -

Quinic acid - - +/— - + +/— + +/— + +/— + +/— -

L-Lactic acid - - - + + — +/— - +/— - + - -

Citric acid + - + + - + +—= +— +/—= - +/—= - -

a-Keto-Glutaric + + + - +/— + + + + + + + +/—

acid

D-Malic acid +/— + + - - + + + +/—= + + - +

L-Malic acid - + + + - +/— +/— + +/— + + - -

Polar lipids DPG, PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PI DPG,PC,PE, PG, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE, DPG,PC,PE,

PI PG, PI PG, PI PG, PI PG, PI PI PG, PI PG, PI PI PI PI PG, PI

Sugars Ribose Rhamnose Ribose Ribose Rhamnose Ribose Ribose Rhamnose Ribose Rhamnose Rhamnose Ribose Ribose

Xylose Ribose Arabinose Mannose Ribose Arabinose Glucose Ribose Glucose Xylose Ribose Mannose Glucose
Arabinose Arabinose Mannose Glucose Arabinose Mannose Galactose Glucose Galactose Ribose Arabinose Glucose Galactose
Mannose Mannose Glucose Galactose Glucose Glucose Mannose Mannose Galactose
Glucose Glucose Galactose Galactose Glucose Glucose
Galactose
Menagquinones® MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,)  MK-9(H,)
MK-8(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-8(H,) MK-9(H,) MK-9(H,) MK-8(H,) MK-8(H,) MK-9(H,) MK-9(H,)  MK-9(H,)
MK-10(H,) MK-9(H,) MK-8(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-9(H,) MK-8(H,) MK-8(H,)
MK-10(H,)  MK-9(H,) MK-8(H,) MK-9(H,)
MK-9(H,) MK-9(H,)

Fatty acids® i80-Ci Cig109¢ Cg109¢ i80-Cig i50-Cg0 i50-Cg0 i80-Cie C, 8¢ i50-Cg i80-Ci6 i80-Ci6 i80-Cie i50-Cg0
anteiso-C,, i50-Cig 150-Cig Cy7.,08¢ Cig.09¢ i50-Cy6. 150-Cyg, 150-Cys5 Cie07c¢ i50-Cy6, i50-Cys, Cig,09¢ Cy7.,08¢ Cy7 08¢
anteiso-C,;, i80-Cys, i80-Cys0 i50-Ci6, Cy7w8¢ Cig1w9c¢ 9-methyl-C,¢, 150-Cs0 Cy7.w8¢ i50-Cy6, C7,0w8¢ i50-Ciq, i50-Cs,

i80-Cyg, is0-Cyg,y Caw7¢ is0-Cs is0-C5, i80-Cie C5109c¢ Cg1m7¢ is0-C15:0 is0-Cs, Cgq @9cC
Cig,09¢ Ciso Cyg,09¢ i50-Cy6, 150-Cy, i50-Cs, i50-Cy6.

Strains: 1, strain DSM 442057 2, strain DSM 44268"; 3, strain DSM 44269; 4, strain DSM 44270"; 5, strain DSM 44272; 6, B. aggregatus DSM 4725"; 7, B. atacamensis NRRL B-65468"; 8, B. capsensis DSM 46835"; 9, B. colisei DSM 46837"; 10, B. endophyticus
DSM 45413%; 11, B. jejuensis DSM 19597"; 12, B. saxobsidens DSM 44509"; 13, B. xanthinilyticus DSM 46842". +, positive reaction; —, negative reaction; +/—, ambiguous; DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PC, phosphatidylcholine; MK, menaquinones.
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(Montero-Calasanz et al., 2017). MK-9(H,) was however also
found in minor levels in the strains isolated from Atacama soils
(DSM 44268, 0.7%; DSM 44269, 17.4%; DSM 442707, 7.4%; DSM
44272",20.2%). Minor amounts of MK-9(H,) were also observed
in the MK profiles of strains DSM 44269, DSM 44270", and DSM
44272" (1.6, 1.3, and 15.0%, respectively). MK-8(H,) was also
identified in strains DSM 44205" (5.5%) and DSM 44270" (2.9%).
But MK-10(H,) was only found in strains DSM 44268" (4.7%) and
DSM 44269 (0.6%) and MK-9(Hy) in strain DSM 442707 (1.1%).
The presence of quinones other than MK-9(H,) is commonly
observed in other representatives in Geodermatophilaceae
(Montero-Calasanz et al., 2017; Montero-Calasanz, 2020b, 2021),
although it is worth mentioning that this is the first report of
MK-10(H,) in members of the genus Blastococcus. The
biosynthesis of menaquinones, via chorismate derived from
Shikimate pathway (genes: MenA-G), was confirmed by genomic
data in the order Geodermatophilales. Curiously, the futalosine
pathway, the other major type of menaquinone biosynthetic
pathway (Seto et al.,, 2008) was also annotated in genomes of
Cryptosporangium arvum and Crytosporangium aurantiaca type
strains  (Supplementary Table S4). MenJ encoding for
menaquinone-9-f-reductase [EC:1.3.99.38] and implicated in
menaquinone side chain saturation (Upadhyay et al., 2015) was
misidentified by databases as a geranylgeranyl reductase family
protein but was verified in all genomes after BLAST using
UniProtKB:P9WNY8 (MENJ_MYCTO). Moreover, the presence
of
[EC:2.5.1.74] and demethylmenaquinone methyltransferase

1,4-dihydroxy-2-naphthoate polyprenyltransferase
[EC:2.1.1.163] in all genomes confirmed the potential of
Geodermatophilales representatives to synthesise MK 8, 9, and 10.
Regarding the elongation of isoprenoid side chains, genes uppS

and hepST, encoding for ditrans,polycis-undecaprenyl-
diphosphate synthase ((2E,6E)-farnesyl-diphosphate specific) and
polyprenyl diphosphate synthase (annotated here as

geranylgeranyl pyrophosphate synthase), respectively, were
annotated in all genomes. But the length and the degree of
saturation of the C-3 isoprenyl side chains were impossible to
predict. MKs consist of repeated isoprene subunits and the exact
number is determined by the synthase encoded by the particular
microbe and a microbe-dependent molecular ruler mechanism
that involves bulky amino acid residues blocking the enzyme
active sites to stop chain elongation (Han et al., 2015). The inability
to predict the isoprenyl chain length of menaquinones was already
reported by Back et al. (2018).

Regarding fatty acid profiles, the five strains qualitatively
showed similar patterns to those found in other representatives in
Blastococcus (Table 1), but the predominant fatty acids significantly
varied amongst them. Dominant fatty acids for strains DSM
44268" and DSM 44269 (>5%) were Cyg 09¢ (36.2% and 37.2%,
respectively), iso-C,s (19.3% and 11.3%, respectively), iso-Cs,
(6.2% and 8.6%, respectively), and C,s,w7c (7.8% and 7.2%,
respectively). Additionally, DSM 44268" showed iso-C,s, H (5.4%)
and DSM 44269 displayed some minor amounts of Cs (5.6%)
and C,,,,w8c (6.8%). Those latter fatty acids were also present in
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DSM 44268" and iso-C,s,, H in DSM 44269 but at levels below 5%.
On the other hand, strain DSM 44270" had the major fatty acids
(>5%) is0-Cyp (32.0%), Ci7a08c (27.0%), iso-Cis; H (8.7%),
is0-Cys, (7.3%), and Cyg,09¢ (6.0%). A similar composition was
observed for strain DSM 442727 although those quantitatively
varied as follows: is0-Ciq (24.0%), Ci5,09¢ (23.0%), C,,,w8¢
(13.7%), iso-Ciso (10.8%), and iso-Cs; H (8.1%). Finally, the
major fatty acids of strain DSM 44205" (>5%) consisted of is0-C4
(23.4%), anteiso-C,;, (19.8%), and anteiso-C,;; C (11.9%),
is0-Cig; H (11.1%), and Cy,@9¢ (6.7%). The complete gene set
(Fab cluster) related to fatty acids metabolism (type II fatty acid
synthase (FAS IT) system) was present in all the studied genomes.
Similar to the biosynthesis of MKs, fatty acid synthesis occurs via
recurring reactions. It is thus not possible to predict just by using
genomic data modifications that result in desaturations and/or
elongations (Lopez-Lara and Geiger, 2019).

The major polar lipids were diphosphatidylglycerol (DPG),
phosphatidylethanolamine (PE), phosphatidylcholine (PC), and
phosphatidylinositol (PI; Figure 3). It was consistent with those
already described by Hezbri et al. (2016). Significant amounts of
phosphatidylglycerol (PG) were also identified in all the isolates
except in strain DSM 44205". The inconsistent presence of PG was
already noted for other species in the family (Montero-Calasanz
etal, 2014, 2015, 2017; Hezbri et al., 2015a,b, 2016). Similarly, the
characteristic glycophosphoinositol (GPI; annotated as GPL in
Hezbri et al., 2016) as well as the reproducible presence of two
unidentified polar lipids (PL2 and PL3) was detected in strains
DSM 44268", DSM 44269, DSM 442707, DSM 44272" but not in
DSM 44205". However, a minor amount of an unidentified
glycolipid (GL4) was found in the polar lipids pattern of strain
DSM 44205". Three different ones (GL1, GL2, and GL3) were also
identified in the profile of strain DSM 44268" but not in strain
DSM 44269. In contrast, an unidentified aminolipid (AL1) was
displayed by strain DSM 44269 but not by DSM 44268". One
having a similar chromatographic mobility was present in strain
DSM 44270", too. Genomic data were consistent with those
obtained experimentally with some minor discrepancies. In
particular, the enzymes phosphatidylcholine synthase and
cardiolipin synthase [EC 2.7.8.41] required in the synthesis of PC
and cardiolipin (DPG), respectively, were present in all the
genomes. As expected, phosphatidylcholine synthase was missing
in Modestobacter and Klenkia type species. CDP-diacylglycerol--
glycerol-3-phosphate 3-phosphatidyltransferase [EC 2.7.8.50]
involved in the synthesis of phosphatidyl-glycerophosphate, and
also in fatty acids metabolism, was present in all species although
phosphatidylglycerophosphatase [EC 3.1.3.27] required to the
final conversion to PG was just annotated in DSM 44272" and in
B. litoris. Phosphatidylserine descarboxylase [EC 4.1.1.65]
required to synthesise phosphatidylethanolamine was not
annotated in M. multiseptatus. CDP-diacylglycerol—inositol
3-phosphatidyltransferase [EC 2.7.8.11] needed for the synthesis
of PI was annotated in all genomes. Finally, some other enzymes
involved in the biosynthesis of other polar lipids were also
annotated in the studied genomes suggesting that those may
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FIGURE 3

Polar lipids profile of strains DSM 44205'(A), DSM 44268 (B),
DSM 44269 (C), DSM 442707(D) and DSM 442727 (E) after
separation by two-dimensional TLC using the solvents
chloroform:methanol:water (65:25:4; v:v:v) in the first dimension
and chloroform:methanol:acetic acid:water (80:12:15:4; v:v:v:v)
in the second one. Plates were sprayed with
molybdatophosphoric acid (3.5%; Merck™) for detection of the
total polar lipids. DPG, diphosphatidylglycerol; PG,
phosphatidylglycerol; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PC, phosphatidylcholine; GPI,
glycophosphatidylinositol; PL1-3, Phospholipid; GL1-4, glycolipid;
AL1-2, aminolipid; L1-10, unidentified lipids. All data are from this
study.

correspond to those minor unidentified lipids shown on the
TLC plate.

Carbon metabolism

As expected, and in agreement with results determined by
GEN III Biolog System (Supplementary Table S5), Blastococcus
spp. show aerobic microbial respiration potentially driven by
glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative
phosphorylation. In addition, CO, could be assimilated via
C4-dicarboxylic acid cycle by phosphoenolpyruvate carboxylase
[EC 4.1.1.31], which converts phosphonolpyruvate coming from
pyruvate metabolism, glucolysis or gluconeogenesis into
oxaloacetate, and is present in all species except DSM 44268" and
B. aggregatus. A second mechanism to fixate CO, based on the
reductive citric acid is also observed in all species (i.e., a molecule
of CO, is incorporated via

along  succinyl-CoA,
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2-oxoglucarate/2-oxoacid ferredoxin oxidoreductase [EC 1.2.7.3],
which in turn will be converted into isocitrate via isocitrate
dehydrogenase [EC 1.1.1.42], using another molecule of CO,). The
presence of carbonic anhydrases (CAs, EC 4.2.1.1), which are
involved in the catalysis of CO, to bicarbonate and vice versa
(Supuran and Capasso, 2017) is found in all the genomes. Finally,
the Wood-Ljungdahl pathway, which assimilates CO, into
Acetyl-CoA via the complex carbon monoxide deshydrogenase/
acetyl-CoA synthase (CODH/ACS), may potentially be present.
A complete tetrahydrofolate (THF) methyl-branch along with the
presence of carbon monoxide dehydrogenases, required for the
carbonyl-branch, were annotated in all genomes. These
microorganisms could also be able to produce acetate as end
product (acetogenesis). But no acetyl-coA synthase [2.3.1.169]
homologue was identified in this study. And neither an autotroph
nor an acetogen was described in the family so far. Overall, the
presence of a number of mechanisms related to
chemolithoautotrophy denotes that Blastococcus representatives
could play a key role in the global carbon cycle. Microorganisms
able to efficiently capture and store CO, are prime candidates to
be used as biological approaches in the reduction of the
atmospheric CO, concentration and as production platforms for
a wide range of bioproducts from CO, (Katsyv and Miiller, 2020).

Apart from D-glucose as carbon source, genomics data
identified other potential carbon sources such as fructose
(fructokinase mediated: EC 2.7.1.4);
galactokinase); D-galactose (galM, Aldose 1-epimerase; EC
5.1.3.3); which is absent in DSM 442057; L-gulose (gnl, RGN
EC 3.1.1.17); (alcohol

deshydrogenase; EC 1.1.1-), only present in B. aggregatus;

a-galactose  (galk,

gluconolactonase; 1-butanol
D-mannose-6P/1P (manB phosphomannomutase; EC 5.4.2.8
/manC mannose-1-phosphate guanylyltransferase; EC 2.7.7.13),
absent in B. aggregates; glycine via GDC glycine dehydrogenase
and glycine hydroxymethyltransferase (glyA, EC 2.1.2.1);
L-glutamate (gdhA, glutamate dehydrogenase; EC 1.4.1.3);
L-serine (glycine hydroxymethyltransferase; glyA, EC 2.1.2.1),
isocitrate (isocitrate dehydrogenase), absent in DSM 442727;
formamide (formamidase; EC 3.5.1.49) present in DSM 442057,
DSM 44272%, and B. aggregatus; trehalose (freS, maltose
a-D-glucosyltransferase; EC 4.99.16 and D-glucose a,a-trehalose
EC 2.4.1.65); L-lactate (lldD, L-lactate
dehydrogenase; EC 1.1.2.3), just present in B. endophyticus;

phosphorylase;

sucrose (malZ, a-glucosidase; EC 3.2.1.20); maltose (maltokinase;
EC 2.7.1.175), absent in B. xanthinilyticus; isomaltose (oligo-1,6-
glucosidase), amongst others, that may also be utilised by
Blastococcus strains. These results supported the presence of a
rich carbohydrate metabolism in the genus and were largely in
correlation with those showed by GEN III Biolog and API System
(See Supplementary Figure S5; Supplementary Tables $4, S5).
Additionally, Blastoccocus genomes revealed extracellular
enzymes involved in the degradation of complex carbohydrates,
which are closely linked to the decay of organic residues,
transformation of native soil organic matter, mineralisation of plant
nutrients, and soil aggregation (Balezentiene, 2012). For example,
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a-glucosidases [EC 3.2.1.20], involved in the cellulose hydrolysis,
were observed in all studied genomes (three copies in
B. xanthinilyticus); f-glucosidases [EC 3.2.1.21] were also annotated
in all of them except in B. colisei and B. xanthinilyticus, having three
gene copies in DSM 44205", DSM 44268", and B. saxobsidens;
Moreover, all studied genomes contained a-amylases [EC 3.2.1.1],
extracellular enzymes handling the almost complete starch
saccharification (Tu and Miles, 1976), but enzymatic activity was
not recorded in any of them according to the APIM ZYM system;
the presence of glycosidase (glycoside hydrolase; annotated as
a-amylase by Pfam database) was, nevertheless, only annotated in
B. endophyticus; Finally, chitinases [EC 3.2.1.14] were annotated in
B. endophyticus and B. saxobsidens. Cellulases (f3-1,4-endoglucan
hydrolase; EC 3.2.1.4) and 1,4- $3- cellobiohydrolase [EC 3.2.1.91]
were absent. On the other hand, lipolytic enzymes are an important
group of biotechnologically relevant enzymes presenting a key role
in regulating the levels of hydrocarbons in soil (Gupta et al., 2004).
Extracellular lipases such as the well-known triacylglycerol
acylhydrolase (here as tryacylglycerol lipase, EC 3.1.13) was only
annotated in DSM 44268". In addition, lysophospholipases [EC
3.1.1.5] and monoglyceride lipases (EC 3.1.1.23) were present in all
the genomes analysed except DSM 44272" and B. endophyticus.
Polyhydroxyalkanoic acid (PHA) synthases (EC 2.3.1.-), the key
enzyme in the biosynthesis of PHAs, a class of aliphatic polyesters
that are generally regarded as a carbon and energy reserve material
in bacteria and archaea (McCool and Cannon, 2001), were also
identified in all the genomes in a number of copies that ranged from
one to six with the exception of DSM 44272". Again, large
correlations but also discrepancies were observed between genomic
and experimental data. For example, the hydrolysis of xanthine by
B. xanthinilyticus, previously described by Hezbri et al. (2018), was
confirmed by the presence of xanthine deshydrogenase but
experimentally it could not be proven for strains DSM 44205" and
DSM 44268" and B. endophyticus although such enzyme was also
annotated in their genomes. Similar inconsistencies were also
identified for other unambiguously annotated enzymes such as
a-glucosidase which was not expressed under standardised
experimental conditions in strains DSM 442057, DSM 44268", DSM
442707, DSM 44272, and B. aggregatus or f3-glucosidase which was
only expressed by B. endophyticus and B. saxobsidens (for more
examples see Supplementary Figure S5; Supplementary Tables $4, S5).

Final remarks and taxonomic
consequences

The integration of genomic information into microbial
systematics have proven to be a reproducible, reliable and highly
informative approach to reveal phylogenetic relationships
amongst prokaryotes (Chun and Rainey, 2014; Chun et al., 2018).
Montero-Calasanz et al. (2017) already applied phylogenomics in
combination with the identification of diagnostic features in the
taxonomic rearrangement of Geodermatophilaceae. In light of new
genomic information now available, the taxonomic status of the
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family was revisited in this study. The whole proteome-based
phylogenomic tree of the sequenced type strains and strains under
study along with phenotypic tests showed with strong support that
DSM 44268", DSM 442707, DSM 442727, and DSM 44205"
represent novel species within the genus Blastococcus.
Additionally,  the of
Geodermatophilus and Modestobacter was

non-monophyly Blastococcus,

revealed, ie.,
B. endophyticus, G. daqgingensis and M. deserti formed separate
lineages within Geodermatophilaceae. Based on principles of
phylogenetic systematics and applying taxonomic conservatism,
we propose the following reclassifications: Blastococcus
endophyticus as the type species of the new genus Trujillonella gen.
nov., which the name Trujillonella endothytica comb. nov is given;
Geodermatophilus daqingensis as the type species of the new genus
Pleomorpha gen. nov., which the name Pleomorpha dagingensis
comb. nov is given; Modestobacter deserti gen. nov., as the type
species of the new genus Goekera which the name Goekera deserti
comb. nov is given. Finally, based on the additional taxonomic
data now available we propose the emendation of B. aggregatus,
B. jejuensis, B. saxobsidens and B. Xanthinilyticus to include
accession numbers for the whole genome sequences, genome size
and genomic G+ C content and insights. The use of genomic data
for the characterisation of novel species in Geodermatophilaceae
also revealed interesting insights regarding their metabolism and
ecology. In particular, the number of 16S rRNA and tRNA gene
copies was suggested to be related to their slow growth speed and
their life strategy supporting their prevalence in oligotrophic
environments such as desert soils and decayed monuments
(Neilson et al., 2012; Giongo et al., 2013). In addition, the presence
of a repertoire of genes related to flagellum synthesis, chemotaxis,
spore production and pilus assembly in all representatives of the
family highlighted potential yet unobserved features that would
enable us to better understand their metabolism, morphogenesis
and ecology. Combining high-throughput phenotype analyses
with genomics also supported the uncovering of a rich carbon
metabolism in Blastococcus spp. Results obtained from GEN III
microplates and API System were largely correlated with what was
observed in the genomes. In this way, Blastococcus spp. were
described as aerobic bacteria with the potential to present
anaerobiosis and fixate CO, by using four potential pathways and
to degrade a range of complex carbohydrates. Such metabolic
versatility would support their success to colonise a variety of
biotopes and a potential key role in the global carbon cycle and as
biological tools to reduce the atmospheric CO2 concentration and
produce bioproducts from CO,,

Even though chemotaxonomic procedures marked a turning
point in prokaryotic systematics (Goodfellow et al., 2012), results
can be influenced by cultivation conditions (i.e., fatty acid analysis)
or by inexperienced staff (i.e., regarding the interpretation of polar
lipids patterns on 2-D TLC plates; Sutcliffe et al., 2013). In favour
of a revitalization of bacterial taxonomy, in silico chemotaxonomic
analyses were already used in some studies to complement and, in
some cases, replace characteristics traditionally determined in the
laboratory (Amaral et al, 2014; Fotedar et al, 2020;
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Lawson et al., 2020). Here, we attempted to determine in silico
cell-wall peptidoglycan, respiratory quinone, fatty acids and polar
lipid patterns of Geodermatophilaceae. Overall, genomic data were
consistent with the results obtained from the laboratory.
Nevertheless, the amount of information that can be predicted
based on genomic data varied depending on the chemotaxonomic
trait. For instance, the in silico polar lipid analyses were largely in
line with those obtained experimentally and allowed us to
distinguish at the genus level by the presence/absence of the gene
encoding for phosphatidylcholine synthase. On the other hand,
the presence of the DAP as the diagnostic diamino acid over
L-lysine in the whole-cell hydrolysates was confirmed but the in
silico procedure failed in differentiating microorganisms
incorporating LL-DAP rather than meso-DAP (discrimination at
order level). Regarding both MK and fatty acids analysis, final
products could not be predicted due to the nature of biosynthetic
pathways. Nevertheless, sufficient information would, for example,
be gathered from Shikimate pathway along with the absence of
futalosine pathway to establish certain taxonomic discrimination
at order level. The use of genomic data for species delineation and
the impractical value of chemotaxonomic data when genomic data
are available are widely proven (Nouioui et al., 2018). Nevertheless,
as argued by Vandamme and Sutcliffe (2021), knowledge of
cellular components can be valuable to establish discriminative
thresholds when applied at taxonomic ranks above the species
level. However, improvements in analytical methods leading to the
use of automated and higher-resolution technologies such as mass
spectrometry lipidomic methods (Rashid et al., 2017) should first
be introduced and deployed. Our results here proved the use of in
silico chemotaxonomic analysis as a simple and fast approach to
complement phylogenomic results and to provide sufficient
resolution to support the affiliation of novel isolates into
appropriate taxonomic groups. Its routine application would
undoubtedly increase the speed of taxon descriptions and the
accuracy and consistency of taxonomic reports.

In summary, the integration of genomics into the systematics
of Geodermatophilaceae not only allowed for more stable and
reliable taxonomic arrangements but also showed the feasibility
for a potential replacement of wet-lab chemotaxonomy. Second, it
provided deeper insights into the molecular mechanisms behind
phenotypic features and revealed potentially overlooked ones that
could be key to an understanding of their evolution, ecology and
biotechnological potential.

Description of Trujillonella gen. nov.

Tru.jillo.nel'la. N.L. fem. n. Trujillonella, named in honour of
Martha E. Trujillo in recognition of her contributions to microbial
systematics, mainly on Actinobacteria, on Bergey’s Manual trust,
and as the Editor-in-chief of the International Journal of
Systematic and Evolutionary Microbiology.

Cells are aerobic, non-motile, non-spore-forming, Gram-stain
positive, catalase-positive and oxidase-negative. Cells occur singly,
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in pairs or in tetrads, often tending to form aggregates. The
peptidoglycan in the cell-wall contains meso-diaminopimelic acid.
The predominant menaquinone is MK-9(H,), with MK-8 and
MK-9(H,) as minor components. The basic polar lipid profile
contains diphosphatidylglycerol, phosphatidylcholine, phosphati
dylethanolamine, and phosphatidylinositol. The major fatty acids
are is0-Cig, 150-Cy59 and Cg,@9c. The basic whole-cell sugar
pattern includes arabinose and galactose. The genomic G+C
content is 71%-72%.

The type species of Trujillella is Trujillella endophytica, sp. nov.

Description of Trujillella endophytica
comb. nov.

T. en.do.phy’ti.ca (Gr. pref. Endo-, within; Gr. neut. n. phyton,
plant; L. fem. Adj. suff. —ica, adjectival suffix used with the sense
of belonging to; N.L. fem. Adj. endophytica, within plant,
endophytic, pertaining to the isolation from plant tissues).

Basonym: Blastococcus endophyticus Zhu et al. (2013) emend.
Hezbri et al. (2016).

The properties are as given in the species description by Zhu
et al. (2013) and emendation by Hezbri et al. (2016) with the
following modification. The genomic G + C content is 74.6%. The
genome size is 4.9 Mbp. According to genomic data, anaerobiosis
and acetogenesis may occur. A repertoire of genes related to
flagellum synthesis, chemotaxis, spore production and pilus
assembly were annotated. Four different autotrophic mechanisms
including the Wood-Ljungdahl pathway, C4-dicarboxylic acid and
reductive citric acid cycles and carbonic anhydrases as well as a
range of genes involved in the degradation of complex
carbohydrates were also identified.

The accession number for the whole genome sequence of
strain DSM 45413" is FOEE00000000.

The type strain YIM 68236"=CCTCC AA 209045"=DSM
45413T=KCTC 19998" was isolated from healthy leaves of
Camptotheca acuminate collected in Yunnan Province, south-
west China.

Description of Pleomorpha gen. nov.

Ple.o.mor’pha. Gr. adv. Pleon more; Gr. fem. n. morphe, shape or
form; N.L. fem. n. Pleomorpha, organism showing multiple forms.

Pleiomorphic, motile, spore-forming, aerobic, Gram-stain
positive cells. Those occurs singly or associated in aggregates. The
peptidoglycan in the cellwall contains meso-diaminopimelic acid.
The predominant menaquinone is MK-9(H,). The basic polar
lipid profile contains diphosphatidylglycerol, phosphati
dylcholine, phosphatidylglycerol, phosphatidylethanolamine,
and phosphatidylinositol. The major fatty acids are iso-C,s, and
is0-C,s,. The basic whole-cell sugar pattern includes galactose,
glucose and xylose. The genomic G + C content is 73%-74%. The

type species of Pleomorpha is Pleomorpha dagingensis, sp. nov.
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Description of Pleomorpha daqingensis
comb. nov.

P. da.qing.en’sis (N.L. masc./fem. Adj. dagingensis, pertaining
to Daqing city, China, where the type strain was isolated).

Basonym: Geodermatophilus daqingensis Wang et al. (2017).

The properties are as given in the species description by Wang
et al. (2017) with the following modification. The genomic G+C
content is 73.6%. The genome size is 5.4 Mbp. According to
genomic data, anaerobiosis and acetogenesis may occur. A
repertoire of genes related to flagellum synthesis, chemotaxis,
spore production and pilus assembly were annotated. Four
different autotrophic mechanisms including the Wood-Ljungdahl
pathway, C4-dicarboxylic acid and reductive citric acid cycles and
carbonic anhydrases as well as a range of genes involved in the
degradation of complex carbohydrates were also identified.

The accession number for the whole genome sequence of
strain DSM 104001" is JACBZT000000000.

The type strain WT-2-1"=CGMCC 4.7381"=DSM 104001"
was isolated from pretroleum-contaminated soil in Dagqing
city, China.

Description of Goekera gen. nov.

Goe’ke.ra. N.L. fem. n. Goekera, named in honour of Markus
Goker in recognition of his contributions to microbial systematics,
including work on Actinobacteria, on the List of Prokaryotic
Names with Standing in Nomenclature (LPSN), and as a member
of the Judicial Commission.

Cells are motile, non-spore-forming, aerobic, Gram-stain
positive, catalase and oxidase positive cocci and/short rods.
Bud-like structure was observed for some cells. The peptidoglycan
in the cell-wall contains meso-diaminopimelic acid. The
predominant menaquinone is MK-9(H,), with MK-8(H,) as a
minor component. The basic polar lipid profile contains
diphosphatidylglycerol, phosphatidylethanolamine, phosphati
dylglycerol, phosphatidylinositol, ~phosphatidylmethyletha
nolamine and phosphatidylinositol mannoside. The major fatty
acids are C,5,@9¢, i50-Ci49, Ci69, 150-Cis,9, and C,¢ w7c¢. The basic
whole-cell sugar pattern includes arabinose, glucose and ribose.
The genomic G+C content is 74%-75%. The type species of

Goekera is Goekera deserti, sp. nov.

Description of Goekera deserti comb.
nov.

G. deser’ti (L. gen. Neut. n. deserti, of a desert, where the
organisms were acquired).

Basonym: Modestobacter deserti Jiang et al. (2021).

The properties are as given in the species description by Jiang
et al. (2021) with the following modification. According to
genomic data, anaerobiosis and acetogenesis may occur.
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A repertoire of genes related to flagellum synthesis, chemotaxis,
spore production and pilus assembly were annotated. Four
different autotrophic mechanisms including the Wood-Ljungdahl
pathway, C4-dicarboxylic acid and reductive citric acid cycles and
carbonic anhydrases as well as a range of genes involved in the
degradation of complex carbohydrates were also identified.

The accession number for the whole genome sequence of
strain CPCC 205119" is JAAGWK000000000.

The type strain CPCC 205119"=112A-02624"=KCTC
49201"=NBRC 113528" was isolated from moss-dominated soil
crusts collected from Shapotou NDER in Tengger Desert, China.

Emended description of Blastococcus
aggregatus

The properties are as given in the species description by
Ahrens and Moll (1970) and emendations by Urzi et al. (2004) and
Hezbri et al. (2016) with the following emendation. The genomic
G+ C content is 73.3%. The genome size is 4.6 Mbp. According to
genomic data, anaerobiosis and acetogenesis may occur. A
repertoire of genes related to flagellum synthesis, chemotaxis,
spore production and pilus assembly were annotated. Three
different autotrophic mechanisms including the Wood-Ljungdahl
pathway, reductive citric acid cycle, and carbonic anhydrases as
well as a range of genes involved in the degradation of complex
carbohydrates were also identified.

The accession number for the whole genome sequence of the
type strain DSM 4725" is OBQI00000000.

The type strain B15"=ATCC 25902"=DSM 4725"=]JCM
12602" =NCIMB 1849" was isolated from Baltic Sea.

Emended description of Blastococcus
jejuensis

The properties are as given in the species description by Lee
(2006) and emendation by Hezbri et al. (2016) with the following
emendation. The presence of phosphatidylmethylethanolamine
listed by Lee (2006) and confirmed by Hezbri et al. (2016) was
incorrectly annotated by the latter and it should be recognised as
hydroxiphosphatidylethanolamine  accordingly  to its
chromatographic mobility.

The type strain KST3-10"=DSM 19597"=JCM 15614"
=KCCM 42251"=NRRL B-24440" was isolated from sand

sediment of a beach in Jeju, Korea.

Emended description of Blastococcus
saxobsidens

The properties are as given in the species description by

Urzi et al. (2004) and emendation by Hezbri et al. (2016) with
the following emendation. The genomic G+ C content is
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73.5%. The genome size is 4.5 Mbp. According to genomic
data, anaerobiosis and acetogenesis may occur. A repertoire
of genes related to flagellum synthesis, chemotaxis, spore
production and pilus assembly were annotated. Four different
autotrophic mechanisms including the Wood-Ljungdahl
pathway, C4-dicarboxylic acid and reductive citric acid cycles
and carbonic anhydrases as well as a range of genes involved
in the
also identified.

degradation of complex carbohydrates were
The accession number for the whole genome sequence of the
type strain DSM 44509" is SHKV01000001.
The type strain BC444"=DSM 44509" =JCM 13239"=NRRL
B-24246" was isolated from from the surface of marble and
calcareous stones in Italy.

Emended description of Blastococcus
xanthilyniticus

The properties are as given in the species description by
Hezbri et al. (2018) with the following emendation. The
genomic G + C content is 74.4%. The genome size is 4.6 Mbp.
According to genomic data, anaerobiosis and acetogenesis may
occur. A repertoire of genes related to flagellum synthesis,
chemotaxis, spore production and pilus assembly were
annotated. Four different autotrophic mechanisms including
the Wood-Ljungdahl pathway, C4-dicarboxylic acid and
reductive citric acid cycles and carbonic anhydrases as well as
a range of genes involved in the degradation of complex
carbohydrates were also identified.

The accession number for the whole genome sequence of the
type strain DSM 46842" is VNHW00000000.

The type strain BMG 862"=DSM 46842" = CECT 8884" was
isolated from a marble sample collected from the Bulla Regia
monument, Northern Tunisia.

Description of Blastococcus aurantiacus
Sp. Nov.

Blastococcus aurantiacus (auw.ran.tiacus. N.L. masc. Adj.
aurantiacus orange-coloured, referring to the orange colour of
the colonies).

Colonies are bright red orange-coloured, opaque with a
dry surface and regular margin. Cells are Gram-reaction-
positive and catalase and oxidase negative cocci (0.6-1.6 pm
in diameter) with a tendency to form aggregates. It grows in
aerobiosis but, according to genomic data, anaerobiosis and
acetogenesis may occur. Reproduction by budding is
predominant but binary fission is also observed. Cells are
non-motile and non-spore-forming but a repertoire of genes
related to flagellum synthesis, chemotaxis, spore production
and pilus assembly were annotated. Degradation for casein,
tyrosine, starch, xanthine, and hypoxanthine are negative.
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Temperature and pH ranges are 15-37°C (optimal range) and
6.0-12.0 (optimum 6.5-8.0), respectively. NaCl is not needed
for growth. It can grow between 0% and 4% NaCl (w/v;
optimal range) but not at 8%. It grows well on GYM
Streptomyces, R2A (DSMZ Medium 830), tryticase soy agar
(TSA), Luedemann (DMSZ medium 877), and PYGV (DSMZ
medium 621) media. According to API ZYM strips, the
following enzymatic activities are present: esterase lipase
(C8), lipase (C14), leucine arylamidase, valine acrylamidase,
cysteine acrylamidase, trypsin, and a-galatosidase. According
to the Biolog System, it oxidises: dextrin, D-maltose,
D-trehalose, D-cellobiose, f-gentiobiose, sucrose, stachyose,
a-D-lactose, f-methyl-D-glucoside, D-salicin, N-acetyl-D-
N-acetyl-D-
galactosamine, 3-O-methyl-D-glucose, D-fucose, L-fucose,
SV,
D-galacturonic acid, D-gluconic acid, D-glucuronic acid,

glucosamine, N-acetyl-ﬁ-D-mannosamine,

glycerol, D-glucose-6-phosphate, rifamycin
D-saccharic acid, a-keto-glutaric acid, D-malic acid, L-malic
acid, nalidixic acid, lithium chloride, potassium tellurite,
tween 40, y-amino-n-butyric acid, acetoacetic acid, propionic
acid, acetic acid, aztreonam, butyric acid, and sodium
bromate but not D-mannose, D-galactose, L-rhamnose,
D-arabitol,

D-aspartic acid, D-serine, troleandomycin, minocycline,

sodium lactate, fusidic acid, D-mannitol,
glycine-proline, L-alanine, L-arginine, L-glutamic acid,
L-histidine, L-pyroglutamic acid, L-serine, lincomycin,
guanidine hydrochloride, niaproof, pectin, L-galactonic acid-
y-lactone, glucuronamide, mucic acid, quinic acid,
vancomycin, tetrazolium violet, tetrazolium blue, p-hydroxy-
phenylacetic acid, methyl pyruvate, L-lactic acid, citric acid,
bromo-succinic acid, f-hydroxy-butyric acid, a-keto-butyric
acid, and sodium formate. In correlation, a range of genes
involved in the degradation of complex carbohydrates were
identified (chemoheterotrophy). Three different autotrophic
including the Wood-Ljungdahl

reductive citric acid cycle and carbonic anhydrases were

mechanisms pathway,
besides annotated (chemolithoautotrophy). Predominant
fatty acids are C,,@8¢, i50-Cg, i50-Cis,; H, i50-C)s,, and
is0-Cjs; H. The cell wall peptidoglycan contains meso-
diaminopimelic acid. Galactose, glucose, and arabinose are
the whole-cell sugars. Polar lipid profile consists of

diphosphatidylglycerol, phosphatidylglycerol,

phosphatidylethanolamine, ~ phosphatidylcholine  and
phosphatidylinositol,  glycophosphatidylinositol,  two
unidentified phospholipids, and three unidentified

gylcolipids. The high-quality draught genome of strain DSM
44268" was resolved to 18 scaffolds consisting of 4,163,046 bp,
with a G + C content of 73.6%, 4,044 candidate protein-coding
genes, 47 tRNA genes, and eight rRNA regions.

The INSDC accession number for the 16S rRNA gene
sequences of the type strain AT 7-17 (=DSM 44268 =JCM
18931") isolated from soil in the Atacama Desert (Chile) is
MH479060. The IMG accession number for the whole genome
sequence of strain DSM 44268" is 2599185358.
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Description of Blastococcus fimeti sp.
nov.

Blastococcus fimeti (fi.me’ti. L. neut. Gen. n. fimeti, of or from
a dunghill).

Colonies are pink red-coloured, opaque with a greasy
surface and irregular margin. Cells are Gram-reaction-positive
and catalase and oxidase negative cocci (0.6-1.6 pm in diameter)
with a tendency to form aggregates. It grows in aerobiosis but,
according to genomic data, anaerobiosis and acetogenesis may
occur. Reproduction by budding is predominant but binary
fission is also observed. Cells are non-motile and non-spore-
forming but a repertoire of genes related to flagellum synthesis,
chemotaxis, spore production and pilus assembly were
annotated. Degradation for casein, tyrosine, starch, xanthine,
and hypoxanthine are negative and aesculin positive.
Temperature and pH ranges are 15°C-37°C (optimal range) and
6.0-12.0 (optimum 7.0-9.0), respectively. NaCl is not needed
for growth. It can grow between 0-4% NaCl (w/v; optimal
range) but not at 8%. It grows well on GYM Streptomyces, R2A
(DSMZ Medium 830), tryticase soy agar (TSA), Luedemann
(DMSZ medium 877), GPHF (DSMZ medium 553), and PYGV
(DSMZ medium 621) media. According to API ZYM strips, the
following enzymatic activities are present: esterase lipase (C8),
lipase (Cl14), leucine arylamidase, valine arylamidase,
a-fucosidase. According to the Biolog System, it oxidises:
D-cellobiose,
N-acetyl-D-

D-glucose,

dextrin, D-maltose, D-trehalose, sucrose,

turanose, f-methyl-D-glucoside, D-salicin,

glucosamine,  N-acetyl-f#-D-mannosamine,

3-O-methyl-D-glucose, L-fucose, glycerol, D-glucose-6-
phosphate, rifamycin SV, L-glutamic acid, methyl pyruvate,
D-lactic acid methyl ester, citric acid, a-keto-glutaric acid,
nalidixic acid, lithium chloride, potassium tellurite, tween 40,
y-amino-n-butyric acid, f-hydroxy-butyric acid, a-keto-butyric
acid, acetoacetic acid, propionic acid, acetic acid, aztreonam,
butyric acid, and sodium bromate but not D-raffinose, a-D-
lactose, N-acetyl-D-galactosamine, N-acetyl-neuraminic acid,
D-mannose, L-rhamnose, fusidic acid, D-serine (inhibitory
D-arabitol, D-fructose-6-

D-aspartic troleandomycin,

concentration), myo-inositol,

phosphate, acid, D-serine,
minocycline, glycine-proline, L-alanine, L-arginine, L-histidine,
L-pyroglutamic acid, L-serine, lincomycin, guanidine,
hydrochloride, niaproof, L-galactonic acid-y-lactone, mucic
acid, quinic acid, D-saccharic acid, vancomycin, tetrazolium
violet, tetrazolium blue, p-hydroxy-phenylacetic acid, L-lactic
acid, L-malic, acid, bromo-succinic acid and sodium formate.
In correlation, a range of genes involved in the degradation of
complex carbohydrates were identified (chemoheterotrophy).
Three different autotrophic mechanisms including the Wood-
Ljungdahl pathway, reductive citric acid cycle and carbonic
anhydrases were besides annotated (chemolithoautotrophy).
Predominant fatty acids are is0-C,4, anteiso-C,,, anteiso-C,,
C, i50-Cj4; H and C,5,@9c. The cell wall peptidoglycan contains

meso-diaminopimelic acid. Ribose, xylose, arabinose, mannose,
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and glucose are the whole-cell sugars. Polar lipid profile consists
of
phosphatidylcholine and phosphatidylinositol. The high-quality

diphosphatidylglycerol, = phosphatidylethanolamine,
draught genome of strain DSM 442057 was resolved to 30
scaffolds consisting of 4,044,261 bp, with a G+ C content of
73.4%, 3,853 candidate protein-coding genes, 70 tRNA genes,
and nine rRNA regions.

The INSDC accession number for the 16S rRNA gene
sequences of the type strain G1S" (=DSM 44205" = CECT
8406") isolated from seepage water of a dumping ground in
Vancouver (Canada) is MH479059. The IMG accession number
for the whole genome sequences of strain DSM 442057
is 2599185193.

Description of Blastococcus
haudaquaticus sp. nov.

Blastococcus haudaquaticus (hau.da.qua'ti.cus. L. adv. Haud,
not at all, by no means; L. masc. Adj. aquaticus, living, growing, or
found in or by the water, aquatic; N.L. masc. Adj. haudaquaticus,
growing far away from or without any water).

Colonies are reddish-brown coloured, opaque with a mucoid
surface and regular margin. Cells are aerobic, Gram-reaction-
positive and catalase and oxidase negative cocci (0.6-1.6 pm in
diameter) with a tendency to form aggregates. It grows in
aerobiosis but, according to genomic data, anaerobiosis and
acetogenesis may occur. Reproduction by budding is predominant
but binary fission is also observed. Cells are non-motile and
non-spore-forming but a repertoire of genes related to flagellum
synthesis, chemotaxis, spore production and pilus assembly were
annotated. Degradation for casein, tyrosine, starch, xanthine, and
hypoxanthine are negative. Temperature and pH ranges are
15-37°C (optimal range) and pH 5.0-11.0 (optimum 6.5-8.0),
respectively. NaCl is not needed for growth. It can grow between
0% and 8% NaCl (w/v; optimal range). It grows well on GYM
Streptomyces, R2A (DSMZ Medium 830), tryticase soy agar (TSA),
Luedemann (DMSZ medium 877), and PYGV (DSMZ medium
621) media. According to API ZYM strips, the following
enzymatic activities are present: esterase lipase (C8), lipase (C14),
leucine arylamidase, valine acrylamidase, trypsin, and cystine
acrylamidase. According to the Biolog System, it oxidises: dextrin,
D-maltose, D-trehalose, D-cellobiose, f-gentiobiose, sucrose,
N-acetyl-D-
glucosamine, D-glucose, D-fructose, sodium lactate, D-sorbitol,

turanose,  f-methyl-D-glucoside, D-salicin,
glycerol, rifamycin SV, L-aspartic acid, L-glutamic acid,
L-histidine, mucic acid, L-lactic acid, citric acid, L-malic acid,
lithium chloride, potassium tellurite, y-amino-n-butyric acid,
propionic acid, acetic acid, sodium formate, aztreonam, butyric
acid, and sodium bromate but not a-D-lactose, N-acetyl-D-
galactosamine, N-acetyl-neuraminic acid, 3-O-methyl-D-glucose,
D-fucose, L-fucose, L-rhamnose, inosine, fusidic acid, D-serine
(inhibitory concentration), D-arabitol, myo-inositol, D-aspartic
acid, D-serine, troleandomycin, minocycline, glycine-proline,
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L-arginine, L-pyroglutamic acid,
hydrochloride,

D-glucuronic acid, glucuronamide, quinic acid, vancomycin,

lincomycin, guanidine

niaproof, L-galactonic acid-y-lactone,
tetrazolium violet, tetrazolium blue, p-hydroxy-phenylacetic acid,
D-lactic acid methyl ester, a-keto-glutaric acid, D-malic acid,
bromo-succinic acid, nalidixic acid, a-keto-butyric acid, and
acetoacetic acid. In correlation, a range of genes involved in the
identified

(chemoheterotrophy). Three different autotrophic mechanisms

degradation of complex carbohydrates were
including the Wood-Ljungdahl pathway, reductive citric acid cycle

and carbonic anhydrases were besides annotated
(chemolithoautotrophy). Predominant fatty acids are iso-C;s,,
i50-Cy6, H, is0-C\g9, C17108¢, C5,09¢, and C,q,,@w7¢. The cell wall
peptidoglycan contains meso-diaminopimelic acid. Ribose,
mannose, galactose, and glucose are the whole-cell sugars. Polar
lipids consist of diphosphatidylglycerol, phosphatidyletha-
nolamine, phosphatidylglycerol, and
phosphatidylinositol. The high-quality draught genome of strain
DSM 44270" was resolved to 11 scaffolds consisting of
4,512,672bp, with a G+C content of 73.29%, 4,410 candidate
protein-coding genes, 48 tRNA genes, and six rRNA regions.

The INSDC accession number for the 16S rRNA gene
sequences of the type strain AT 7-14"7 (=DSM 44270"=]JCM
189327) isolated from soil in the Atacama Desert (Chile) is
MH479062. The IMG accession number for the whole genome

sequences of strain DSM 442707 is 2728369258.

phosphatidylcholine,

Description of Blastococcus mobilis sp.
nov.

Blastococcus mobilis (mo’bilis. L. masc. Adj. mobilis movable,
motile).

Colonies are reddish-brown coloured, opaque with a
mucoid surface and regular margin. Cells are aerobic, Gram-
reaction-positive and catalase and oxidase negative cocci
(0.6-1.6 pm in diameter) with a tendency to form aggregates. It
grows in aerobiosis but, according to genomic data, anaerobiosis
and acetogenesis may occur. Reproduction by budding is
predominant but binary fission is also observed. Cells are
non-motile and non-spore-forming but a repertoire of genes
related to flagellum synthesis, chemotaxis, spore production
and pilus assembly were annotated. Degradation for casein,
tyrosine, starch, xanthine, and hypoxanthine are negative.
Temperature and pH ranges are 15-37°C (optimal range) and
pH 6.5-11.0 (optimum 6.0-10.0), respectively. NaCl is not
needed for growth. It can grow between 0% and 1% (w/v;
optimal range) but not at 4%. It grows well on GYM
Streptomyces, R2ZA (DSMZ Medium 830), Luedemann (DMSZ
medium 877), and PYGV (DSMZ medium 621) media.
According to API ZYM strips, the following enzymatic activities
are present: esterase (C4), esterase lipase (C8), lipase (C14),
leucine arylamidase, and valine arylamidase. According to the
Biolog System, it oxidises: dextrin, D-maltose, sucrose,
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turanose, f-methyl-D-glucoside, D-glucose, D-mannose,
D-sorbitol,
D-mannitol, D-arabitol, myo-inositol, glycerol, L-pyroglutamic

D-fructose, D-galactose, sodium lactate,
acid, pectin, D-glucuronic acid, quinic acid, methyl pyruvate,
D-lactic acid methyl ester, L-lactic acid, nalidixic acid,
potassium tellurite, tween 40, a-hydroxy-butyric acid,
P-hydroxy-butyric acid, f-keto-butyric acid, acetoacetic acid,
propionic acid, acetic acid, aztreonam, butyric acid, and sodium
bromated but not D-raffinose, a-D-lactose, D-melibiose,
N-acetyl-D-galactosamine, N-acetyl-neuraminic acid, L-fucose,
L-rhamnose, inosine, fusidic acid, D-serine (inhibitory
concentration), D-aspartic acid, D-serine, troleandomycin,
rifamycin SV, minocycline, gelatin, glycine-proline, L-histidine,
L-serine, lincomycin, guanidine hydrochloride, niaproof,
L-galactonic acid-y-lactone, mucic acid, D-saccharic acid,
vancomycin, tetrazolium violet, tetrazolium blue, p-hydroxy-
phenylacetic acid, citric acid, D-malic acid, L-malic acid,
bromo-succinic acid, y-amino-n-butyric acid, and sodium
formate. In correlation, a range of genes involved in the
degradation of complex carbohydrates were identified
(chemoheterotrophy). Three different autotrophic mechanisms
including the Wood-Ljungdahl pathway, reductive citric acid
cycle and carbonic anhydrases were besides annotated
(chemolithoautotrophy). Predominant fatty acids are iso-C,s,,
is0-C 41 H, i80-C 40, Cy7 @8¢, Ci5,y @9¢, and C,q,; @w7c. The cell
wall peptidoglycan contains meso-diaminopimelic acid.
Rhamnose, ribose, mannose, arabinose, galactose, and glucose
are the whole-cell sugars. Polar lipid profile consists of
diphosphatidylglycerol,
phosphatidylglycerol,

phosphatidylethanolamine,
phosphatidylcholine, and
phosphatidylinositol. The high-quality draught genome of
strain DSM 442727 was resolved to 88 scaffolds consisting of
5,094,633 bp, with a G+ C content of 72.5%, 4,938 candidate
protein-coding genes, 49 tRNA genes, and six rRNA regions.
The INSDC accession number for the 16S rRNA gene
sequences of the type strain AT 7(—2)-117 (=DSM 442727=]JCM
18933") isolated from soil in the Atacama Desert (Chile) is
MH479063. The IMG accession number for the whole genome
sequences of strain DSM 442727 is 2724679778.
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A corrigendum on
Genotype—phenotype correlations within the Geodermatophilaceae

by Montero-Calasanz, M. d. C., Yaramis, A., Rohde, M., Schumann, P, Klenk, H.-P., and
Meier-Kolthoff, J. P. (2022). Front. Microbiol. 13:975365. doi: 10.3389/fmicb.2022.975365

In the published article, there were some nomenclatural errors in the protologues
of Trujillonella and Trujillonella endophytica, Pleomorpha and Pleomorpha dagingensis,
Goekera and Goekera deserti and Blastococcus xantinilythicus.

A correction has been made to the section Final remarks and taxonomic
consequences, as follows:

Description of Trujillonella gen. nov.

Trujil.lo.nel’la. N.L. fem. dim. n. Trujillonella named in honour of Martha E. Trujillo
in recognition of her contributions to microbial systematics, mainly on Actinobacteria,
on Bergey’s Manual trust, and as the Editor-in-chief of the International Journal of
Systematic and Evolutionary Microbiology.

Cells are aerobic, non-motile, non-spore-forming, Gram-stain positive, catalase-
positive and oxidase-negative. Cells occur singly, in pairs or in tetrads, often tending
to form aggregates. The peptidoglycan in the cell-wall contains meso-diaminopimelic
acid. The predominant menaquinone is MK-9(Hy), with MK-8 and MK-9(Hg) as
minor components. The basic polar lipid profile contains diphosphatidylglycerol,
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol. The major
fatty acids are iso-Cjg: 0, i50-C15:0 and Cig:1w9c. The basic whole-cell sugar pattern
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includes arabinose and galactose. The genomic G + C content
is 71-72%. The type species of Trujillonella is Trujillonella
endophytica comb. nov.

Description of Trujillonella endophytica comb. nov.

T. en.do.phy’tica (Gr. pref. endo-, within; Gr. neut. n.
phyton, plant; L. fem. adj. suff. —ica, adjectival suffix used with
the sense of belonging to; N.L. fem. adj. endophytica, within
plant, endophytic, pertaining to the isolation from plant tissues).

Basonym: Blastococcus endophyticus Zhu et al. 2013 emend.
Hezbri et al. 2016.

The properties are as given in the species description by
Zhu et al. (2013) and emendation by Hezbri et al. (2016) with
the following modification. The genomic G + C content is
74.6%. The genome size is 4.9 Mbp. According to genomic data,
anaerobiosis and acetogenesis may occur. A repertoire of genes
related to flagellum synthesis, chemotaxis, spore production
and pilus assembly were annotated. Four different autotrophic
mechanisms including the Wood-Ljungdahl pathway, C4-
dicarboxylic acid and reductive citric acid cycles and carbonic
anhydrases as well as a range of genes involved in the
degradation of complex carbohydrates were also identified.

The accession number for the whole genome sequence of
strain DSM 4541371 is FOEE00000000.

The type strain YIM 682361 = CCTCC AA 209045" = DSM
45413T = KCTC 199987 was isolated from healthy leaves of
Camptotheca acuminata collected in Yunnan Province, south-
west China.

Description of Pleomorpha gen. nov.

Ple.o.mor’pha. Gr. adv. pleon more; Gr. fem. n. morphe,
shape or form; N.L. fem. n. Pleomorpha, organism showing
multiple forms.

Pleiomorphic, motile, spore-forming, aerobic, Gram-
stain positive cells. Those occurs singly or associated
The the

meso-diaminopimelic predominant

in  aggregates. cellwall

contains

peptidoglycan  in
acid. The
menaquinone is MK-9(Hy). The basic polar lipid profile
contains

diphosphatidylglycerol, phosphatidylcholine,

phosphatidylglycerol, phosphatidylethanolamine, and
phosphatidylinositol. The major fatty acids are iso-Cjg: 0o
and is0-Cjs5.9. The basic whole-cell sugar pattern includes
galactose, glucose and xylose. The genomic G + C content
is 73-74%. The type species of Pleomorpha is Pleomorpha
daqingensis comb. nov.

Description of Pleomorpha daqingensis comb. nov.

P. da.qing.en’sis (N.L. fem. adj. dagingensis, pertaining to
Dagqing city, China, where the type strain was isolated).

Basonym: Geodermatophilus daqingensis Wang et al. 2017.

The properties are as given in the species description
by Wang et al. (2017) with the following modification. The
genomic G + C content is 73.6%. The genome size is 5.4
Mbp. According to genomic data, anaerobiosis and acetogenesis
may occur. A repertoire of genes related to flagellum
synthesis, chemotaxis, spore production and pilus assembly were
annotated. Four different autotrophic mechanisms including the
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Wood-Ljungdahl pathway, C4-dicarboxylic acid and reductive
citric acid cycles and carbonic anhydrases as well as a range
of genes involved in the degradation of complex carbohydrates
were also identified.

The accession number for the whole genome sequence of
strain DSM 1040017 is JACBZT000000000.

The type strain WT-2-1T = CGMCC 4.7381T = DSM
1040017 was isolated from petroleum- contaminated soil in
Dagqing city, China.

Description of Goekera gen. nov.

Goe’ke.ra. N.L. fem. n. Goekera, named in honour of
Markus Goker in recognition of his contributions to microbial
systematics, including work on Actinobacteria, on the List of
Prokaryotic Names with Standing in Nomenclature (LPSN), and
as a member of the Judicial Commission.

Cells are motile, non-spore-forming, aerobic, Gram-
stain positive, catalase and oxidase positive cocci and/short
Bud-like
peptidoglycan

rods. structure was observed for some cells.
The the
diaminopimelic acid. The predominant
MK-9(Hy4), with MK-8(H4) as a minor

basic polar lipid profile contains diphosphatidylglycerol,

in cell-wall  contains  meso-
menaquinone is
component. The
phosphatidylethanolamine, phosphatidylglycerol,
phosphatidylinositol, phosphatidylmethylethanolamine
and phosphatidylinositol mannoside. The major fatty acids are
C1g:1®9c¢, is0-Cig:0, Ci6:0, 150-Ci5:0, and Cig:1w7c. The
basic whole-cell sugar pattern includes arabinose, glucose and
ribose. The genomic G + C content is 74-75%. The type species
of Goekera is Goekera deserti comb. nov.

Description of Goekera deserti comb. nov.

G. deser’ti (L. gen. neut. n. deserti, of a desert, where the
organisms were acquired).

Basonym: Modestobacter deserti Jiang et al. 2023.

The properties are as given in the species description
by Jiang et al. (2021) with the following modification.
According to genomic data, anaerobiosis and acetogenesis
may occur. A repertoire of genes related to flagellum
synthesis, chemotaxis, spore production and pilus assembly were
annotated. Four different autotrophic mechanisms including the
Wood-Ljungdahl pathway, C4-dicarboxylic acid and reductive
citric acid cycles and carbonic anhydrases as well as a range
of genes involved in the degradation of complex carbohydrates
were also identified.

The accession number for the whole genome sequence of
strain CPCC 2051197 is JAAGWKO000000000.

The type strain CPCC 2051197 = 112A-02624T = KCTC
492017 = NBRC 113528T was isolated from moss-dominated
soil crusts collected from Shapotou NDER in Tengger
Desert, China.

Emended description of Blastococcus xanthinilyticus
Hezbri et al. (2018)

The properties are as given in the species description
by Hezbri et al. (2018) with the following emendation. The
genomic G + C content is 74.4%. The genome size is 4.6
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Mbp. According to genomic data, anaerobiosis and acetogenesis
may occur. A repertoire of genes related to flagellum
synthesis, chemotaxis, spore production and pilus assembly were
annotated. Four different autotrophic mechanisms including the
Wood-Ljungdahl pathway, C4-dicarboxylic acid and reductive
citric acid cycles and carbonic anhydrases as well as a range
of genes involved in the degradation of complex carbohydrates
were also identified.

The accession number for the whole genome sequence of the
type strain DSM 468427 is VNHW00000000.

The type strain BMG 8621 = DSM 468421 = CECT 88847
was isolated from a marble sample collected from the Bulla Regia
monument, Northern Tunisia.
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Breeding, Swedish University of Agricultural Sciences, Lomma, Sweden, *Department of Biological
Sciences and Biotechnology, Botswana International University of Science and Technology,
Palapye, Botswana, “Department of Plant Protection Biology, Swedish University of Agricultural
Sciences, Lomma, Sweden

Soda lakes are unique poly-extreme environments with high alkalinity and salinity
that support diverse microbial communities despite their extreme nature. In this
study, prokaryotic and eukaryotic microbial diversity in samples of the three
soda lakes, Lake Abijata, Lake Chitu and Lake Shala in the East African Rift Valley,
were determined using amplicon sequencing. Culture-independent analysis
showed higher diversity of prokaryotic and eukaryotic microbial communities
in all three soda lakes than previously reported. A total of 3,603 prokaryotic
and 898 eukaryotic operational taxonomic units (OTUs) were found through
culture-independent amplicon sequencing, whereas only 134 bacterial OTUs,
which correspond to 3%, were obtained by enrichment cultures. This shows that
only a fraction of the microorganisms from these habitats can be cultured under
laboratory conditions. Of the three soda lakes, samples from Lake Chitu showed
the highest prokaryotic diversity, while samples from Lake Shala showed the
lowest diversity. Pseudomonadota (Halomonas), Bacillota (Bacillus, Clostridia),
Bacteroidota (Bacteroides), Euryarchaeota (Thermoplasmata, Thermococci,
Methanomicrobia, Halobacter), and Nanoarchaeota (Woesearchaeia) were the
most common prokaryotic microbes in the three soda lakes. A high diversity
of eukaryotic organisms were identified, primarily represented by Ascomycota
and Basidiomycota. Compared to the other two lakes, a higher number of
eukaryotic OTUs were found in Lake Abijata. The present study showed that
these unique habitats harbour diverse microbial genetic resources with possible
use in biotechnological applications, which should be further investigated by
functional metagenomics.

KEYWORDS

microbial diversity, extremophiles, haloalkalophiles, operational taxonomic units,
soda lakes
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Introduction

Extremophiles are organisms that are able to thrive in
environments considered extreme, at least from the human
perspective. These environments include extreme physical
factors such as pressure, radiation, and temperature and
geochemical factors such as desiccation, pH, and salinity
(Shrestha et al., 2018; Zhu et al., 2020). While most extremophiles
are able to exist and grow under a single extreme environmental
condition, a few can grow under multiple extreme conditions.
Soda lakes, with both high salinity and alkalinity, are good
examples of ecosystems with double extremes. Though such
polyextreme environments were expected to have limited
biodiversity, recent studies showed that soda lakes have huge
microbial biodiversity (Sorokin et al., 2014; Ersoy Omeroglu
et al., 2021).

Soda lakes have worldwide distribution (Andreote et al.,
2018), with many such ecosystems found along the East African
Rift Valley (Schagerl, 2016). Investigations on the microbial
diversity of Ethiopian soda lakes have resulted in the identification
of diverse groups of (halo)alkaliphilic bacterial and archaeal phyla
(Martins et al., 2001; Lanzén et al., 2013; Simachew et al., 2016;
Islam et al., 2021). Most studies of extremophiles originating from
the Ethiopian soda lakes have so far been based on culture-
dependent systems with the aim to selectively isolating pure
culture strains to understand their physiology or to evaluate their
potential in biotechnological applications (Gessesse and Gashe,
1997; Martins et al., 2001; Haile and Gessesse, 2012). A major
drawback of this approach is that only a small fraction of the
microorganisms are able to grow in standard culture media
(Bodor et al., 2020). This makes a culture-dependent approach, in
addition to being laborious and time-consuming (Maukonen
et al., 2003; Kambura et al., 2016; Rosenthal et al., 2017), not
reliable for studying microbial diversity. Therefore, a better and
more reliable estimate of microbial diversity in any natural habitat
can be obtained using culture-independent methods using
molecular techniques.

Although the microbial diversity from the three Ethiopian
soda lakes was recently studied using culture-independent
methods, these were based on the analysis of clone libraries
(Tafesse, 2014) or sequencing platforms that produce low read
depths (Lanzén et al., 2013; Simachew et al., 2016). Due to the low
sequence capture in the cloning step, while creating DNA libraries,
and the low number of amplicon sequence reads generated, these
techniques have inherent limitations in accurately reflecting the
true picture of microbial diversity (Burke and Darling, 2016;
Besser et al., 2018). Moreover, in previous culture-independent
studies, little attention was given to studying the microbial
diversity of eukaryotes from soda lakes (e.g., Lanzén et al., 2013).
On the other hand, studies of other extreme environments have
demonstrated the presence of extremophilic fungi that grow and
reproduce at elevated temperatures or under alkaline and high
salinity (Orwa et al., 2020). Such extremophilic eukaryotes, apart
from their ecological function (de Oliveira and Rodrigues, 2019),
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may serve as potential sources of new biotechnological products
(Ali et al., 2019).

The Ethiopian soda lakes are known for their high primary
productivity, which in fact, represents one of the highest for any
natural environment (Wood et al., 1984). Studies based on culture-
independent and high-throughput next-generation sequencing
have the potential to increase our understanding of the diversity
of the microbiota in these ecosystems and to further elucidate the
possible uses in biotechnological applications. The main aim of
this study was to estimate the diversity of prokaryotic and
eukaryotic microorganisms in samples of three soda lakes of the
East African Rift Valley by a culture-independent analysis utilizing
Mumina HiSeq sequencing. In addition, we sequenced the
microbial communities after the samples were cultured in the
laboratory to explore whether some of these organisms could
be maintained in controlled conditions.

Materials and methods

Sampling sites, sample collection and
preparation

Water and sediment samples from three soda lakes in the East
African Rift Valley, Lakes Abijata, Chitu, and Shala, were collected
using sterile Niskin bottles (Ocean Scientific International Ltd.)
and polyethylene bags, respectively (Figure 1). Samples from 19
sites were collected in triplicates (Supplementary Table 1). The
sampling sites were selected randomly based on the accessibility
of the lakes. Geographical coordinates, depths, pH, and salinity
were measured using GPS, Ekman grab attached with meter, pH
(OAKTON-pH110), (HHTEG;
Supplementary Table 1). The water samples were divided into two

meter and refractometer
parts, with one part filtered within 24 h after sample collection,
using a polycarbonate filter membrane (22 pm pore size, 47 mm
diameter; GE) to collect the microbes for DNA extraction.

For the enrichment culture study, the second part of the water
samples was again divided into two halves, with one half filtered
as mentioned above and the other half left unfiltered. The filtered
lake water (brine) samples were used as a culture media and with
unfiltered water samples as inoculum (5% v/v). The sediment
samples were suspended in distilled water first, and once the
sediment particles settled, the water was used as an inoculum. The
inoculated brine was then incubated on a shaker (INFORS HT
Ecotron Incubator; 120 rpm) for up to 7 days at room temperature.
Until the seventh day, aliquots of each sample were taken every
24h. The aliquots were centrifuged for 12 min at 4500 x g, and the
cell pellets were pooled and saved for DNA extraction.

DNA extraction

DNA was extracted from the water and enrichment
culture samples according to @vreds et al. (2003) with some
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FIGURE 1

Sampling locations of the three soda lakes in the Ethiopian Rift Valley (image adapted from Google map 7" September 2021).

Lake Abijata

Lake Shala

Lake Chitu

modifications as described below. Briefly, 250 pl of Lysozyme
(1 mg/ml)/RNase solution (0.5 mg/ml, Thermo Scientific) was
added to the microbial biomass on polycarbonate filter
membrane followed by incubation for 15 min at 37°C. After
that, 10 pl of Proteinase K (1 mg/ml, Thermo Scientific) was
added to the filter, which again was incubated for 15 min at
37°C, followed by the addition of 250 pl pre-heated sodium
dodecyl sulfate (SDS) solution (10% w/v) before further
incubation for 15min at 55°C. Finally, 80 pl of NaCl (5 M)
and 100 pl of cetyltrimethylammonium bromide (CTAB; 1%)
were added and incubated for 10 min at 65°C followed by the
addition of 750 pl chloroform/isoamyl alcohol (24:1). The
mixture was centrifuged at 12,000 x g for 15min, and the
aqueous layer was transferred into Eppendorf tubes and
After
centrifugation at 12,000 x g for 15 min, the pellet was washed

precipitated with 0.6 volume of isopropanol.

with 70% ethanol, dried at room temperature, and dissolved
in TE buffer (pH 8.0).

DNA from the sediment samples was extracted according
to Verma and Satyanarayana (2011) with some modifications
as described below. About 10 g of sediment placed in sterile
Falcon tubes were suspended in 13.5 ml of extraction buffer
[1% CTAB, (w/v), 100 mM Tris (pH 8.0), 100 mM NaH,PO,
(pH 8.0), 100 mM EDTA and 1.5M NaCl]. Thereafter, 50 pl
of proteinase K (10 mg/ml, Thermo Scientific) was added,
followed by incubation for 30 min at 37°C. After that, 1.5 ml
of 20% SDS was added, followed by incubation at 65°C for
2h, with gentle inversion every 15min. The samples were
then centrifuged at 4,000 x g for 20 min at room temperature,
to separate the sediment residues from the cell lysates, which
were transferred to new sterile centrifuge tubes. An equal
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volume of phenol/chloroform/isoamyl alcohol (25:24:1) was
added to the cell lysates, and samples were centrifuged at
16,000 x g for 5min. The aqueous supernatant was again
transferred to sterile centrifuge tubes, and an equal volume of
chloroform was added to the tubes. After mixing, the tubes
were centrifuged at 16,000 x g for 5min. The aqueous layer
was transferred to new sterile tubes, and the DNA was
precipitated by adding about 0.6 volumes of isopropanol and
recovered by centrifuging at 16,000 x g for 10 min. The pellet
was washed with 70% ethanol and centrifuged at 16,000 x g
for 5 min. Finally, the pellet was air-dried and dissolved in TE
buffer (pH 8.0).

DNA purification and pooling

The extracted DNA was further purified using the DNeasy
PowerSoil DNA extraction kit (QIAGEN), according to the
manufacturer’s instructions. About 250 pl aluminium chloride
solution was added to each 50 pl DNA sample, which were
then incubated for 5 min at room temperature. Thereafter, the
samples were centrifuged at 15,000 x g for 2 min, and the
supernatant was mixed with binding solution and loaded into
the spin column, which was centrifuged at 10,000 x g for
I min to discard the flow-through. The bound DNA was
washed with 70% ethanol a few times and eluted with 50 pl of
TE buffer (pH 8.0). Quantity and quality of DNA purified
were checked using NanoDrop (260/280 ratio > 1.7; Thermo
(Thermo
Scientific). The DNA of each biological triplicate were pooled
before amplification of 16S rRNA and ITS genes.

Scientific) and agarose gel electrophoresis
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Amplification of 16S rRNA and ITS gene
sequences and sequencing

The V4 region of the 16S rRNA gene of the prokaryotic
community was amplified using the primer sets 515F
(5-GTGCCAGCMGCCGCGGTAA-3") and 806R (5-GGACTAC
HVGGGTWTCTAAT-3"; Walters et al., 2016). In addition, ITS
primer sets ITSIF (5-CTTGGTCATTTAGAGGAAGTAA-3')
and ITS2R (5- GCTGCGTTCTTCATCGATGC-3") were used to
amplify the ITS region of the fungal community (Op De Beeck
et al,, 2014). The 16S rRNA and ITS amplicon products were
sequenced at BGI in Hong Kong using Illumina HiSeq Sequencing
with a 2 x 50 pair end approach.

16S rRNA and ITS sequence quality
control and filtering

The 16S rRNA and ITS sequences were analyzed using the
Nextflow computational pipeline ampliseq v1.1.2." Briefly, raw
sequencing reads were quality checked using FastQC (Andrews,
2010), followed by trimming adaptor sequences from the reads using
cutadapt v2.7 (Martin, 2011). Quality distribution of trimmed reads
was then analyzed using tools available in the QIIME2 software
package v2019.10 (Bolyen et al,, 2019). After quality filtering, the
sequences were denoised, dereplicated, and filtered for chimeric
sequences using pair-ended DADA2 (Callahan et al., 2016), resulting
in exact amplicon sequence variants (ASVs) tables.

OTU clustering and taxonomic
classification

Amplicon sequence variants (ASVs) identified in 16S rRNA gene
sequences were taxonomically classified from phylum to species level,
and clustered with 99% similarity using the SILVA v132 database
(Quast et al., 2013). Following the taxonomic classification of ASV's
to OTUs (Operational Taxonomic Units), the OTUs classified as
Mitochondria or Chloroplast were removed. The taxonomic
classification of ASVs inferred in I'TS sequences was performed using
UNITE v8.99 database of ITS sequences, with the same parameters
used for 16S rRNA gene sequences (Nilsson et al., 2019).

Diversity analysis and visualization

Analyses and visualizations of amplicon sequence variants
(ASVs) were carried out via R (v4.0.4; R Core Team, 2014). The
sequence reads were normalized to a minimal library size using
the rarefying method (Weiss et al., 2017). The analysis of diversity
measures such as alpha diversity, beta diversity, and ordination
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and visualization were performed using the R packages phyloseq
v1.34.0 (McMurdie and Holmes, 2013), microbiome v1.12.0
(Lahti et al., 2017), and vegan v2.5.7 (Dixon, 2003).

Results

Physico-chemical properties of the soda
lakes

Salinity and pH differed between the lakes at the time of
sampling, with the lowest salinity level of 3% in Lake Shala and the
highest level of 15% in Lake Abijata, while the lowest pH of 9.3
was found in Lake Shala and the highest pH of 10.0 in Lake Chitu
(Table 1; Supplementary Table 1).

Prokaryotic microbial sequence reads
and OTUs

About 1,859,230 prokaryotic sequence reads (between 40,413
and 397,096 per sample) were captured in samples from the three
investigated lakes using 16S rRNA sequencing. From these sequence
reads, a total of 3,603 prokaryotic OTUs were identified (Table 1).

About 80% (2,872) of the OTUs were unique to samples of one
lake, while the remaining 20% (731 OTUs) were detected in samples
from two or all three lakes (Table 1). Samples of Lake Chitu showed
the highest OTU abundance among the lakes, accounting for 75%
of all the OTUs detected in the samples of all the three lakes, while
samples of Lake Shala showed the lowest OTU abundance (14%)
with only 512 OTUs (Table 1).

The total sequence reads of water and sediment samples ranged
from 266,209 to 988,054 in the three lakes (Table 1). For Lake
Abijata, only 36% of the OTUs were detected in the water samples,
while the highest proportion of OTUs (92%) were detected from the
sediment samples. In contrast, 99% of the OTUs from, Lake Chitu
were detected in the water samples and only 13% were detected in
the sediment samples (Table 1). For Lake Shala, the division of
OTUs between water and sediment samples were more equal, with
55% of the OTUs detected in the water samples and 70% of the
OTUs from sediment.

Samples of Lake Chitu showed the highest alpha diversity among
the lakes, while samples of Lake Shala had the lowest diversity
(Figure 2A). Species diversity differed, with the highest species
diversity in the Lake Chitu samples, CH33334, CH33421, and CH339,
which were all water samples, although high species diversity was also
noted for sediment samples from Lake Abijata (Figure 2B).

Shared and unique prokaryotic OTUs
within and between the soda lakes

As presented in Figure 3A, a relatively low proportion (28, 12
and 25%, respectively) of the OTUs were shared between water (W)
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266,209
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2,659
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Shala

3,603
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79.7 20.3

1,859,230

Total

1,859,230

3,603

3,603

*Unique OTUs refers to those that are detected only in samples of one lake.

*#Shared OTU refers to those that occur in samples of two or all three lakes.

##*QTU occurrence refers to the proportion of OTUs detected in samples of each lake out of the total OTU detected.
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and sediment (S) samples in the Abijata (AB), Chitu (CH) and Shala
(SH) lakes. Similarly, a rather low proportion of the OTUs were
shared among the different lakes (Figure 3B), e.g., only 146 OTUs
(about 4% of the total) were shared between samples of the three
lakes, and only a total of 451 OTUs (about 12%) were shared
between samples of Lake Abijata and Lake Chitu. As pointed out
above, samples of Lake Chitu had the highest number of OTUs
among samples of the lakes, but also, the proportion of unique
OTUs (74%) was the highest (Figure 3B). Analysis by one-way
ANOVA showed that the OTUs between the lakes were significantly
different (F-value=10.1 p<0.05). A Principal Coordinates Analysis
(PCoA) displayed a spread of the samples’ microbial composition
from the different lakes along the first principal coordinate
(explaining 25.9% of the variation), visualizing the variation in
OTUs between samples also within each of the three lakes. The
second principal coordinate divided the Lake Shala and Chitu
samples from the Lake Abijata samples, indicating a higher
similarity among Lake Shala and Lake Chitu OTUs than for Lake
Abijata OTUs, although the second coordinate had a relatively low
level of explanation of variation (18.2%; Figure 3C).

Prokaryotic taxonomic distribution

With 99% sequence similarity, 87% of OTUs (3,120) were
identified as bacteria, 13% (482) as archaea, while a single OTU
was not classified as either Bacteria or Archaea using the SILVA
database (Table 1).

The OTUs were further classified into 58 phyla (50 identified
bacterial phyla, 7 identified archaeal phyla and 1 unidentified
phylum; Figure 4), where three phyla, Pseudomonadota, Bacillota,
and Bacteroidota, were the most abundant and represented 49% of
the OTUs (Figure 4) whereas GNO1, Rokubacteria, Asgardaeota,
Fibrobacterota, MAT-CR-M4-B07, FCPU426, Chrysiogenota,
PAUC34f, WS2, and Modulibacteria had the lowest abundance
(Supplementary Table 2).

Bacterial community composition

For Lake Abijata and Lake Shala, the phylum Pseudomonadota
was the most dominant in both water and sediment samples,
followed by Bacillota, while for Lake Chitu, the phylum Bacillota
was represented by slightly more OTUs in both water and sediment
samples than Pseudomonadota. Bacteroidota was the third most
abundant phylum in samples in all of the lakes (Table 2; Figure 4;
Supplementary Table 2).

In addition, Cyanobacteria were one of the most prevalent
phyla in the three lakes studied (Figure 4; Supplementary Table 2).
Cyanobiaceae (Cyanobium), Phormidiaceae (Arthrospira),
Cyanobacteriaceae (Cyanobacterium), Nostocaceae (Nodularia),
and Paraspirulinaceae (Spirulina) were the prevalent
taxa in the lakes within the phylum cyanobacteria
(Supplementary Table 2).
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TABLE 2 Distribution of bacterial phylum of the environmental samples identified through cuture-independent investigation.

Phylum All Abijata Chitu Shala
OTUs RA% OTUs RA% OTUs RA % OTUs RA%

Pseudomonadota 605 19.4 266 22.8 370 16.2 337 19.8
Bacillota 519 16.6 222 19 393 17.2 330 19.4
Bacteroidota 447 14.3 179 15.4 305 13.4 254 14.9
Planctomycetota 203 6.5 51 4.4 162 7.1 84 49
Patescibacteria 119 3.8 37 32 90 3.9 48 2.8
Spirochaetota 116 3.7 38 3.3 96 42 62 3.6
Actinomycetota 113 3.6 61 52 67 29 66 3.9
Chloroflexota 104 33 41 3.5 84 3.7 62 3.6
Kiritimatiellaeota 98 3.1 25 2.1 84 3.7 59 35
Mycoplasmatota 87 2.8 31 2.7 60 2.6 46 2.7
Unidentified 81 2.6 14 1.2 68 3 22 1.3
Others 628 20.1 201 17.2 502 22 330 19.4
Grand Total 3,120 100 1,166 100 2,281 100 1700 100

Others: Verrucomicrobiota, Halanaerobiaeota, Gemmatimonadota, BHI80-139, Omnitrophicaeota, Cloacimonetes, Acidobacteria, Elusimicrobiota, Hydrogenedentes, Chlamydiota,
Deinococcota, Lentisphaerota, uncultured, BRC1, Cyanobacteria, WS1, Dependentiae, Fibrobacterota, Thermotogota, Armatimonadota, Fusobacteriota, Acetothermia, Synergistota,
Margulisbacteria, Atribacterotaia, Epsilonbacteraeota, LCP-89, TA06, Caldisericota, CK-2C2-2, Latescibacteria, MAT-CR-M4-B07, Modulibacteria, WOR-1, Chrysiogenota, FCPU426,
PAUC34f, Rokubacteria, GN01, WS2. *RA: Relative abundance as proportion out of the total.
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Alpha diversity for prokaryotes in the lakes (A) either comparing between the three lakes (B) or as a diversity between all samples. (C) Alpha
diversity measures between samples for eukaryotes. The sample names are on the x-axis and the estimated diversity on the y-axis.

Halomonadaceae, Ectothiorhodospiraceae, and Idiomarinaceae
were the most abundant families of phylum Pseudomonadota,
with Halomonadaceae as the most abundant family in lakes
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Abijata and Shala. At the same time, Syntrophomonadaceae were
the most abundant family in lake Chitu. Furthermore, Bacillota
(Bacillaceae), Rhodothermia (Bacteroidota), and Nitriliruptoria
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FIGURE 3

Shared and unique prokaryotic OTUs (A) between sample types in the three soda lakes; ABW: Abijata water samples, ABS: Abijata Sediment samples,
CHW: Chitu water samples, CHS: Chitu sediment samples, SHW: Shala water samples, SHS: Shala sediment samples (B) between the lakes (C) PCoA
using Bray distance; Statistical significance was found out using Analysis of group Similarities [ANOSIM] R: 0.32947; value of p <0.005. Sample names
(Water samples: A3637, AB, AC3132, ALA, ASA, CH33334, CH33421, CH339, CL, S, SH, SL; Sediment samples: A3640, A3935, A3938, CH, CH9, CSS,
SHALAK).
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FIGURE 4
Stacked plot showing the taxonomic composition of the community at the phylum level (small taxa with read counts <100 merged as others).

(Actinomycetota) were among the most abundant taxa Archaeal Community com position
(Supplementary Table 3).

About 37.4% of OTUs were unidentified in the Silva database In samples from Lake Chitu, seven archaeal phyla were
at the species level. Most of the identified species are listed as present, with two phyla, Euryarchaeota and Nanoarchaeaeota,
uncultivable bacterial species (Supplementary Table 2). accounting for 88% of the OTUs (Table 3). In samples from
Frontiers in Microbiology frontiersin.org
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Lake Abijata, five archaeal phyla were detected. Again,
Euryarchaeota and Nanoarchaeaeota were dominant, like in
Lake Chitu, accounting for 91% of the OTUs. In samples of
Lake Shala, the phylum Nanoarchaeaeota was the only archaea
detected (Table 3).

The Thermoplasmata, Thermococci, Methanomicrobia, and
Halobacteria were the most abundant groups of Euryarchaeota.
More than 96% of the Nanoarcheota belonged to the class
Woesearchaeia, and the remaining 4% was unclassified. In samples
of Lake Abijata, 60% of Euryarchaeota belonged to Halobacteria,
whereas in samples of Lake Chitu, 78% of OTUs of Euryarchaeota
belonged to  Thermoplasmata and  Methanomicrobia
(Supplementary Table 3). Around 39% of the archaeal sequences
were unidentified archaeal species, and more than 60% of the

sequences were listed as uncultured (Supplementary Table 2).

Eukaryotic community composition

By ITS sequencing, a total of 1,0250,22 eukaryotic reads
were identified. These reads were categorized into 898 OTUs

TABLE 3 Archeael phyla distribution among the lakes identified from
environmental samples through culture-independent investigation.

Phylum Number Of OTUs

All three  Abijata Chitu Shala

lakes
No. RA No. RA No. RA No. RA
(%) (%) (%) (%)

Altiarchaeota 4 0.8 0 0 4 1 0 0
Asgardaeota 9 1.9 0 0 9 22 0 0
Crenarchaeota 24 5 6 5.5 20 4.9 0 0
Diapherotrites 8 1.7 2 1.8 8 2 0 0
Euryarchaeota 114 237 53 48.2 74 18.2 0 0
Hadesarchaeaeota 9 1.9 2 1.8 7 1.7 0 0
Nanoarchaeaeota 313  64.9 47 427 283 69.7 9 100
Unidentified 1 0.2 0 0 1 0.3 0 0
Grand Total 482 100 110 100 406 100 9 100

*RA: Relative abundance (Proportion out of the total).

10.3389/fmicb.2022.999876

(Table 4). About 51% of OTUs were represented in samples of
Lake Abijata, followed by 37% in samples of Lake Shala. No
eukaryotic sequences were detected in Lake Chitu sediment
samples (Table 4). The alpha diversity showed that the Lake
Shala sediment sample (SHALAK) had the highest species
diversity (Figure 2C). All eukaryotic reads were identified to
be fungal.

Shared and unique fungal OTUs within
and between samples of the lakes

Sediment samples of Lake Abijata and Lake Shala had a
higher number of unique fungal OTUs than water samples
from the same lakes (Figure 5A). Only 46 OTUs were shared
between samples from all three lakes, with samples of Lake
Chitu and Lake Shala sharing 23 OTUs (Figure 5B). One-way
ANOVA analysis showed a significant difference between
OTUs of the lakes (F-value =9.0, value of p <0.05). The PCoA
showed a similar variation of samples from Lake Shala and
Lake Chitu, with positive values on both principal coordinates,
while some of the Lake Abijata samples clustered with positive
first principal coordinate values and negative second
coordinate values (Figure 5C).

Fungal community taxonomic distribution

The ITS sequence reads of the fungal communities were
categorized into four phyla, where Ascomycota and Basidiomycota
were the most abundant in all lake samples. All the identified
eukaryotic phyla were found in samples of Lakes Abijata and
Shala. Lake Shala had the highest proportion of unidentified
sequence reads (>17%; Table 5).

All the fungal communities were categorized into 19 classes.
The Dothideomycetes, Saccharomycetes, and Sordariomycetes
from phylum Ascomycota; Agaricomycetes, Tremellomycetes, and
Malasseziomycetes from phylum Basidiomycota were the
abundant groups, respectively. More than 50% of fungal OTUs
were not identified at the species level (Supplementary Table 4).

TABLE 4 The obtained eukaryotic OTUs and sequence of the environmental samples identified through culture-independent investigation.

Lake OTUs detected Number of reads Total Total % Reads Unique  Shared % OUT
OTUs Reads OTUs* OTUs Occurrence®**
Water Sediment Water Sediment (%) (%)
Abijata 199 320 467,937 521,659 460 9,89,596 71.6 37.9 13.4 51.2
Chitu 293 0 152,889 0 293 1,52,889 11 213 114 32.6
Shala 87 271 94,098 146,021 334 2,40,119 17.4 25 12,5 37.2
Total 898 1,025,022 898 1,025,022 100 84.1 15.9 100

*Unique OTUs refer to those that are detected only in one lake.
#*Shared OTUs refer to those that occur in two or all three lakes.

##*QTUs occurrence refers to the proportion of OTUs detected in each lake out of the total OUT detected.
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FIGURE 5

Shared OTUs between (A) sample types; ABW: Abijata water samples, ABS: Abijata Sediment samples, SHW: Shala water samples, SHS: Shala
sediment samples (B) between the lakes (C) PCoA plot using Bray distance. The explained variances are shown in brackets (F-value: 1.1663;
R-squared: 0.20583; p>0.05; Sediment Samples: A3640, A3935, A3938, AB, SHALAK; Water Samples: A3637, AC3132, ALA, ASA, CH33421, CH339, S).

TABLE 5 Fungal phylum composition of environmental samples identified through culture-independent investigation.

Phylum All of the lakes Abijata Chitu Shala
OTUs RA (%) OTUs RA (%) OTUs RA (%) OTUs RA (%)

Ascomycota 454 50.56 225 48.9 161 55 180 53.9
Basidiomycota 283 31.51 154 33.5 102 34.8 92 27.5
Chytridiomycota 7 0.78 6 1.3 0 0 1 0.3
Rozellomycota 3 0.33 1 0.2 0 0 2 0.6
Unidentified 151 16.82 74 16.1 30 10.2 59 17.7
Total 898 100 460 100 293 100 334 100

Enrichment cultures

Enrichment cultures yielded a total of 134 OTUs, which belonged
to five phyla. Of these, Pseudomonadota, Bacillota and Bacteroidota
accounted for more than 95% of the identified OTUs. No archaeal or
eukaryotic groups were identified in the enrichment samples
(Table 6). Pseudomonadota were represented by a higher number of
OTUs in Lake Chitu and Shala samples, whereas Bacillota was the
most abundant phylum in Lake Abijata (Table 6).

In total, only 3.0% of the OTUs identified in the culture-
independent (environmental) samples, were detected in the
enrichment samples, all of which were bacterial OTUs. Thus,
out of the 50 bacterial phyla that were identified from
environmental samples, only 5 phyla were detected in the
enrichment cultures (Table 7). Three phyla, Pseudomonadota,
Bacillota, and Bacteriodetes with high abundance in the
environmental samples were also the most abundant in the
enrichment cultures (Table 7).

Further analysis of taxa levels found that more than 83% of
the Pseudomonadota were Gammaproteobacteria, in which
Idiomarinaceae and Halomonadaceae accounted for 60%. In the
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Bacillota phylum, more than 80% of the OTUs belonged to the
Bagcilli class, where the remaining was Clostridia. Furthermore, at
the species level 46.5 and 16.2%, belonged to unidentified and
ambiguous taxa, respectively (Supplementary Table 5).

Discussion

We observed high prokaryotic and eukaryotic microbial
diversity from the three Ethiopian soda lakes using amplicon
sequencing. The current study also demonstrated the challenges
of capturing these unique microbes, which are adapted to
extreme environments, using typical enrichment cultures.
Although previous studies have also reported high biodiversity
of microorganisms in the Ethiopian soda lakes (Lanzén et al,,
2013; Simachew et al.,, 2016), significantly higher levels were
found in the present study. We identified a total of 3,603
prokaryotic and 898 eukaryotic OTUs in the samples from the
three soda lakes, which is a significantly higher number than the
2,704 OTUs reported in a previous study from five Ethiopian
soda lakes, including the three lakes studied here (Lanzén et al.,
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TABLE 6 The Phylum distributions identified through enrichment culture study.

Phyla All Abijata Chitu Shala
OTUs OTUs (%) OTUs OTUs (%) OTUs OTUs (%) OTUs OTUs (%)

Actinomycetota 1 0.75 1 1.1 1 1.7 1 1.6
Bacteroidota 33 24.6 23 24.5 8 13.8 16 25.0
BacillotaBacillota 47 35.1 34 36.2 16 27.6 23 35.9
Pseudomonadota 48 35.8 32 34.0 32 55.2 24 37.5
Mycoplasmatota 5 3.7 4 4.3 1 1.7 0.00
Grand Total 134 100 94 100 58 100 64 100

2013). In fact, the OTU richness observed in this study was also
higher than that reported previously for other hypersaline lakes
(Dimitriu et al., 2008b; Zorz et al., 2019). Here, we used high-
abundance short-read sequencing for the estimation of the
microbial diversity to circumvent the shortcomings of
sequencing methods with low coverage and sequence depth used
in previous studies of the Ethiopian soda lakes. However, the
three investigated soda lakes differed in microbial biodiversity;
75% of all OTUs detected in the three lakes were present in
samples of Lake Chitu, while only 35 and 14% of the OTUs were
present in samples of Lake Abijata and Lake Shala, respectively.
This can be explained by the differences in the primary
production of the lakes (Ogato et al., 2015). The East African Rift
Valley soda lakes are among the world’s most productive aquatic
systems with primary production rates exceeding 10g C
m~> day™' (Grant and Jones, 2016), providing abundant organic
matter supporting a diverse group of microorganisms. Lake
Chitu is the most productive among the three lakes, having thick
biomass of the blue-green algae, Arthrospira fusiformis
(Faris, 2017).

In the present study, samples of Lake Chitu and Lake Abijata
shared the highest number of prokaryotic OTUs, while in previous
studies, a higher overlap of OTUs was observed between Lake
Shala and Lake Abijata (Lanzén et al., 2013). This discrepancy in
overlaps might result from the fourfold salinity increment in Lake
Abijata, which is a higher increase than in the other Ethiopian
soda lakes over the last three decades (Ayenew and Legesse, 2007;
Klemperer and Cash, 2007; Faris, 2017). During the last three
decades, the surface area of Lake Abijata has decreased by more
than 50% and the average depth by 5m as a result of the
abstraction of water for soda ash production by the Abijata-Shala
Soda Ash Factory and the diversion of the lake’s feeder rivers,
Horakelo and Bulbula, for irrigation (Ayenew and Legesse, 2007;
Simachew et al., 2016). Several studies have shown that a change
in salinity is an important environmental factor affecting the
abundance and diversity of microorganisms, eliminating some
and benefiting other groups (Lozupone et al., 2007; Xiong et al.,
2012). A change in the microbial composition of Lake Abijata over
time has been reported in previous studies (Simachew et al., 2016).
Thus, salinity might be a critical factor in structuring the
prokaryotic communities of haloalkaline environments, as also
indicated by the present study.
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Bacteria accounted for the vast majority of the prokaryotic
OTUs identified in this study (87%), with Archaea accounting for
only a small fraction (13%). The primary explanation for this
might be that these lakes are moderately saline soda lakes with
brine salinities ranging from 50 to 250 g/l (Sorokin et al., 2014).
Previous research on microbial diversity in moderately saline soda
lakes found that these ecological niches have more diverse archaea
and bacteria communities than less and high saline environments,
with bacteria dominating (Felfoldi, 2020).

In line with previous studies from low and moderate saline
soda lakes, Gammaproteobacteria (including the genus
Halomonas), Bacillota (Bacillus, Clostridia), Bacteroidota
(Cytophaga,
Rhodobacteraceae (Humayoun et al., 2003; Dimitriu et al.,
2008a; Asao et al., 2011; Lanzén et al., 2013; Sorokin et al.,
2014) were the prevailing prokaryotes in this study as well. The

Flavobacterium, Bacteroides), and

groups Halomonas, Bacillota, and other heterotrophic bacteria
are primarily responsible for immediate degradation of organic
matter produced by autotrophic bacteria like Cyanobacteria
(Jones and Grant, 1999; Sorokin et al., 2014). Halomonas have
been reported to have biotechnological potential in the
production of exopolysaccharides, enzymes, and compatible
solutes such as ectoine (Ye and Chen, 2021). In addition,
Halomonas has an active role in denitrification and the
degradation of aromatic compounds (Tahrioui et al., 2013).
Rhodobacteraceae, another abundant microbial taxon in the
soda lakes, comprises aerobic photo- and chemoheterotrophs
and purple non-sulfur bacteria, which perform photosynthesis
in anaerobic environments. They are deeply involved in sulfur
and carbon biogeochemical cycling and are in symbiosis with
aquatic micro- and macroorganisms (Pujalte et al., 2014).
Environmental heterogeneity with more ecological niches
has been pointed out as an important variable for high
microbial biodiversity (Wobus et al., 2003). Such heterogeneity
has been reported as the reason for higher biodiversity in
sediment than in corresponding water samples (Zinger et al.,
2011; Banda et al., 2020), which was also the case in the present
study. In this study, the sediment samples from Lake Abijata
and Lake Shala showed higher levels of prokaryote and
eukaryote OTUs than the corresponding water samples.
Furthermore, sediment samples from Lake Abijata and Lake
Shala were taken as lake surface sediment samples. Lake
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TABLE 7 Comparison of OTUs detected in through culture-
independent and enrichement culture studies.

Total OTU detected % grown
in culture
Phylum Environmental Enrichement
samples samples
Bacteria
Pseudomonadota 605 48 7.9
Bacillota 519 47 9.1
Bacteroidota 447 33 7.4
Planctomycetota 203 0 0
Patescibacteria 119 0 0
Spirochaetota 116 0 0
Actinomycetota 113 1 0.9
Chloroflexota 104 0 0
Kiritimatiellaeota 98 0 0
Mycoplasmatota 87 5 5.7
Unidentified 81 0 0
Others 628 0 0
Total Bacteria 3,120 134 4.3
Archaea
Altiarchaeota 4 0 0
Asgardaeota 9 0 0
Crenarchaeota 24 0 0
Diapherotrites 8 0 0
Euryarchaeota 114 0 0
Hadesarchaeaeota 9 0 0
Nanoarchaeaeota 313 0 0
Unidentified 1 0 0
Total Archaea 482 0 0
Unassigned prokaryote 10 0
Eukaryotes
Ascomycota 454 0 0
Basidiomycota 283 0 0
Chytridiomycota 7 0 0
Rozellomycota 3 0 0
Unidentified 151 0 0
Total Eukaryotes 898 0 0
TOTAL 4,501 134 3

surface sediments contain abundant and diverse microbial
populations (Yang et al., 2016), and microorganisms in lake
surface sediments play vital roles in regulating nutrient
dynamics and biogeochemical cycles (Zhang et al., 2020). In
contrast to Lake Abijata and Lake Shala, and to previous results
(Tafesse, 2014), Lake Chitu showed a higher number of
prokaryotic OTUs in the water samples than the sediment
samples. This might be attributed to abundant algal biomass
and other organic components in the water of Lake Chitu that
sustain diverse microbial communities (Ogato et al., 2015). In
samples of Lake Abijata, Halobacteria was the most abundant
class, possibly because this lake had higher salinity compared
to the other two lakes during our sampling. Hypersaline lakes
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have in previous studies, been reported to be dominated by
halophilic archaea belonging to the class Halobacteria
(Ochsenreiter et al., 2002; Mesbah et al., 2007).

The archaeal OTUs in the samples from Lake Shala and
Chitu were associated to the Nanoarchaeaeota phylum that
belongs to the class of Woesearchaeia. These are likely anaerobic,
fermentative, and syntrophic archaea and are often found in
marine environments with high organic matter content
(Griindger et al., 2019). However, it is unknown how
geochemical circumstances shape the distribution pattern of
Woesearchaeia and their ecological role, particularly on a global
scale (Xiao et al., 2020). Woesearchaeia can enable carbon and
hydrogen metabolism in anoxic circumstances, but they are also
associated with symbiotic or parasitic lifestyles, which is
reflected in their small genome sizes and limited metabolic
capabilities. Furthermore, certain reports imply that this
archaeal group plays an essential role in iron and methane
biogeochemical cycles (Liu et al.,, 2018; Griindger et al., 2019).

Thermoplasmata, Methanomicrobia, and Thermococci were
dominant microbial prokaryotes in phylum Euryarchaeota of
these lakes. Previous studies have explored the methane cycle
in soda lakes as an essential part of the microbial carbon cycle
(Sorokin et al., 2014), and Thermoplasmata (Poulsen et al.,
2013), Thermococci (Evans et al., 2019), Methanomicrobia (Lee
etal.,, 2014), and Halobacteria (Sorokin et al., 2017) have been
evaluated for their role in methane cycling. The abundance of
microorganisms involved in methane metabolism identified
together with the presence of cyanobacteria points at high
concentrations of dissolved biogenic methane in these lakes.
In anoxic lake sediments, the abundant photosynthetic
biomass eventually undergoes methanogenic degradation
(Fazi et al., 2021).

While archaea and bacteria are known for their ability to
adapt to extreme environments, fungi are generally not
expected in saline soda lakes, since they generally prefer acidic
or neutral pH (Grum-Grzhimaylo et al., 2016). However,
recent studies have shown that eukaryotic microorganisms,
including fungi, can endure or even thrive in extreme
environments. The fungal diversity of the Ethiopian soda lakes
has been rarely studied previously except from the report of
Lanzén et al., 2013. In the present study, fungi were found in
samples of all three lakes, with Ascomycota as the most
abundant phylum in all three lakes. The Ascomycota orders
Capnodiales, Dothideales, Cladosporium, Alternaria, and
Eurotiales have previously been found in different extreme
environments globally, including saline lakes, soda lakes, and
in Arctic glacier ice (Cantrell et al., 2006; Anne et al., 2016;
Fotedar et al., 2018; Orwa et al., 2020). Specifically, the
detection of Malassezia in the soda lake samples studied here
extends previous culture-independent studies of fungi that
have shown that Malassezia is exceedingly widespread and
ecologically diverse (Boekhout et al., 2010). Recent studies in
little-characterized marine environments point to extensive
diversification of Malassezia-like organisms, suggesting further
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opportunities to explore this group’s ecology, evolution, and
diversity (Amend, 2014).

The present study showed that culturing captures only a small
proportion of naturally occurring microbial biodiversity; out of a
total of 4,500 OTUs detected by sequencing of environmental
samples, only 134 OTUs (representing 3% of the total) grew in
enrichment cultures. Previous studies have indicated that since
most microorganisms are impossible or difficult to culture,
standard culture-dependent techniques provide information on
1% or less of the microbial diversity in a given environmental
sample (Coughlan et al, 2015). One reason for this is that
culturing cannot reproduce the natural condition of the ecological
niches where samples are collected (Carraro et al., 2011). For
example, the media selected for microbial cultivation have been
shown to selectively favour a small fraction of the microbial
diversity (Carraro et al, 2011; Al-Awadhi et al, 2013). To
minimize the selectivity of the culture media due to, for example,
lack of critical trace elements, we used lake water from the three
lakes to mimic the natural environment in our enrichment culture
study. Nevertheless, even under such conditions, 97% of the OTUs
detected in the environmental samples could not be detected after
cultivation. Since we used a mixed liquid culture, quorum sensing
is probably not responsible for the failure of most organisms to
grow (Bodor et al., 2020). In their natural habitat, these
microorganisms are exposed to different concentrations of
nutrients and oxygen due to, for example, the depth of the water
and diurnal fluctuations, which are impossible to reproduce in the
laboratory. Thus, our results clearly showed the importance of
culture-independent methods in studying microbial diversity.

High microbial diversity under polyextremophilic conditions
(high salt and alkaline pH), as observed here, is important for
possible industrial applications. Enzymes that are active and stable
under alkaline conditions and in the presence of high salt
concentration potential applicability in different industrial
processes, as shown by previous microbial cultivation and
screening studies that have resulted in the production of novel
enzymes from Ethiopian soda lakes (Gessesse and Gashe, 1997;
Martins et al.,, 2001; Haile and Gessesse, 2012). Targeted sequencing
of enzyme groups or whole genome sequencing will be powerful
tools to secure unique enzymes with specific properties.

Conclusion

This study showed that the amplicon sequencing utilized was
highly effective in detecting a high degree of microbial diversity in
three samples from East African Rift Valley soda lakes, suggesting that
increased sampling covering all microhabitats of these soda lakes
would detect considerably more organisms. This study also showed
the presence of eukaryotic microorganisms, such as fungi, in soda
lakes. In addition, despite our attempts to replicate the natural
environment for microbe cultivation, only a small fraction of
microorganisms detected by sequencing could be cultured in the
laboratory. Additional culture-independent studies are needed to
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successfully exploit the full potential of microorganisms, including
the unculturable microbes, in soda lakes.
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Genomic-based phylogenetic and
metabolic analyses of the genus
Natronomonas, and description of
Natronomonas aquatica sp. nov.

Alicia Garcia-Roldan?, Ana Duran-Viseras?, Rafael R. de la Haba?,
Paulina Corral?, Cristina Sdnchez-Porro*and Antonio Ventosa™

'Department of Microbiology and Parasitology, Faculty of Pharmacy, University of Sevilla, Sevilla, Spain,
2Department of Biology, University of Naples Federico Il, Naples, Italy

The genus Natronomonas is classified on the family Haloarculaceae, within the
class Halobacteria and currently includes six species isolated from salterns, saline or
soda lakes, and salt mines. All are extremely halophilic (optimal growth at 20-25%
[w/v] NaCl) and neutrophilic, except Natronomonas pharaonis, the type species of
the genus, that is haloalkaliphilic (showing optimal growth at pH 9.0) and possesses
distinct phenotypic features, such as a different polar lipid profile than the rest of
species of the genus. We have carried out agenome-based study in order to determine
the phylogenetic structure of the genus Natronomonas and elucidate its current
taxonomic status. Overall genomic relatedness indexes, i.e.,, OrthoANI (Average
Nucleotide Identity), dDDH (digital DNA-DNA hybridization), and AAl (Average Amino
acid Identity), were determined with respect to the species of Natronomonas and
other representative taxa of the class Halobacteria. Our data show that the six species
of Natronomonas constitute a coherent cluster at the genus level. Besides, we have
characterized a new haloarchaeon, strain F2-127, isolated from the brine of a pond
of a saltern in Isla Cristina, Huelva, Spain, and we determined that it constitutes a
new species of Natronomonas, for which we propose the name Natronomonas
aquatica sp. nov. Besides, the metabolic analysis revealed a heterotrophic lifestyle
and a versatile nitrogen metabolism for members of this genus. Finally, metagenomic
fragment recruitments from a subset of hypersaline habitats, indicated that the
species of Natronomonas are widely distributed in saline lakes and salterns as well as
on saline soils. Species of this haloarchaeal genus can be considered as ubiquitous in
intermediate to high salinity habitats.

KEYWORDS

Natronomonas, hypersaline environments, salterns, extremophiles, haloarchaea,
metabolism, phylogenomics, polar lipids

1. Introduction

Haloarchaea are extremely halophilic archaea well adapted to hypersaline environments such as
saline lakes, salterns, saline soils, or salted products (Ventosa, 2006; Oren, 2011). They are
“Euryarchaeota” included into the class Halobacteria, with three orders: Halobacteriales,
Haloferacales, and Natrialbales, that include three (Halobacteriaceae, Halococcaceae, and
Haloarculaceae), two (Haloferacaceae and Halorubraceae), and one (Natrialbaceae) families,
respectively, and more than 70 genera (Amoozegar et al., 2017; Oren et al., 2017; Parte et al., 2020).

The genus Natronomonas belongs to the family Haloarculaceae, and currently it includes six
species: Natronomonas pharaonis (type species; Soliman and Triiper, 1982; Kamekura et al., 1997),
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Natronomonas moolapensis (Burns et al., 2009), Natronomonas
gomsonensis (Kim et al., 2013), Natronomonas halophila (Yin et al.,
2020), Natronomonas salina (Yin et al., 2020), and Natronomonas
salsuginis (Durdn-Viseras et al., 2020). The most peculiar feature of the
genus Natronomonas is that it comprises the first alkaliphilic and
extremely halophilic archaeon so far described (Nmn. pharaonis), while
the rest of the species of this genus are non-alkaliphilic. Although only
six species have been described to date, several studies have shown that
they are found in a variety of environments, such as hypersaline and
alkaline lakes or soils, salterns or sediments, supporting the widespread
distribution of this genus (Oren and Ventosa, 2017; Minegishi and
Kamekura, 2018).

The members of the genus Natronomonas are characterized by a
diverse cell morphology: short rods or pleomorphic shapes (coccoid,
flat, and tetragonal shapes). They are motile and Gram-stain-negative.
In solid culture media they produce red pigmented colonies. They are
aerobic microorganisms and have a chemoorganotrophic metabolism.
They are obligately halophilic (requiring at least 15% [w/v] NaCl for
growth and growing optimally at 20-25% [w/v] NaCl). Alkaliphilic
species grow at the pH range 8.0 to 11.0 (optimal growth at pH 8.5-9.0),
but neutrophilic species grow at pH 5.5-8.5, and optimally at pH 7.0-7.5
(Minegishi and Kamekura, 2018). Membrane polar lipids have been
shown to be a relevant feature for the taxonomic characterization of
haloarchaea (Torreblanca et al., 1986; Oren et al., 2009; de la Haba et al.,
2018). All of the
phosphatidylglycerol and phosphatidylglycerol phosphate methyl ester.

members genus  Natronomonas have
However, unidentified phospholipids or glycolipids may exist. The polar
lipid profile of the haloalkaliphilic species Nmn. pharaonis is different
from those of the neutrophilic species, without membrane glycolipids,
and thus, it has been suggested that this species could be placed into a
separated genus from the neutrophilic species of this genus (Minegishi
and Kamekura, 2018).

Our studies on the prokaryotic diversity of several hypersaline
environments of South-West Spain permitted us to isolate a new strain,
designated as F2-12", from the brine of a pond of one of those salterns.
The aim of this paper is firstly to elucidate the phylogenomic and
metabolic structure of the genus Natronomonas, based on current
genomic-based analysis as well as phenotypic features, to clarify if Nmn.
pharaonis and the remaining neutrophilic species of the genus should
be separated into two different genera. Besides, we describe the
taxonomic features of the new archaeon F2-127 which we propose as a
new species of the genus Natronomonas, Natronomonas aquatica sp. nov.
Finally, we have carried out an in-depth analysis, based on metagenomics
fragment recruitments, to show the ecological distribution and
abundance of species of the genus Natronomonas in different
hypersaline habitats.

2. Materials and methods

2.1. Isolation and culture of the new
haloarchaeal strain

Strain F2-12" was isolated from the brine of a crystallizer pond
of a marine saltern located in Isla Cristina, Huelva, South-West Spain
by Duran-Viseras (2020). It was isolated in pure culture on R2A
medium supplemented with 25% (w/v) seawater salt solution. The
composition of this salt mixture is (g1™'): NaCl, 195; MgCl,-6H,0,
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32.5; MgSO,-7H,0, 50.8; CaCl,, 0.83; KCl, 5.0; NaHCO;, 0.21; NaBr,
0.58 (Duran-Viseras, 2020). The pH of the medium was adjusted to
7.5 with 1 M KOH. For the preparation of the solid media, purified
agar was added at 1.8% (w/v). The culture was routinely incubated
aerobically at 37°C for 14 days, both in liquid and solid medium. For
comparative purposes, the type strains of species of the genus
Natronomonas, Natronomonas pharaonis DSM 2160", Natronomonas
gomsonensis JCM 17867", Natronomonas moolapensis CECT 7526",
and Natronomonas salsuginis F20-122" were used as culture
collection reference strains.

2.2. DNA extraction, purification, and
sequencing

The DNA extraction and purification were carried out by the
method described by Marmur (1961). DNA quantification and purity
were determined by fluorometry (Qubit 3.0 Fluorometer, Thermofisher
Scientific, USA) and spectrophotometry (NanoDrop One,
Thermofisher Scientific, USA), respectively. The 16S rRNA and rpoB’
genes were amplified by PCR using the primers ArchF (TTC CGG
TTG ATC CTG CCG GA) and ArchR (GGT TAC CTT GTT ACG
ACT T) as well as rpoBF (TGT AAA ACG ACG GCC AGT TCG AAG
AGC CGG ACG ACA TGG) and rpoBR (CAG GAA ACA GCT ATG
ACC GGT CAG CAC CTG BAC CGG NCQ), respectively (Duran-
Viseras, 2020). The PCR products were sequenced using the Sanger
method by StabVida (Caparica, Portugal), and primers 16RB36 (GGA
CTA CCA GGG TAT CTA) and 16RD34 (GGT CTC GCT CGT TGC
CTG) were also used in order to obtain the complete sequence of 16S
rRNA gene. The draft genome sequence of strain F2-12" was also
determined in this study by Illumina NovaSeq 2x150 PE (Novogene
Co., United Kingdom).

2.3. Phylogenetic analyses

The 16S rRNA and rpoB’ gene sequences of the new isolate, strain
F2-127, were analyzed, corrected, and assembled with ChromasPro
version 1.5 (Technelysium Pty Ltd.). The 16S rRNA gene sequence was
compared with EzBioCloud database.! Using ARB software package
(Ludwig et al., 2004) and LTPs_106_SSU database, alignments and
phylogenetic trees were generated by three different methods:
maximum-parsimony (Fitch, 1971), neighbor-joining (Saitou and Nei,
1987) and maximume-likelihood (Felsenstein, 1981) algorithms. A
bootstrap analysis (1,000 pseudo-replicates) was performed to evaluate
the robustness of the phylogenetic trees (Felsenstein, 1985). The rpoB’
gene sequence was compared with other sequences available in NCBI
database by BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/;
Altschul et al., 1990). The alignment and phylogenetic trees were
obtained with BioEdit 3.3.19.0 version (Hall, 1999) and MEGA 6.11
software (Tamura et al., 2013),” respectively.

The 16S rRNA and rpoB’ gene sequences of strain F2-127 were
deposited in GenBank/EMBL/DDB]J, under the accession numbers
MZ318646 and MZ327708, respectively.
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2.4. Genome assembly, annotation, and
determination of genomic parameters

The raw reads resulting from genome of strain F2-127 were
quality checked with FastQC 0.11.9 version (Andrews, 2010) and
further trimmed (settings: qtrim =rl trimq=18) and screened for
adaptor and vector contamination (settings: k=21 tbo ordered
cardinality) using BBDuk from BBTools suite (Bushnell, 2021).
Filtered reads were assembled with Spades v.3.12.0 (settings: --isolate
-k 21, 33, 55,77, 99, 127; Bankevich et al., 2012) and the quality of the
assembly was quantified with QUAST v.2.3 (Gurevich et al., 2013).
Finally, genome completeness and contamination were estimated
with CheckM v.1.0.5 software (settings: lineage_wf --reduced_tree;
Parks et al., 2015).

The genome sequence of strain F2-127 was initially annotated using
Prokka (default settings) and further following the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP; Tatusova et al., 2016) and was
deposited in GenBank/EMBL/DDB]J, under the accession number
GCA_024449025.1.

Several genomic indexes were used for circumscribing species and
genera. The Orthologous Average Nucleotide Identity (OrthoANI) was
determined with OAT v.0.93.1 (default settings; Lee et al., 2016), the
digital DNA-DNA hybridization (dDDH) was calculated by the
Genome-to-Genome Distance Calculator (GGDC) v.2.1 (Meier-Kolthoff
etal., 2013) website, using BLAST+ as the local alignment tool and the
formula 2 for distance calculations (Auch et al., 2019) and the Average
Amino acid Identity (AAI) was calculated by CompareM (default
settings; https://github.com/dparks1134/CompareM).

2.5. Phylogenomic comparative analysis

The phylogenomic comparative analysis was carried out using the
genomes of the type strains of species of Natronomonas, as well as that
of strain F2-127 and other genomes of related haloarchaeal species
available from GenBank database. The features and the accession
numbers of the genomes of the type strains of the species of the genus
Natronomonas used in this study are shown in Table 1. The quality of the
genome sequences used in this study was in agreement with the
recommended minimal standards for the use of genome data for the
taxonomy of prokaryotes (Chun et al., 2018).

To determine the core-genome, the Enveomics tool (Rodriguez-R
and Konstantinidis, 2016) was used. To identify clusters of orthologous
genes (OGs), we carried out an all-versus-all BLASTp search based on
the translated protein-coding gene sequences of the type strains of
species of Natronomonas and of strain F2-12" as well as those of other
genera of the family Haloarculaceae available in databases. The OGs
shared among all taxa and present in a single copy per genome were
selected for further analysis. They were aligned with MUSCLE v. 3.8.31
(Edgar, 2002) and subsequently concatenated. An approximately
maximum-likelihood phylogenomic tree was obtained using FastTree v.
2.1.9 (Price et al,, 2010) with the JTT replacement matrix (Jones et al.,
1992) under the CAT approximation (single rate for each site) with 20
rate categories. Local support values were determined with the
Shimodaira-Hasegawa test (Shimodaira and Hasegawa, 1999). An
alternative phylogenomic tree based on selected 53 markers as
recommended by the Genome Taxonomy Database (GTDB) was
constructed using GTDB-Tk v. 2.1.0+ (Chaumeil et al., 2022) using the
reference database R207_v2.
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2.6. Phenotypic characterization

Phenotypic tests were determined for all species of the genus
Natronomonas and they were carried out following the proposed minimal
standards for the description of novel taxa in the class Halobacteria (Oren
etal., 1997). Morphology and motility were studied by light optical under
a phase-contrast microscope (Olympus BX41), in cultures incubated for
14 days at 37°C. The range and optimal growth conditions of salinity, pH,
and temperature were determined on liquid medium R2A 25%, with the
same composition but only modifying each of these factors. The medium
R2A was supplemented with 0.9, 3, 5, 10, 15, 20, 25, and 30% (w/v)
seawater salt solution (see section 2.1) to determine the growth under
different salinity conditions. The growth at different pH values was
determined in this medium supplemented with suitable buffers (MOPS,
pH 6.0-7.0; Tris, pH 7.5-8.5; CHES, pH 9.0-10.0) to maintain stable the
pH values to 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 10.0. The growth at 4, 15,
20, 25, 30, 37, 40, 45, 50, and 55°C permitted to determine the range and
optimal growth at different temperatures.

Anaerobic growth was determined using R2A 25% plates
supplemented with 1% L-arginine, 1% dimethyl sulfoxide (DMSO), and
1% KNO;, respectively, that were inoculated and incubated at 37°C in an
anaerobic chamber (Oxoid) for 21 days. All biochemical tests were carried
out in R2A 25% medium, pH 7.5 and 37°C. Catalase activity was observed
by adding 3% (w/v) H,O, to a colony of strain F2-12" (Cowan and Steel,
1993). Oxidase activity was determined by adding 1% (w/v) tetramethyl-
p-phenylenediamine (Kovacs, 1956). Hydrolysis of starch, gelatin, aesculin
or Tween 80 were determined as previously described (Durdn-Viseras
etal., 2020). Indole production was tested as described by Kovacs (1928).
Methyl red and Voges-Proskauer tests were performed by two methods
(Werkman, 1930; Cowan and Steel, 1993). Nitrate and nitrite reduction
was determined by using sulfanilic acid and a-naphthylamine (Skerman,
1967). The formation of H,S was determined as described by Ventosa et al.
(1982). Acid production from carbohydrates was determined by adding a
solution of the carbohydrate (1%, w/v, final carbohydrate concentration)
to the basal medium with phenol red and supplemented with 0.05% (w/v)
of yeast extract. Finally, the utilization of different compounds as sole
carbon and energy source was determined by adding a filtered-sterilized
solution of 1% (w/v) of different carbohydrates, alcohols, organic acids or
amino acids to the medium SW25 supplemented with 0.05% (w/v) of
yeast extract (Ventosa et al., 1982).

2.7. Chemotaxonomic analysis

The polar lipids of Natronomonas moolapensis CECT 75267,
Natronomonas salsuginis F20-122", Natronomonas gomsonensis JCM
17867" and strain F2-12" were determined from cells cultured in medium
R2A 25% at 37°C for 14 days, and the biomass from Natronomonas
pharaonis CECT 4578 was obtained in the alkaline medium (Soliman and
Triiper, 1982) at 37°C for 14 days. The species Halobacterium salinarum
DSM 3754" and Halorubrum saccharovorum DSM 1137" were used as
reference for the determination of the polar lipids profiles. The total polar
lipids were extracted as follows: the cell biomass was washed by adding
25% (w/v) NaCl sterile solution and centrifuged for 1 min at 6,000g; the
pellet was then resuspended in 0.8 ml of 25% (w/v) NaCl solution until
obtaining a cell suspension. To 0.8 ml of cell suspension, 2 ml of methanol
and 1 ml of chloroform were added to create a monophasic mixture. After
gently mixing by inversion for 1h and later centrifuged for 1 min at 6,000¢,
the supernatant was collected from the colorless pellet. The supernatant
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TABLE 1 General features of the genome sequences of Natronomonas aquatica F2-12T and the type strains of the species of the genus Natronomonas used

in this study.
Feature 1 2 3 4 5 6 7
Size (Mb) 3.21 2.90 291 2.75 3.21 3.75 3.38
Contigs 82 12 1 3 1 1 2
Genome coverage 508.3x 352.1x 60.1x 5.8x 100.0x 100.0x 100.0x
G +C (mol%) 62.7 63.2 64.5 63.1 64.4 67.5 64
N50 (bp) 84,628 675,769 2,912,573 2,595,221 3,211,682 3,746,575 1,800,000
Total genes 3,333 3,010 2,922 2,864 3,413 3,921 3,612
Protein coding genes 3,189 2,863 2,806 2,785 3,347 3,809 3,435
rRNA 3 3 3 3 3 3 3
tRNA 47 45 45 46 45 45 73
Assembly accession GCA_024449025.1 = GCA_005239135.1 = GCA_000591055.1 | GCA_000026045.1 | GCA_013391085.1 | GCA_013391105.1 = GCA_013391635.1
number

1, Natronomonas aquatica F2-127, 2, Natronomonas salsuginis F20-122", 3, Natronomonas moolapensis 8.8.117, 4, Natronomonas pharaonis DSM 2160, 5, Natronomonas halophila C90",

6, Natronomonas salina YPL13", 7, Natronomonas gomsonensis JCM 17867".

in monophase was disrupted adding 500l of KCl 0.2M and 1ml of
chloroform, followed by centrifugation during 1 min at 6,000g. A bilayer
phase was formed and the lower pigmented phase corresponding to the
chloroform fraction was recovered and reduced to ~500 pl by evaporation
under a fume hood or vacuum concentrator. The extract was transferred
to a weighted empty glass vial of 2ml, dried, weighted and stored at
—20°C. To perform the chromatography, the total lipid extract was
dissolved in a final concentration of 100 mgml™. A volume of 10 pl of total
lipid extract (100 mgml™") were analyzed by high-performance thin layer
chromatography (HPTLC), using HPTLC silica gel 60 plates crystal back
(10 X 20cm; Merck art. 5626); the plates were developed in the solvent
system chloroform/methanol/90% (v/v) acetic acid (65:4:35) as previously
described (Angelini et al., 2012). To detect all polar lipids, the plate was
sprayed with 5% (v/v) sulfuric acid in water and charred by heating
at 160°C.

2.8. Metagenomic fragment recruitment
analyses

In order to determine the presence in different saline habitats of the
six species of the genus Natronomonas and strain F2-127, fragment
recruitments with different environmental metagenomic datasets were
performed. The genome contigs were concatenated and then all the
rRNA gene sequences obtained were masked. BLASTn search (with the
cut-offs: alignment length >30nt, e-value <1x 107°, identity >95%) was
used to align the metagenomic quality-filtered shotgun reads against the
concatenated contigs of the type strains of all six species of the genus
Natronomonas, as well as those of strain F2-12". Recruitment plot
representations were performed in R using the library “Hmisc”

3. Results and discussion

3.1. The genus Natronomonas is a
phylogenomically coherent taxonomic group

Previous studies have suggested that the type species of the genus
Natronomonas, Nmn. pharaonis, possesses, in fact, substantial differences
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as to be considered as a member of a separated genus from the remaining
five species of Natronomonas (Minegishi and Kamekura, 2018). Those
phenotypic differences are, essentially, the alkaliphilic behavior of Nmn.
pharaonis versus the neutrophilic nature of the other five species, and
the lack of glycolipids in the polar lipid profile of the haloalkaliphilic
species Nmn. pharaonis. In order to shed light on this matter, a genome-
based phylogeny was performed including all the validly described
species names of the genus Natronomonas and closest relatives. This
phylogenomic tree was obtained after the alignment and concatenation
of the translated sequences of 870 core, orthologous, single-copy genes
from the genomes under study (Figure 1). As it can be observed, all the
species of the genus Natronomonas, including the conflicting species
Nmn. pharaonis, formed a robust branch (100% bootstraps) that
demonstrates that they constitute a monophyletic group of species. This
study was complemented with the phylogenomic tree based on the
comparison of the 53 concatenated conserved single-copy proteins
recommended by the GTDB (Supplementary Figure S1), which also
showed the monophyletic topology of the species of the genus
Natronomonas, including Nmn. pharaonis and the new strain F2-127.
On the other hand, the percentages of AAI among all species of
Natronomonas were 68.7-75.3%, while the values between the
species of Natronomonas and the other species of related haloarchaeal
genera were equal to or lower than 61.4%. These percentages show
unequivocally that all species of Natronomonas constitute a coherent
genus, clearly separated from the other related genera (Figure 2).
Thus, even considering that the species Nmn. pharaonis shows some
differential phenotypic data, such as the optimal pH and range
supporting growth or a different polar lipid profile than the other
species of Natronomonas, there is no reason to taxonomically
separate it from the remaining species of the genus Natronomonas.

3.2. A putative new species of the genus
Natronomonas

During our studies on the culturable diversity of a Isla Cristina
saltern, located in Huelva, Spain, the strain F2-12" was isolated (Durén-
Viseras, 2020). The almost-complete 16S rRNA gene sequence of this
strain was amplified, sequenced, and analyzed (1,400 bp). The results
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Halorhabdus rudnickae WSM64™ (GCA_900880625.1)

Halapricum salinum CBA1105™ (GCA_004799665.1)

Approximately maximume-likelihood phylogenomic tree reconstruction based on the translated core orthologous genes of members of the genus
Natronomonas, including strain F2-12" and related species. This tree was obtained after the alignment and concatenation of the translated sequences of
870 shared orthologous single-copy genes of these genomes. Bootstrap values higher than 70% are indicated at branch points. Bar, 0.1 substitutions per

generated by the EzBioCloud tool indicated that strain F2-127 is a
member of Natronomonas, showing the highest percentages of identity
with the type strains of the species Natronomonas moolapensis 8.8.11"
(98.0%), Natronomonas salsuginis F20-122" (97.3%), Natronomonas
pharaonis DSM 21607 (96.8%), Natronomonas salina YPL13" (96.8%),
Natronomonas halophila C90" (96.7%) and Natronomonas gomsonensis
SA3T (95.8%), while the species of other related genera, such as
Halocatena or Salinirubellus, showed percentages of similarity lower
than 93.8%. The percentages of similarity between strain F2-12" and all
species of Natronomonas are lower than 98.7%, considered the cutoff
delineation of prokaryotic species (Konstantinidis et al., 2017).

The 16S rRNA phylogenetic tree, constructed by the maximum-
parsimony algorithm (Figure 3), showed that strain F2-12" clustered
with the species of the genus Natronomonas, but it constituted an
independent branch. The phylogenetic position of strain F2-12" was also
confirmed in trees obtained using the maximum-likelihood and
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neighbor-joining algorithms. These results suggest that strain F2-127
could be a new member of the genus Natronomonas.

Several copies of the 16S rRNA gene with divergent sequences have
been reported in species of haloarchaea, such as Halosimplex, Haloarcula,
Halomicrobium, or Halorientalis (Vreeland et al., 2002; Boucher et al.,
2004; Cui et al., 2009; Sun et al., 2013; Duran-Viseras et al., 2019). In
order to avoid the limitations caused by the intragenomic heterogeneity
among haloarchaeal 16S rRNA genes, it has been claimed the use of the
rpoB’ gene as an alternative phylogenetic marker in haloarchaea (Walsh
et al,, 2004; Enache et al., 2007; Minegishi et al., 2010). Thus, we also
determined the partial rpoB’sequence (527 bp) of strain F2-12" and used
it for comparative studies between this strain and the already described
species of Natronomonas. The analysis showed that strain F2-127 was also
related to species of the genus Natronomonas, showing percentages of
similarity between 90.5 and 87.1% for the species of Natronomonas
and lower percentages regarding to other haloarchaeal genera.
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FIGURE 2
Average Amino acid Identity (AAI) percentages among the species of the genus Natronomonas, including strain F2-127, and other related haloarchaeal
genera. Strains: 1, Natronomonas aquatica F2-12" (GCA_024449025.1); 2, Natronomonas pharaonis DSM 2160" (GCA_000026045.1); 3, Natronomonas
gomsonensis JCM 17867" (GCA_013391635.1); 4, Natronomonas halophila C90" (GCA_013391085.1); 5, Natronomonas moolapensis 8.8.117
(GCA_000591055.1); 6, Natronomonas salina YPL13"™ (GCA_013391105.1); 7; Natronomonas salsuginis F20-122" (GCA_005239135.1); 8, Halapricum salinum
CBA1105T (GCA_004799665.1); 9, Haloarcula vallismortis ATCC 29715" (GCA_000337775.1); 10, Halomicroarcula pellucida JCM 178207
(GCA_014647235.1); 11, Halomicrobium mukohataei DSM 122867 (GCA_000023965.1); 12, Halorhabdus utahensis DSM 12940 (GCA_000023945.1);
13, Halorientalis regularis IBRC-M 107607 (GCA_9001023 05.1); 14, Halosimplex carlsbadense 2-9-1" (GCA_000337455.1).

A maximum-parsimony rpoB’-based phylogenetic tree was also obtained
(Figure 4). This tree shows that strain F2-127 belongs to the genus
Natronomonas, but it is far enough away from species of this genus, and
also supports the possibility that it could constitute a new species. On the
other hand, both 16S rRNA and rpoB’ gene-based phylogenetic trees
show that all species of Natronomonas cluster together and formed a
separate phylogenetic group with respect to species of the related
haloarchaeal genera investigated, also supporting our aforementioned
that the
genus Natronomonas.

conclusion no arrangements are necessary in

3.3. Genome-based analyses confirm the
new species of Natronomonas

The draft genome sequence of strain F2-12" was successfully
assembled in 82 contigs, with a sequencing depth of 508.3x of the entire
genome. The genome size of this strain was 3,214,353 bp and the DNA
G+ C content was 62.7 mol%. The range of G+ C content for species of
Natronomonas is from 63.1 to 67.5mol%, with an intermediate value of
63.1mol% for the type species of the genus, Nmn. pharaonis. The
genome size ranged from 2.75 to 3.75Mb, which are within those
described for species of haloarchaea. Additional genomic characteristics
are shown in Table 1. The comparison of this genome and those of the
type strains of the species of Natronomonas and other closely related
haloarchaea permitted us the reconstruction of the phylogenomic core-
genome tree (Figure 1), as stated before. Strain F2-12" belongs to the
same clade of Natronomonas moolapensis 8.8.117, Natronomonas
salsuginis F20-122", Natronomonas pharaonis DSM 2160", Natronomonas
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salina YPL13", Natronomonas gomsonensis  JCM 178677 and
Natronomonas halophila C90", but clustered in a different branch,
separated from the rest of species of Natronomonas, with a bootstrap
percentage of 100%, reinforcing the hypothesis of being a new species
of the genus Natronomonas.

The previous findings were confirmed by calculating the overall
genome relatedness indexes, namely OrthoANI (Average Nucleotide
Identity), dDDH (digital DNA-DNA hybridization), and AAI (Average
Amino acid Identity), which are currently used as genomic thresholds
for delineation of new prokaryotic taxa (Meier-Kolthoff et al., 2013; Lee
et al,, 2016; Auch et al,, 2019).The percentages of OrthoANI between
the strain F2-12" and the species of the genus Natronomonas ranged
from 76.2 to 79.6% (Figure 5). These values are lower than the threshold
percentage currently accepted for species delineation (95%;
Konstantinidis et al., 2017), confirming that strain F2-127 should
be considered as a different species of the genus Natronomonas. On the
other hand, percentages of dDDH higher or equal to 70% indicate that
the strains can constitute the same species, while values lower than 70%
show that strains belong to different prokaryotic species (Konstantinidis
and Tiedje, 2004; Goris et al., 2007; Kim et al., 2014). Figure 5 shows
that the percentages of dDDH were equal or lower than 23.5% between
strain F2-12" and the species of the genus Natronomonas, supporting
that this strain constitutes a separate species of this genus. Finally, AAI
was calculated to confirm that strain F2-12" is well assigned to the
genus Natronomonas. The AAI percentages of strain F2-127 with
respect to the species of Natronomonas were in the range of 68.8 to
72.8, and 60.5% or lower with respect to species of other related
haloarchaeal genera (Figure 2). Since the AAI threshold established for
species assigned to the same genus is 65% (Goris et al., 2007;
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FIGURE 3

Maximum-parsimony phylogenetic tree based on the comparison of the 16S rRNA gene sequences showing the relationship between strain F2-127, the
species of the genus Natronomonas and other related haloarchaeal genera. The sequence accession numbers are shown in parentheses. Bootstrap values
equal or higher than 70% are indicated above the nodes. Black circles indicate that the corresponding nodes were also obtained in the trees generated with
the maximume-likelihood and neighbor-joining algorithms. Haloferax mediterranei ATCC 335007 was used as outgroup. Bar, 0.01 substitutions per
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Konstantinidis et al., 2017), we can confirm that strain F2-127 certainly
belong to the genus Natronomonas.

3.4. Phenotypic characterization of the new
proposed species

For the phenotypic characterization, we compared strain F2-127 with
the most closely related species under the same laboratory conditions, as
recommended by Oren et al. (1997). Cells of strain F2-12" were motile
rods of different sizes (0.3 pm width by 1-3 pm length), and produced
circular, pink pigmented colonies with 1 mm in diameter on R2A 25%
medium after 14 days of incubation at 37°C (Table 2). Strain F2-12" is an
extremely halophilic archaeon. It is not able to grow in media without
NacCl. It can grow at 15-30% (w/v) total salts and its optimal growth is at
25% (w/v) salts. It is a neutrophilic haloarchaeon, growing at a pH range
of 7.0-8.5, with optimal growth at pH 7.5-8.0. Concerning the
temperature, strain F2-12" is able to grow from 20 to 50°C and optimally
at 37°C (Table 2). Catalase and oxidase activity are negative. Able to
reduce nitrate and nitrite and to produce acids from D-glucose, as well
as to utilize D-glucose, glycerol and pyruvate as sole carbon and energy
source. The results for other biochemical and nutritional tests are
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described in Table 2, showing the differential characteristics with respect
to the most closely related species of Natronomonas.

3.5. Chemotaxonomic characterization of
the new proposed species

The total polar lipids of strain F2-12" were extracted and compared
with those from the closely related neighbors, Natronomonas salsuginis
F20-122", Natronomonas moolapensis CECT 7526", and Natronomonas
pharaonis CECT 45787, as well as with the reference strains Halorubrum
saccharovorum DSM 1137" and Halobacterium salinarum DSM 37547,
which permitted an identification of the major polar lipids of the
new isolate.

The HPTLC (Supplementary Figure S2) revealed that the polar
lipids profile of strain F2-12" consisted of phosphatidylglycerol (PG) and
phosphatidylglycerol phosphate methyl ester (PGP-Me), both derived
from C,,C,y and C,,Cs archaeol, and phosphatidylglycerol sulfate (PGS)
as major polar lipids. Traces of biphosphatidylglycerol (BPG), minor
phospholipids, and an unidentified glycolipid were also detected. The
profile of polar lipids of the new strain F2-12" shares the major polar
lipids described for all species of the genus Natronomonas, except for the
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Maximum-parsimony phylogenetic tree based on the comparison of rpoB’ gene sequences showing the phylogenetic relationship between strain F2-127,
the species of the genus Natronomonas and other related haloarchaeal genera. The sequences accession numbers are shown in parentheses. Bootstrap
values equal or higher than 70% are indicated above the nodes. Black circles indicate that the corresponding nodes were also obtained in the trees
generated with the maximum-likelihood and neighbor-joining algorithms. Haloferax mediterranei ATCC 33500" was used as outgroup. Bar, 0.01

haloalkaliphilic species Nmn. pharaonis CECT 4578", that presents a
different lipid profile, possibly due to its adaptation to alkaline
environments (Soliman and Triiper, 1982). This feature has already been
determined for alkaliphilic species of other haloarchaeal genera.
Although the lipid pattern of the haloarchaeal species may vary
according to the culture conditions, the alkaliphilic species of
Halorubrum lack phosphatidylglycerol sulfate and glycolipids, that are
present on neutrophilic species of this genus (Oren et al., 2009; Corral
etal., 2016; de la Haba et al., 2018). A similar situation has been reported
for the haloalkaliphilic species Halostagnicola alkaliphila (Nagaoka
etal,, 2011) and Halostagnicola bangensis (Corral et al., 2015), in which
glycolipids have not been detected, in contrast to the neutrophilic
species of the genus Halostagnicola (Castillo et al., 2006). A recent study
of the polar lipid composition of extremely haloalkaliphilic strains from
hypersaline lakes (Bale et al, 2019) also showed the absence of
glycolipids in these isolates, and determined the presence of new
cardiolipins, that were related to glycocardiolipins previously described
in two alkaliphilic species of haloarchaea (Angelini et al., 2012). It has
been postulated that this feature may be characteristic of alkaliphilic
strains growing at low Mg** concentrations (Bale et al., 2019).

3.6. Metabolism of the genus Natronomonas

Based on the genome annotation from representative species on the
genus Natronomonas and strain F2-127, the major metabolic pathways
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of this group of microorganisms were inferred. Regarding the
carbohydrate metabolism, the complete pathways for glycolysis,
gluconeogenesis citrate and glyoxylate cycles were identified along all
analyzed genomes, confirming the heterotrophic metabolism for
members of the genus Natronomonas.

Concerning the nitrogen metabolism, it was very diverse.
Genes involved in assimilatory nitrate reduction (nasAB and nirA)
were present in the genomes of Nmn. pharaonis, Nmn. halophila,
and Nmn. salina, while this pathway was incomplete on the
genomes analyzed for the other studied strains (Nmn. moolapensis,
Nmn. salsuginis, strain F2-12", and Nmn. gomsonensis) which
exclusively presented the gene nirA. The species Nmn. pharaonis
also exhibited a complete dissimilatory nitrate reduction pathway
to ammonia, while Nmn. salsuginis and Nmn. moolapensis presented
the nirBD gene involved in the same pathway for nitrite reduction
to ammonia. Additionally, different genes involved in the
denitrification pathway were found in the genomes of Nmn.
pharaonis, Nmn. gomsonensis, Nmn. halophila, and Nmn. salina,
indicating that some of the species of this genus could also carry
out modular steps of denitrification.

On the other side, strain F2-12" and Nmn. salina exhibited the
almost complete assimilatory sulfate reduction pathway which converts
inorganic sulfate to sulfide, which is further incorporated into carbon
skeletons of amino acids to form cysteine. The complete pathways for
the biosynthesis of the amino acids threonine, cysteine, valine,
isoleucine, lysine, arginine, proline and tryptophan were encountered in
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3 79.1 | 77.4 | 79.2 |76.9 | 72.4|73.0|73.3|73.0|72.2|73.7]|73.3
4 77.2 | 79.6 | 77.0|72.9|73.1|73.5|73.2|72.4|73.7|73.6
—_ 5 78.5|79.7 | 725|723 (728 |73.1|723|73.4|73.2
2 s 78.0 | 73.8 | 73.5 | 74.4 | 74.2 | 73.5 | 74.9 | 74.7
8 7 723722726 73.0|72.0|73.1|73.1
=~ 8 19.3 | 19.5 | 19.6 | 19.2 | 19.6 | 19.6 | 19.2 73.2 |74.0 | 74.2 |74.1| 743 | 74.4
E 9 19.5 | 19.4 | 19.5 | 19.3 | 19.7 | 20.3 | 19.5 | 19.8 78.1|75.4|725|74.1|74.2
% 19 | 18.9 | 19.2 | 19.3 [ 19.7 | 19.4 | 20.1 | 19.1 | 19.8 75.6 | 73.1 | 74.4 | 74.9
11 | 19.2 | 20.0 | 19.7 | 19.8 | 19.6 | 20.3 | 19.3 | 20.2 | 20.6 | 20.4 73.7 | 74.7 | 75.3
12 | 19.0 | 19.4 | 19.3 | 19.3 | 19.1 [20.2 | 18.6 | 19.8|19.3 | 19.3 [ 19.9 73.4 | 73.5
13 | 20.3 | 20.1 | 20.2 | 20.0 | 20.5 19.8 | 20.5 | 20.3 | 20.2 | 20.6 | 20.0 75.0
14 | 19.5 | 19.7 | 19.9 | 20.1 | 20.0 | 20.8 | 20.0 | 20.4 | 20.7 | 20.5 19.9 | 20.6
1 2 3 4 5 6 7 8 9 10 11 12 13 14
FIGURE 5
Average Nucleotide Identities (orthoANI) and digital DNA-DNA hybridization (dDDH) calculated by the Genome-to-Genome Distance Calculator (GGDC)
percentages of strain F2-127, the species of the genus Natronomonas and other related genera. Strains: 1, Natronomonas aquatica F2-127
(GCA_024449025.1); 2, Natronomonas pharaonis DSM 2160" (GCA_000026045.1); 3, Natronomonas gomsonensis JCM 17867 (GCA_013391635.1);
4, Natronomonas halophila C90T (GCA_013391085.1); 5, Natronomonas moolapensis 8.8.11" (GCA_000591055.1); 6, Natronomonas salina YPL13"
(GCA_013391105.1); 7; Natronomonas salsuginis F20-122" (GCA_005239135.1); 8, Halapricum salinum CBA1105" (GCA_004799665.1); 9, Haloarcula
vallismortis ATCC 29715T (GCA_000337775.1); 10, Halomicroarcula pellucida JCM 178207 (GCA_014647235.1); 11, Halomicrobium mukohataei DSM 122867
(GCA_000023965.1); 12, Halorhabdus utahensis DSM 129407 (GCA_000023945.1); 13, Halorientalis regularis IBRC-M 10760 (GCA_9001023 05.1);
14, Halosimplex carlsbadense 2-9-1"T (GCA_000337455.1).

all the genomes under study, while the leucine biosynthesis pathway was
also found in strain F2-127, Nmn. gomsonensis, Nmn. halophila, and
Nmn. salina and the histidine biosynthesis pathway in Nmn.
gomsonensis, Nmn. halophila, and Nmn. salina.

Overall, the current species of the genus Natronomonas and strain
F2-12" exhibited similar metabolic reconstructions, even considering
the alkaliphilic nature of Nmn. pharaonis and the neutrophilic nature of
other species of the genus, which further support the taxonomic
coherence of this group of archaea as a single genus.

3.7. Ecological importance and
environmental abundance of Natronomonas

To determine the presence of the new species of Natronomonas,
Nmn. aquatica F2-127, as well as of the other six species of the genus
Natronomonas in several aquatic and terrestrial hypersaline
environments, fragment recruitments with different environmental
metagenomic datasets were performed. Figure 6 shows the recruitments
of strain F2-12" against nine metagenomic databases from Santa Pola
salterns, Alicante, Spain (brines from ponds with salinities of 13, 19, 33,
and 37%), Lake Meyghan in Iran (salinities of 18 and 30%), Isla Cristina
saltern, Huelva, Spain (21% salinity) and hypersaline soils located in
Odiel Saltmarshes, Huelva, Spain (conductivities of 24 and 54 mS/cm).
In general, recruitments were evident in saline habitats with intermediate
to high salinity, especially in the two metagenomes from Lake Meyghan
and that from Isla Cristina saltern (hypersaline habitat from which this
new species was isolated).
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With respect to the other six species of the genus Natronomonas, the
recruitment studies show that they are also more abundant in the Lake
Meyghan (at intermediate and high salinities) in comparison to the
other hypersaline environments tested (Supplementary Figures S3-S8).
These results are consistent with previous data by Naghoni et al. (2017),
indicating that the genus Natronomonas constituted one of the most
dominant genera inhabiting that lake. It is noteworthy that they are also
detected on the two metagenomic datasets from hypersaline soils,
indicating that the members of the genus Natronomonas are ubiquitous
in hypersaline habitats, being present in aquatic as well as in terrestrial
hypersaline environments. Finally, the abundance of metagenomic reads
recruited below 95% similarity might suggests the existence of additional
species belonging to the genus Natronomonas present in these habitats.

4. Conclusion

The 16S rRNA gene, rpoB’ gene, phylogenomic analysis, genomic
indexes OrthoANI, dDDH and AAI, and metabolic analysis demonstrate
that the current species of the genus Natronomonas constitute a coherent
taxonomic group, even considering that the type species of the genus,
Nmn. pharaonis, is a haloalkaliphilic archaeon that shows some specific
phenotypic characteristics, such as a different polar lipid profile,
probably due to its adaptive features to alkaline environments. The new
strain F2-127, isolated in pure culture from the pond of a saltern located
in Isla Cristina, Spain, was studied and characterized using genomic and
classical taxonomic methods. This study shows that strain F2-127
constitutes a new species of the genus Natronomonas, and thus,
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TABLE 2 Differential characteristics of Natronomonas aquatica F2-127, Natronomonas salsuginis F20-1227, Natronomonas moolapensis CECT 75267,

Natronomonas pharaonis DSM 21607, Natronomonas gomsonensis SA3", Natronomonas halophila C90", and Natronomonas salina YPL13".

Characteristics 1 2 3 4 5 6 7
Morphology Rods Coccoid? Pleomorphic® Rods* Coccoid? Pleomorphic® Pleomorphic®
Motility + - + 4 4 4o 4o
Cell size (pm) 0.3x1-3 1.0x1.2-2.5* 0.7x1.7° 0.8x1-3¢ 0.8-0.9x1.2¢ ND ND
Colony size (mm) 1 0.2-0.3 0.5-1.0 0.5 1.0-2.0¢ ND ND
Colony pigmentation Pink Pink Red Red Red* Red® Red®
NaCl range (optimum) 15-30(25) 10-30(25)* 14-36(18-20)° 12-30(20)° 18-30(24)¢ 5-28(25)° 5-28(20)°
(%, w/v)
Temperature range for 20-50(37) 25-50(37)* 25-45(37-45)" 20-50(45)° 20-45(40)¢ 30-60(40)° 25-50(37)¢
growth (optimum) (°C)
pH range (optimum) 7.0-8.5(7.5-8.0) 6.5-9.0(8.0) 5.5-8.5(7.0-7.5)° | 8.0-11.00(8.5- 5.5-8.0(7.0) 6.5-9.5(8.0)° 5.0-8.0(6.5)°
9.0)°
Oxidase - + - + 4d _e 4o
Indole production - - - + _d _e _e
Hydrolysis of gelatin - - - 4 _d _e _e
Reduction of nitrate + + + - _d 4o 4o
Reduction of nitrite + + - — _d 4o 4o
Production of acids from
carbohydrates:
D-fructose - + - ND +4 ND ND
D-glucose + + - ND +4 ND ND
Utilization as sole carbon
and energy source of:
D-glucose + - + ND 4 _e _e
Glycerol + - + ND 4 _e _e
Fumarate - - + ND +4 4¢ 4o
Pyruvate + - + ND +4 4¢ 4o

Strains: 1, Natronomonas aquatica F2-12", 2, Natronomonas salsuginis F20-122", 3, Natronomonas moolapensis CECT 7526, 4, Natronomonas pharaonis DSM 21607, 5, Natronomonas gomsonensis
SA3", 6, Natronomonas halophila C90", 7, Natronomonas salina YPL13". All data from this study, except *Durdn-Viseras et al. (2020), "Burns et al. (2009), “Soliman and Triiper (1982) and Burns

etal. (2009), *Kim et al. (2013) and *Yin et al. (2020). +, Positive; —, negative; ND, not determined.

we propose to name it as Natronomonas aquatica sp. nov. The formal
description of this new species is given below. Finally, the metagenomic
recruitment studies show that members of the genus Natronomonas are
widely distributed on aquatic (salterns, lake) and also on terrestrial
hypersaline habitats.

Description of Natronomonas aquatica sp.
nov.

Natronomonas aquatica (a.qua'ti.ca. L. fem. adj. aquatica, lives or
grows in the water, aquatic, it is referred to the place where it
was isolated).

Cells are Gram-stain-negative, motile rods with a size of
0.3pm x 1-3 pm. Colonies are circular, pink pigmented and 1 mm in
diameter on R2A medium supplemented with 25% salts after 14 days of
incubation at 37°C. Chemoorganotrophic and aerobic. Extremely
halophilic and neutrophilic archaeon, growing in media with 15-30%
(w/v) NaCl and with an optimal growth at 25% (w/v) NaCl. Not able to
grow in the absence of NaCl. The pH range for growth is 7.0-8.5 and the
optimal growth is at pH 7.5-8.0. Able to grow from 20 to 50°C and
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optimally at 37°C. Does not grow anaerobically with potassium nitrate,
L-arginine or DMSO. Catalase and oxidase activity are negative.
Aesculin, gelatin, starch and Tween 80 are not hydrolyzed. Nitrate and
nitrite are reduced, H,S is not produced from thiosulfate. Simmons’
citrate and Voges-Proskauer tests are negative. Methyl red test is positive.
Indole is not produced from tryptophan. Acid is produced from
D-glucose and D-ribose but not from D-amygdalin, D, L-ethionine,
D-arabinose, arbutin, D-cellobiose, L-citrulline, D-fructose, D-galactose,
glycerol, inulin, D-maltose, D-mannitol, D-mannose, D-melezitose,
D-raffinose, D-sucrose, sorbitol, D-trehalose, L-xylitol, and D-xylose.
The following compounds are used as sole source of carbon and energy:
D-arabinose, D-glucose, glycerol, xylitol, L-alanine, glutamine,
isoleucine and pyruvate, but not fructose, lactose, maltose, L-raffinose,
sucrose, D-trehalose, D-xylose, salicin, butanol, D-mannitol, propanol,
L-arginine, L-cysteine, L-methionine, L-glycine, L-lysine, valine,
benzoate, citrate, formate, fumarate, propionate, valerate, hippurate,
malate, and tartrate. The major polar lipids are phosphatidylglycerol
(PG), phosphatidylglycerol phosphate methyl ester (PGP-Me), and
phosphatidylglycerol sulfate (PGS). Traces of biphosphatidylglycerol
(BPG) and other minor phospholipids and an unidentified glycolipid
may also be present.
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Recruitment plots of Natronomonas aquatica F2-12" against different metagenomic datasets: (A) SS13, (B) SS19, (C) SS33, (D) SS37, (E) LM18, (F) LM30,

(G) IC21, (H) SMO1, and (I) SMO2. In each panel the Y axis represents the identity percentage and X axis represents the genome length. The black dashed
line shows the threshold for the presence of same species (95% identity). Abbreviations: SS13: metagenome from Santa Pola saltern (Spain) with 13% salinity
(SRX328504; Fernandez et al., 2014a), SS19: metagenome from Santa Pola saltern (Spain) with 19% salinity (SRX090228; Ghai et al., 2011), SS33:
metagenome from Santa Pola saltern (Spain) with 33% salinity (SRX347883; Fernandez et al., 2013), SS37: metagenome from Santa Pola saltern (Spain) with
37% salinity (SRX090229; Ghai et al., 2011), LM18: metagenome from Lake Meyghan (Iran) with 18% salinity (ERS1455390; Naghoni et al., 2017), LM30:
metagenome from Lake Meyghan (Iran) with 30% salinity (ERS1455391; Naghoni et al., 2017), IC21: metagenome from Isla Cristina saltern (Spain) with 21%
salinity (Fernandez et al., 2014b,c), SMO1: metagenome from Odiel saltmarshes hypersaline soil, 24 mS/cm conductivity (SRR5753725; Vera-Gargallo and
Ventosa, 2018), SMO2: metagenome from Odiel saltmarshes hypersaline soil, 54 mS/cm conductivity (SRR5753724; Vera-Gargallo and Ventosa, 2018).

Genome Length (bp)

The type strain is F2-12" (= CCM 9001"=CECT 9970"=]JCM
33798"), and was isolated from a marine saltern located in Isla Cristina,
Huelva, Spain. The DNA G+C content of the type strain F2-12" is
62.7 mol%, as determined from its genome.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA
and rpoB’ gene sequences of strain F2-127 are MZ318646 and
MZ327708, respectively, and that of the genome sequence is
GCA_024449025.1.

Data availability statement
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Biotin pathway in novel Fodinibius
salsisoli sp. nov., isolated from
hypersaline soils and reclassification
of the genus Aliifodinibius as
Fodinibius

Cristina Galisteo, Rafael R. de la Haba, Cristina Sdnchez-Porro* and
Antonio Ventosa*

Department of Microbiology and Parasitology, Faculty of Pharmacy, University of Sevilla, Sevilla, Spain

Hypersaline soils are extreme environments that have received little attention until
the last few years. Their halophilic prokaryotic population seems to be more diverse
than those of well-known aquatic systems. Among those inhabitants, representatives
of the family Balneolaceae (phylum Balneolota) have been described to be abundant,
but very few members have been isolated and characterized to date. This family
comprises the genera Aliifodinibius and Fodinibius along with four others. A novel
strain, designated 1BSP15-2V2", has been isolated from hypersaline soils located in the
Odiel Saltmarshes Natural Area (Southwest Spain), which appears to represent a new
species related to the genus Aliifodinibius. However, comparative genomic analyses
of members of the family Balneolaceae have revealed that the genera Aliifodinibius
and Fodinibius belong to a single genus, hence we propose the reclassification of
the species of the genus Aliifodinibius into the genus Fodinibius, which was first
described. The novel strain is thus described as Fodinibius salsisoli sp. nov., with
1BSP15-2V2" (=CCM 9117"=CECT 30246") as the designated type strain. This species
and other closely related ones show abundant genomic recruitment within 80-90%
identity range when searched against several hypersaline soil metagenomic databases
investigated. This might suggest that there are still uncultured, yet abundant closely
related representatives to this family present in these environments. In-depth in-
silico analysis of the metabolism of Fodinibius showed that the biotin biosynthesis
pathway was present in the genomes of strain 1BSP15-2V2T and other species of the
family Balneolaceae, which could entail major implications in their community role
providing this vitamin to other organisms that depend on an exogenous source of
this nutrient.

KEYWORDS

Balneolaceae, hypersaline soils, phylogenomics, biotin biosynthesis, genomic analysis,
moderate halophile, taxonomic reclassification

1. Introduction

The family Balneolaceae (Xia et al., 2016) belongs to the phylum Balneolota, class Balneolia
(Munoz et al., 2016), and includes six genera: Aliifodinibius, Balneola, Fodinibius, Gracilimonas,
Halalkalibaculum, and Rhodohalobacter (Parte et al., 2020), which are found in marine and hypersaline
environments, such as deep-sea sediments, salt-mines, salterns, and saline soils (Urios et al., 2006;
Choi et al., 2009; Wang et al., 2012, 2013; Cho et al., 2013; Xia et al., 2017; Wu et al., 2022a,b). The
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genus Fodinibius was proposed in 2012 based on a single species,
Fodinibius salinus (Wang et al., 2012) and the genus Aliifodinibius was
firstly described only one year later (Wang et al., 2013), including at that
time two species, Aliifodinibius roseus (type species) and Aliifodinibius
sediminis. These taxa shared low 16S rRNA gene sequence identities
(<92.4%) with E salinus, the most closely related species. However, no
further genomic comparison was performed at that time. The
aforementioned identity values, along with their differential fatty acids
and polar lipids profiles, as well as some phenotypic features, were
considered enough evidence to propose that A. roseus and A. sediminis
represented a novel genus, different from Fodinibius. At the time of
writing, five species names have been validly published within the genus
Aliifodinibius: Aliifodinibius roseus and Aliifodinibius sediminis (Wang
et al., 2013), Aliifodinibius halophilus (Xia et al., 2016), Aliifodinibius
salicampi (Cho et al., 2017, 2018), and Aliifodinibius saliphilus (Cho and
Whang, 2020). Besides, the species “Aliifodinibius salipaludis” (Zhao
et al, 2020) has been described but its name has not been validly
published so far. All these species were isolated from hypersaline
environments, such as salt mines, salterns, and saline soils. They are
Gram-stain-negative, rod-shaped, non-motile, and moderately halophilic
bacteria, with a NaCl requirement for growing between 4 and 25% (w/v)
and an optimum between 8 and 15%, except for “A. salipaludis,” that can
grow optimally at 25% (w/v) NaCl (Zhao et al., 2020). The pH values
supporting their growth range between pH 6.0 and 11.0, with an
optimum at pH 7.0-8.0. They are able to produce catalase and oxidase
but unable to hydrolyze starch and DNA (Wang et al., 2013; Xia et al.,
2016; Cho et al., 2017; Cho and Whang, 2020; Zhao et al., 2020).

The Odiel Saltmarshes Natural Area is located in the estuary of the
Odiel and Tinto rivers (Southwest Spain), and its hypersaline soils have
been previously explored by Vera-Gargallo and Ventosa (2018). They
obtained two metagenomes database of these area named SMOI and
SMO2. Their shotgun metagenomic analysis taxonomically annotated
almost a 20% of the prokaryotic diversity as representatives of the
phylum Balneolota. Genus-level taxonomic affiliation of 16S rRNA
genes detected in the reads above 95% identity assigned 9.0 and 3.4% of
the abundance to the genera Fodinibius and Gracilimonas, respectively,
for the SMO1 metagenomic database, and 3.0 and 1.6% for the SMO2
metagenomic database. Other studies have also revealed the presence of
this taxonomic group on different metagenomic datasets. The abundance
of the uncultured members of the class Balneolia was up to 8% in the
hypersaline soda lake sediment studied by Vavourakis et al. (2018),
being one of the three predominant bacterial groups along with the
phylum Bacillota and the class Gammaproteobacteria. Both studies
recovered MAGs related to uncultured members of the family
Balneolaceae (Vavourakis et al., 2018; Vera-Gargallo and Ventosa, 2018).
Kimbrel et al. (2018) obtained a medium-quality MAG related to
Gracilimonas tropica, with a 0.26% of abundance, from sediments with
salinity of 7.5%. The thalassohaline brines located in Maras (Peru)
showed a considerable abundance of up to 6% of Balneolota, mainly
associated (5% out of the total) to the species A. roseus (Castelan-
Sanchez et al,, 2019). These previous studies indicate that the members
of the family Balneolaceae are fairly abundant in hypersaline ecosystems,
although the number of cultivated species is still scarce.

In the present study, we describe the isolation of a new strain,
following a culturomic strategy, and we have carried out its exhaustive
description as a novel species within the family Balneolaceae. Besides,
we completed the phylogenomic analyses of the whole family, which
revealed the need for merging two of its genera. Furthermore,
we performed genome-based functional analyses of these bacteria,
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including the vitamin B, pathway, to elucidate their potential ecological
role and adaptative mechanisms to survive under harsh conditions of
distribution in

salinity and heavy metals, along with its

hypersaline habitats.

2. Materials and methods

2.1. Strain isolation and physico-chemical
features of the sampling site

The samples were collected from hypersaline soils located at the
saltmarshes of the Odiel Natural Area in Huelva (Southwest Spain) as
previously described (Vera-Gargallo and Ventosa, 2018; Vera-Gargallo
et al,, 2019). The pH and electrical conductivity of the saline soil was
measured with the pHmeter CRISON BASIC 20 and the conductometer
CRISON 35+, respectively, after a 1:5 dilution. Arsenic and cadmium
concentrations were measured by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS); copper and zinc concentrations, by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES); and lead
concentration, by atomic absorption spectroscopy. All those
spectrometric assays were carried out by Innoagral Laboratories
(Mairena del Aljarafe, Sevilla, Spain).

The strain 1BSP15-2V2" was isolated using the standard dilution-
plating technique and grew on a low-nutrient medium enriched with
pyruvate (SMM medium) at 28°C after 3 months of incubation. The
colonies were subcultured until a pure culture was obtained. The
composition of the low nutrients SMM medium was the following
(gL™"): casein digest, 5.0; sodium pyruvate, 1.1; supplemented with
up to 15% (w/v) salt concentration from a seawater (SW) stock
(IgL™] NaCl, 234.0; MgCL,-6H,0, 39.0; MgSO,7H,0, 61.0; CaCl,,
1.0; KCl, 6.0; NaHCO;, 0.2; NaBr, 0.7); the pH was adjusted to 7.5;
solidified with 2.0% (w/v) agar when needed. This medium was first
used by Leon et al. (2016) to isolate the species of the genus
Spiribacter, which is an abundant halophilic bacterium of the salterns
community at intermediate salinities. The culture was preserved at
—80°C in the same liquid medium with 40% (v/v) glycerol
Additionally, Marine Agar (MA, Difco 2216) medium, supplemented
with 10% (w/v) NaCl, was used to determine the fatty acid profile of
this strain for better comparative purposes with other species of the
genus under study. In addition, reference type strains of the species
of the genus Aliifodinibius were used for comparative phenotypic
analyses. The following strains were obtained from the corresponding
culture collections: A. halophilus KCTC 424977, A. roseus DSM
21986", A. salicampi KACC 190607, “A. salipaludis” KCTC 52855",
A. saliphilus KACC 191267, and A. sediminis DSM 21194". These
strains were grown and preserved in R2A medium supplemented
with 7.5% (w/v) SW. Additionally, DNA of strain A. salicampi KACC
19060" was extracted and sequenced as detailed below as it was the
only species of the genus Aliifodinibius whose genome was not
publicly available.

2.2. DNA extraction and PCR amplification

Genomic DNA of strain 1BSP15-2V2" was extracted using the
Marmur (1961) method modified for small volumes. The almost
complete 16S rRNA gene sequence was amplified by PCR with universal
primers 27F (5'-AGA GTT TGA TCM TGG CTC AG-3’) and 1492R
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(5"-GGT TAC CTT GTT ACG ACT T3’) (Lane, 1991). Both genomic
DNA and PCR products were purified using MEGAquick-spin™ plus
(iNtRON
recommendations. The 16S rRNA gene was sequenced using Sanger

Biotechnology),  following  the  manufacturer’s
technology by StabVida (Caparica, Portugal). The same protocol was

followed for the DNA extraction of strain A. salicampi KACC 19060".

2.3. Phylogenetic analysis

Identification of phylogenetic neighbors of strain 1BSP15-2V2”
according to the 16S rRNA gene sequence identity was carried out
searching the EzBioCloud database' (Yoon et al., 2017). For further
phylogenetic analysis, the type strains of the identified closely related
taxa of the family Balneolaceae were used. The 16S rRNA gene sequences
of the strains included in the analysis were obtained from SILVA and
GenBank databases. Alignment of the primary and secondary structures
of the selected 16S rRNA sequences was performed using the integrated
fast aligner implemented in the ARB package (Ludwig et al., 2004). For
phylogenetic tree reconstruction, maximum-likelihood (Felsenstein,
1981), maximum-parsimony (Felsenstein, 1983), and neighbor-joining
(Saitou and Nei, 1987) algorithms integrated in the ARB software
(Ludwig et al., 2004) were used, and the Jukes-Cantor model (Jukes and
Cantor, 1969) was selected to correct the distance matrix. The robustness
of the branch topology was checked by bootstrap analysis (1,000
pseudoreplicates) (Felsenstein, 1985). The script “gitana”® was employed
for formatting and imaging of the tree visualization.

2.4. Comparative genomic analyses

Whole shotgun sequencing of the genome of strain 1BSP15-2V2"
was performed by Novogene Europe (Cambridge, United Kingdom) on
the Illumina NovaSeq PE150 platform. Paired end reads were assembled
with SPAdes v3.13.0 (Prjibelski et al., 2020). Quality control of the
assembly was performed with QUAST v2.3 (Gurevich et al.,, 2013),
which also calculated some genomic statistics, such as the DNA G+C
content. The length-filtered scaffolds were screened by using Prodigal
v2.60 (Hyatt et al., 2010), to extract the nucleotide coding sequences as
well as their protein translation, and Prokka v1.12 (Seemann, 2014) for
the standard GenBank annotation. CheckM v1.0.5 (Parks et al., 2015)
allow us to verify genome completeness and contamination. The same
pipeline was followed for the genome sequencing and analysis of strain
A. salicampi KACC 19060". Additionally, the available draft genomes of
the type strains of species of the genera Aliifodinibius, Balneola,
Fodinibius, Gracilimonas, Halalkalibaculum, and Rhodohalobacter were
used for comparative genomic analyses (Supplementary Table S1).

Isoelectric point calculation of predicted proteins was carried out
using the “iep” program implemented in the EMBOSS package v6.5.7.0
(Rice et al., 2000), and plotted with the R package “ggplot2” v3.3.3
(Wickham, 2009). Meanwhile, the R package “fmsb” v0.7.3 (Nakazawa,
2022) was used for displaying the spider (or radar) graph of amino acid
frequency. In both cases, colors were chosen from the wide selection of
the R package “paletteer” v.1.4.0 (Hvitfeldt, 2021). Functional annotation
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was performed with the online tool BlastKOALA (Kanehisa et al., 2016).
The KEGG Orthology numbers (KO), corresponding to KEGG
pathways and KEGG modules, were assigned to the identified coding
sequences, and then plotted in a heatmap to identify the most abundant
functions. KO definitions were manually inspected and compared
among the species of the family Balneolaceae.

Following the proposed minimal standards for prokaryotic
taxonomy (Chun et al, 2018), we used different Overall Genome
Relatedness Indexes (OGRIs) to determine the status of strain 1BSP15-
2V 2" within the family Balneolaceae. Average Amino acid Identity (AAI)
and Average Nucleotide Identity for orthologous sequences (orthoANI)
were calculated using the Enveomics toolbox (Rodriguez-R and
Konstantinidis, 2016) and OAU software v1.2 (Lee et al., 2016),
respectively. For digital DNA-DNA hybridization (dDDH), the
Genome-to-Genome Distance Calculator bioinformatic tool (GGDC
v3.0) available from the Leibniz Institute DSMZ (Meier-Kolthoff et al.,
2021) was used. For a more reliable determination of the relationship
among the members of the Balneolaceae, a phylogenomic tree based on
the core-proteome sequences of those strains was built. The orthologous
protein clusters were identified after BLASTp v2.2.28+ search and
extracted from the proteome by using the Markov Cluster Algorithm, as
implemented in the Enveomics toolbox (Rodriguez-R and
Konstantinidis, 2016). Muscle v3.8.31 (Edgar, 2004) was employed to
align the orthologous sequences. The phylogeny was calculated based on
1,049 concatenated protein sequences with the approximately maximum-
likelihood algorithm implemented in FastTreeMP v2.1.8 (Price et al.,
2010), considering the Jones-Taylor-Thornton model of amino acid
evolution (Jones et al., 1992). Furthermore, the Shimodaira-Hasegawa
test (Shimodaira and Hasegawa, 1999) was used to check the reliability
of each node. The visualization of the final topology was performed with
the online tool iTOL v6 (Letunic and Bork, 2021), and the intersection
of the shared orthologous proteins among the species under study was
calculated with the R package “UpSetR” v1.4.0 (Conway et al., 2017).

2.5. Ecological distribution

With the aim to determine the presence and ecological distribution
in hypersaline environments of strain 1BSP15-2V27, as well as those of
the previously described members of the genera Aliifodinibius, Balneola,
Fodinibius, Gracilimonas, Halalkalibaculum, and Rhodohalobacter, a
fragment recruitment analysis was performed against different
environmental metagenomic datasets (Supplementary Table S2)
showing similar metadata features to avoid bias due to them. The rRNA
gene sequences of each of the analyzed genomes were masked due to the
highly conserved nature of those genomic regions. Subsequently, the
>30bp high-quality metagenomic reads were BLASTn v2.2.28+
searched against each of the query genomes.

2.6. Fatty acids composition and phenotypic
characterization

For the determination of the fatty acid profile, strain 1BSP15-2V2" was
grown on MA medium supplemented with 10% (w/v) NaCl at 37°C for
5days. Fatty acids were determined by gas chromatography with an Agilent
6850 system at the Spanish Type Culture Collection (CECT), Valencia,
Spain. The protocol recommended by the MIDI Microbial Identification
System was followed (Sasser, 1990), using the TSBAG6 library (MIDI, 2008).
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Colonial morphology and pigmentation of strain 1BSP15-2V2"
were observed in the same SMM medium used for isolation
supplemented with 7.5% (w/v) SW solution at pH 7.5, after 5days of
incubation at 37°C. Cell morphology and motility were examined by
phase contrast microscopy (Olympus CX41). Anaerobic growth was
determined after incubation on the above-mentioned medium,
conditions, and time, using the AnaeroGen™ system (Oxoid).

The range and optimal salt concentration, pH, and temperature
requirements for strain 1BSP15-2V2" were determined by monitoring
the optical density. Absorbance at 600 nm was measured every 2h for
72h using an Infinite M Nano (Tecan, Grodig, Austria) microplate
reader. The incubation was set at 37°C with linear shaking. For
determination of the salinity requirements, the SMM liquid medium was
supplemented with SW stock to give a final salt concentration of 0 (in
this case only distilled water was added), 3, 5, 6,7.5, 9, 10, 12, 14, 15, 16,
17, 19, 20, 22, and 25% (w/v). To determine pH values supporting
growth, the pH was adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, 7.5, 8.0, 9.0, and 10.0
using a buffered system. Optimal temperature and range were ascertained
in the same SMM liquid medium at the optimal salinity and pH values
for the growth of strain 1BSP15-2V2" at different temperatures: 4, 13, 14,
15, 20, 28, 34, 37, 40, 42, 43, 44, and 45°C. In this case, the optical density
was measured in a Spectronic 20D+ (ThermoSpectronics, Cambridge,
United Kingdom).

In order to phenotypically characterize the new isolate, strain 1BSP15-
2V2" was routinely grown in SMM medium supplemented with 7.5%
(w/v) salts at pH 7.5 and 37°C for 5days. However, the reference strains
A. halophilus KCTC 424977, A. roseus DSM 21986, A. salicampi KACC
190607, “A. salipaludis” KCTC 52855, A. saliphilus KACC 19126, and
A. sediminis DSM 21194" were routinely grown in the medium
recommended by the culture collections, that is, R2A medium
supplemented with 7.5% (w/v) SW solution at the same pH, temperature,
and time than those for strain 1BSP15-2V2". All biochemical tests were
accomplished under these culture conditions. Catalase activity was
examined by adding a 3% (w/v) H,O, solution to colonies (Cowan and
Steel, 1965), and oxidase activity was determined with 1% (v/v)
tetramethyl-p-phenylenediamine (Kovacs, 1956). The following tests were
determined as described by Cowan and Steel (1965): hydrolysis of gelatin,
starch, Tween 80, DNA, casein, and aesculin, production of indole, methyl
red and Voges—Proskauer tests, Simmons’ citrate, nitrate, and nitrite
reduction, H,S production, urease, and phenylalanine deaminase. Acid
production from carbohydrates was determined using a modified phenol
red base medium prepared with 7.5% (w/v) salts supplemented with
0.05% (w/v) yeast extract and 1% (w/v) of the filter-sterilized carbohydrate
to be checked (Cowan and Steel, 1965; Ventosa et al., 1982). The medium
described by Koser (1923), as modified by Ventosa et al. (1982), was used
to assess the utilization of different substrates as sole carbon and energy
sources or as sole carbon, nitrogen, and energy sources. The studied
carbohydrates, alcohols, organic acids, and amino acids were added as
filter-sterilized solutions to give a final concentration of 1gL™" for all of
them, except for carbohydrates, whose final concentration was 2gL™".

3. Results and discussion

3.1. Heavy metal contamination of the
studied samples

To our best knowledge there are no reference studies on the
concentration of heavy metals in the hypersaline soils from the Odiel

Frontiers in Microbiology

10.3389/fmicb.2022.1101464

Saltmarshes National Area, but it is known that the Odiel river waters
and sediments contain high concentrations of arsenic, cadmium, copper,
lead, and zinc due to unregulated industrial and mining activities in the
past (Sainz et al., 2002, 2004). The sampled hypersaline soil presented a
pH value of 8.4 and an electrical conductivity of 24.57mS/cm. The
concentrations of arsenic, cadmium, copper, lead, and zinc were
(mgkg™): 14.86, 0.47, 106.40, 24.81, and 129.30, respectively. Arsenic,
copper, and zinc presented values above the reference ranges for
non-contaminated soils, according to the criteria of the Government of
the region of Andalucia, where the Odiel Saltmarshes National Area is
located (Consejerfa de Medio Ambiente, 1999), while cadmium and lead
concentrations were within the reference ranges (Table 1).

3.2. The new isolated strain constitutes a
novel species of the genus Fodinibius

The strain 1BSP15-2V2" was cultured in pure culture after an
extensive screening of the prokaryotic diversity carried out in
hypersaline soil samples obtained from the Odiel Saltmarshes Natural
Area (Huelva, Southwest Spain), where more than 4,000 isolates were
investigated. The 1,455bp-long 16S rRNA gene sequence of this strain
showed the closest relationship with A. roseus DSM 21986" and
A. saliphilus ECH52" (95.02% sequence identity, in both cases).
Reconstruction of the 16S rRNA gene-based phylogeny by the
maximum-likelihood algorithm clustered strain 1BSP15-2V2" together
to the species of the genus Aliifodinibius (Figure 1). The species
Fodinibius salinus YIM D15" was also clustered within the other species
of the genus Aliifodinibius, which suggests that the two genera are closely
related. However, the bootstrap value for the node harboring strain
1BSP15-2V2" is below 70% and the topology differs sightly depending
on the algorithms used (maximum-likelihood, maximum-parsimony,
or neighbor-joining). A similar issue can be observed for the branch that
accommodates Fodinibius salinus YIM D15". Therefore, the robustness
of this tree is not strong enough as to infer reliable relationship between
the species of the genera Aliifodinibius and Fodinibius, and strain
1BSP15-2V27, but offers an approach to their evolutionary history.

The draft genome sequence of strain 1BSP15-2V27T
(GCF_026229185.1) was assembled into 43 contigs, with a total size of
4,850,852 bp, and a DNA G + C content of 44.47 mol%. We also obtained
the genome sequence of the closely related species A. salicampi KACC
19060" (GCF_026228885.1), not previously available in public databases,
which contains 13 contigs, slightly shorter size (3,937,193 bp), and a
genomic G+C content of 42.75mol%. The members of the genus
Aliifodinibius possess genome sizes ranging from 3,583,276bp

TABLE 1 Concentration of the most recurring heavy metal contaminants in
the sampling area.

Sample Reference range for

Heavy metal concentration non-contaminated soils
(mg kg™ (mg kg™)

Arsenic 14.86 2-5

Cadmium 0.47 0.4-0.8

Copper 106.40 17-100

Lead 24.81 10-50

Zinc 129.30 10-70

The reference ranges refer to soils categorized as not contaminated in Andalucia (Spain), where
the Odiel Saltmarshes National Area is located.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1101464
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Galisteo et al.

10.3389/fmicb.2022.1101464

98

100

90

FIGURE 1

Maximume-likelihood phylogenetic tree based on the comparison of the 16S rRNA gene sequences showing the relationships among members of the family
Balneolaceae. Bootstrap values equal or higher than 70% based on 1,000 pseudoreplicates are indicated at selected branch nodes. Filled circles indicate
that the corresponding node was also obtained in the trees generated with the maximum-parsimony and neighbor-joining algorithms. The species Soortia
roseihalophila, the closest relative to the family Balneolaceae, was selected as an outgroup. Bar, 0.05 substitutions per nucleotide position.
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(“A. salipaludis” WNO023") to 5,082,244bp (A. roseus DSM 21986")
(Figure 2A; Supplementary Table S1). Fodinibius salinus DSM 21935"
has one of the smallest genomes of the members within the family
Balneolaceae (2,861,751bp), but with similar G+ C percentage than
those of the genera Aliifodinibius, Gracilimonas, Halalkalibaculum, and
Rhodohalobacter. On the contrary, the species of the genus Balneola, the
type genus of the family Balneolaceae, have smaller average genome size
than the rest of members of the family (except the genus Fodinibius), as
well as the lowest G+C content (<40mol%) (Figures 2A,B;
Supplementary Table S1).

The approximated maximum-likelihood phylogenomic tree, based
on the concatenation of 1,049 translated core genes, showed that the
strain 1BSP15-2V27" clustered again with the species of the genus
Aliifodinibius (Figure 3). This clustering was supported by a 100%
bootstrap value, indicating the robustness of the group, which was
unclear in the 16S rRNA gene-based phylogeny (Figure 1). Furthermore,
Fodinibius salinus DSM 21935", the only described species of this genus,
also clustered with 100% branch support together to the species of the
genus Aliifodinibius, rather than forming a separated and independent
branch. This fact seems to indicate that members of the genera
Aliifodinibius and Fodinibius could be actually merged into the single
genus Fodinibius.

Concerning the OGRIs analysis, AAI values between strain 1BSP15-
2V2" and the other members of the genus Aliifodinibius ranged from
72.1% (with A. sediminis DSM 21194") to 68.1% (with A. halophilus
2W327) (Figure 4). These values were above the 65-72% threshold
suggested to circumscribe members of the same genus (Konstantinidis
and Tiedje, 2007; Konstantinidis et al., 2017). Similar AAI values were
obtained for Fodinibius salinus DSM 21935, which varied from 72.9%
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(with A. halophilus 2W32") to 68.1% (with A. roseus DSM 21986") with
respect to the species of the genus Aliifodinibius, but were equal or lower
than 64.9% for Halalkalibaculum roseum YR4-1" and the remaining
species of the genera of the family Balneolaceae (Figure 4). Furthermore,
orthoANI percentages among the analyzed genomes within the
Balneolaceae were all below the 95% threshold established for species
differentiation (Goris et al., 2007; Richter and Rossell6-Mora, 2009;
Chun and Rainey, 2014), including strain 1BSP15-2V2", which shares
the highest similarity with A. roseus DSM 21986 and A. sediminis DSM
211947 (72.7% for both species) (Figure 5). These data undoubtedly
indicate that all strains under study represented different species. The
same conclusion can be inferred from dDDH results, where all values
are far below the 70% cutoff defined for species delineation (Stackebrandt
and Goebel, 1994; Auch et al.,, 2010) (Figure 5).

The distribution of core, soft-core, and accessory genomic content
among the 20 genomes of the family Balneolaceae investigated here are
shown in Figure 6. All the studied genomes of the species of the family
Balneolaceae share a total of 1,049 core genes. The species “Aliifodinibius
salipaludis” WN023" possesses the highest number of unique genes (270),
although it has the smaller genome size (3.58 Mb) and the lower number
of CDS (3,143) (Supplementary Table S1). This could be related with the
habitat where “Aliifodinibius salipaludis” WN023" dwells, since to date it
is the only member of the family isolated from saline-alkaline soil instead
of hypersaline sediments or salterns (Zhao et al., 2020). However, our new
strain 1BSP15-2V2" was also isolated from saline soils and its exclusive
genetic material is not high enough (12 unique genes) as to be displayed
among the most frequent intersections (Figure 6). Strain 1BSP15-2V2"
shares a total of 61 genes exclusively with the type species of the genus
Aliifodinibius, A. roseus DSM 21986", and 50 additional genes if the species
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FIGURE 2
Boxplots summarizing genome size (A) and G+C content (B) of the genera of the family Balneolaceae, sorted alphabetically. The family Balneolaceae
includes genera with very different genomes sizes, but their G+C percentages are mostly stable around 43 mol%, except for the type genus Balneola, below
40 mol%.

A. sediminis DSM 21194" is also considered. In any case, strain 1BSP15-
2V27 shares a higher number of genes with the species of the genus
Aliifodinibius than with any other of the remaining genera of the family
Balneolaceae. Moreover, a large cluster of 88 genes that are present solely
within the genera Aliifodinibus and Fodinibius, as well as the genus
Halalkalibaculum, points to their closed evolutionary relationships
(Figure 6). Similarly, 97 genes are exclusively shared between the members
of the genus Rhodohalobacter. In summary, we observed that the most
closely related the species are the highest number of genes they share.
Further differences in the protein functions are described in Section 3.4.
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3.3. Chemotaxonomic and phenotypic
characterization support the placement of
the new isolate within the genus Fodinibius

The major fatty acids determined for strain 1BSP15-2V2" were
i50-Cys54 (36.4%), Cs,; @7c and/or C,; @w6¢ (24.7%), and iso-C,,,; w9c
and/or 10-methyl C,4, (10.8%). The profile of this strain is similar to
those of the type strains of the species of the genera Aliifodinibius and
Fodinibius (Supplementary Table S3). No clear differential profiles were
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Approximately maximum-likelihood phylogenomic tree based on 1,049 concatenated core protein sequences of members of the family Balneolaceae.
Bootstrap values >70% are indicated above the branches. Bar, 0.1 substitutions per nucleotide position.

Strain 1BSP15-2v2" - 00

Aliifodinibius halophilus 2W32" - 68 .
Aliifodinibius roseus DSM 21986" - 72 67 .
Aliifodinibius salicampi KACC 19060" - 72 68 73 .
“Aliifodinibius salipaludis” WN023' - 69 72 69
Aliifodinibius saliphilus ECH52" - 68 84 68 68
Aliifodinibius sediminis DSM 21194 - 72 67 75 71
Fodinibius salinus DSM 21935' - 69 73 68 68
Balneola sp. EnCO7 - 54 54 53 54
Balneola vulgaris DSM 17893 - 55 55 55 55
Gracilimonas amylolytica LA399" - 56 56 56 57
56 56 56 57
56 56 57 56
64 65 64 64
55 56 56 56
56 56 56 56
55 55 55 55
56 55 56 56
55 54 55 55
55 56

Gracilimonas mengyeensis DSM 21985 -
Gracilimonas tropica DSM 19535 -
Halalkalibaculum roseum YR4-1" -
Rhodohalobacter barkolensis 15182" -
Rhodohalobacter halophilus JZ3C29' -
Rhodohalobacter mucosus 8A47" -
Rhodohalobacter sp. 614A -
Rhodohalobacter sp. SW132 -
“Rhodohalobacter sulfatireducens" WB101'-

FIGURE 4

fodinibius/Fodinibius.

AAI (%)
oy 100
75
50

80 [100

67 68 {00

64 64 63 [i00
64 64 62 61 100

64 04 64 75 60.

AAl matrix among the 20 studied genomes of the family Balneolaceae. AAl values among species of the cluster Fodinibius-Aliifodinibius were all higher
than the threshold (65%) accepted for genus delineation. Isolate 1BSP15-2V2" shared values above 68% with species of the genera Aliifodinibius and
Fodinibius, and equal or lower than 64% with other members of the family Balneolaceae, hinting at the affiliation of the novel strain to the genera Alii

obtained for species of the genera Aliifodinibius and Fodinibius,
supporting the hypothesis that they all belong to the same genus.

The strain 1BSP15-2V2" formed irregular, opaque, and orange-red
pigmented colonies. Cells were Gram-stain-negative, non-motile,
non-endospore-forming rods, with a size of 0.05-0.10 x 0.20-0.30 pm.
The detailed phenotypic characteristics of strain 1BSP15-2V2" are
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included in the new species description. Besides, additional phenotypic
data for the previously described species of the genera Aliifodinibius and
Fodinibius included in this study are shown in Supplementary Table 4.
The morphological and many of the biochemical characteristics of the
isolate 1BSP15-2V2" agree with those reported for the other members
of the genera Aliifodinibius and Fodinibius, and thus, support the
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belonged the following KEGG global categories: signal transduction (dark blue), energy metabolism (blue), translation (orange), nucleotide metabolism
(yellow), carbohydrate metabolism (black), membrane transport (dark red), cell motility (light blue), amino acid metabolism (light red), cellular community
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DSM 19535T; 13. Halalkalibaculum roseum YR4-1T; 14. Rhodohalobacter barkolensis 151827; 15. Rhodohalobacter halophilus JZ3C29T; 16. Rhodohalobacter

mucosus 8A47".

placement of strain 1BSP15-2V2" within the genus Fodinibius (which
should also include the described species of Aliifodinibius). Besides,
strain 1BSP15-2V2" possesses several features that allow to distinguish
it from the close-related species of the genera Aliifodinibius and
Fodinibius, namely, the ability to use several amino acids as sole carbon,
nitrogen, and energy sources (Supplementary Table S4).

3.4. Functional genomic analysis reveals the
potential ecological role of the new strain as
a biotin producer

BlastKOALA annotation identified a total of 1,986 different KO
numbers across the 16 available genomes of the type strains of species of

the family Balneolaceae. Those KO numbers were classified according to
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KEGG pathway database, and the 50 most abundant pathways are shown
in Figure 7. Strain 1BSP15-2V2" seems to exhibit a functional profile like
that of the already described species of the genera Aliifodinibius/ Fodinibius
and the rest of the genera within the family Balneolaceae. Nevertheless,
it must be noted that 22 KO numbers were only present in strain 1BSP15-
2V2" and not in any other member of the family. Among those unique
functional orthologs, we detected frdA, frdB, frdC, and frdD genes in the
genome of strain 1BSP15-2V2", involved in the conversion of fumarate
to succinate (Supplementary Table S5).

The most prevalent pathways of strain 1BSP15-2V2" were included
into energy, carbohydrate, and amino acid metabolism KEGG global
categories. All the species of the genera Aliifodinibius and Fodinibius
harbored genes involved in pyruvate metabolism, including the pyruvate
oxidation pathway comprising KO numbers K00161 (pdhA, pyruvate
dehydrogenase E1 component a-subunit), K00162 (pdhB, pyruvate
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dehydrogenase E1 component B-subunit), K00627 [pdhC, pyruvate
dehydrogenase E2 component (dihydrolipoamide acetyltransferase)],
K00382  (pdhD,  dihydrolipoamide  dehydrogenase)
(Supplementary Table S5). However, only strain 1BSP15-2V27,
A. halophilus KCTC 42497, and A. roseus DSM 21986" were able to use
pyruvate as sole carbon and energy source when tested experimentally

and

(Supplementary Table S4). The other genera of the family Balneolaceae
showed the same in-silico metabolism for pyruvate, but it was not
confirmed in this study under laboratory conditions.

Strain 1BSP15-2V2" and the species of the genus Aliifodinibius
linked to
Supplementary Table S5), in contrast to the genera Fodinibius, Balneola,

possessed  genes flagellar assembly (Figure 7;
Halalkalibaculum, and Rhodohalobacter, as well as the species
Gracilimonas amylolytica LA399" and G. tropica DSM 195357, although
the route was incomplete in all the cases. This finding agrees with the fact
that none of the descriptions of the species of the genus Aliifodinibius
reported the cellular motility (Wang et al., 2013; Xia et al.,, 2016; Cho et al.,
2017; Cho and Whang, 2020; Zhao et al., 2020). Cells of 1BSP15-2V2" did
not show motility either in the present study. The presence of a broken
pathway for flagellar motility seems to indicate that the ancestor of the
family Balneolaceae may have had that feature, which was gradually lost
as it was not required for their survival in the nature. Major differences
between the functional profile of species of the genera Aliifodinibius and
Fodinibius are related to bacterial motility, that is flagellar assembly and
flagellar motor switch (two component system). This supports the theory
proposed above about the loss of motility-related genes, which might have
happened quicker in E salinus. Other than those two pathways, E salinus
presents a mostly similar profile to the species of the genus Aliifodinibius.
We can find minor differences between the genomes of the studied
species of Aliifodinibius/Fodinibius, such as less abundance of functions
related to oxidative phosphorylation and purine metabolism in the
species “Aliifodinibius salipaludis” and F salinus, though similar between
them, and an oscillation in the number of genes encoding enzimatic
activities in the pentose phosphate pathway. In any case, all the studied
genomes are uncompleted, and their range size is broad among the
members of the Aliifodinibius/Fodinibius. Hence, we can only speculate
about the presence or lack of functions, as it may be due to a deficient
annotation or assembly with the current bioinformatic tools, or to an
adaptation of the bacteria to their particular environment.

The biosynthesis pathway for biotin (vitamin B;) appears to be present
in the species of the family Balneolaceae. Though the understanding of
biotin biosynthesis is still fragmentary, previous studies (Cronan, 2018;
Manandhar and Cronan, 2018) propose two stages: the synthesis of a
pimelate moiety, and the assembly of the bicyclic rings of the biotin
molecule. The latter is mostly conserved, with four associated genes: bioF,
bioA, bioD, and bioB, all of them present in strain 1BSP15-2V2" (Figure 8A;
Supplementary Table S5). These genes were also detected in A. halophilus,
A. saliphilus, Fodinibius salinus, Halalkalibaculum roseum, and Balneola
vulgaris (Figure 8B; Supplementary Table S5). Only bioB and bioF were
present in A. salicampi and “A. salipaludis” However, the bioF gene, which
performs the first step of the assembly of the bicyclic rings, can be found in
all the studied species of the family Balneolaceae. On the contrary, there are
at least three known pathways to accomplish the first stage of biotin
biosynthesis: the BioC-BioH and the Biol-BioW pathways, studied in
Escherichia coli and Bacillus subtilis, respectively (Lin and Cronan, 2011),
and the most recently proposed BioZ pathway (Zhang et al., 2021). However,
the BioC-BioH pathway seems to be the most prevalent of these three (Feng
etal,, 2014; Wei etal., 2019). Genes bioC, fabF, fabG, fabZ, and fabI from the
BioC-BioH pathway are found in all the species of the genus Aliifodinibius,
except the bioC gene lacking in A. roseus. These genes are also present in
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strain 1BSP15-2V2" and Fodinibius salinus, as well as in most species of the
family Balneolaceae. Noteworthy, all studied genomes of the family seem to
lack the bioH gene, which performs the last step of the BioC-BioH pathway.
However, homologous genes have been found in other organisms as
replacements (Rodionov et al., 2002), such as bioG in Haemophilus sp. (Shi
et al,, 2016), bioK in Synechococcus sp. (Shapiro et al., 2012), bio] in
Francisella sp. (Wei et al., 2019), and bioV in Helicobacter sp. (Bi et al., 2016).
None of these alternative genes were found in the genomes under study, but
we cannot discard the possibility that the family Balneolaceae harbors a
different homologous gene that hydrolyzes the pimeloyl-ACP methyl ester
into pimeloyl-ACP in the last step of the BioC-BioH pathway (Lin and
Cronan, 2011). On the other hand, all the species of the family Balneolaceae
present birA, accB, and accC genes in their genomes. The protein BirA has
a dual function: attach biotin to AccB protein and down-regulate biotin
biosynthesis in the absence of free AccB acceptor protein. AccB is a carrier
protein that forms a complex with the AccC subunit (Choi-Rhee and
Cronan, 2003), so both macromolecules indirectly regulate the transcription
of the biotin operon. Low levels of available AccB protein, that is when AccB
protein is biotinylated or unbiotinylated but bonded to AccC, avoid biotin
transfer from BirA to AccB, resulting in higher levels of BirA ligand bound
to biotin. The accumulation of BirA-bound biotin represses biotin operon
transcription (Abdel-Hamid and Cronan, 2007). In summary, the genome
of 1BSP15-2V27, as well as those of the rest of the species of the family
Balneolaceae, contain genes involved in the regulation of biotin biosynthesis.
With a single exception, they also have the complete set of bioC, fabF, fabG,
fabZ, and fabl genes that catalize the first steps of biotin biosynthesis, albeit
all of them lack the bioH gene, which encodes the last enzyme of this first
stage. Since several bioH homologs have been reported in the literature, the
species of the family Balneolaceae are hypothesized to harbor one of those
not-yet described homologous genes. Considering that the more conserved
second stage (bioF, bioA, bioD, and bioB genes) is only present in the
genomes of strain 1BSP15-2V2" and other five members of the family, the
complete (or almost complete) biotin biosynthesis pathway was only
identified in the genomes of strain 1BSP15-2V2", A. halophilus, A. saliphilus,
Fodinibius salinus, Halalkalibaculum roseum, and the type species of the
family, Balneola vulgaris, whereas it was missing from the genera
Gracilimonas and Rhodohalobacter. Since the biotin biosynthetic pathway
is well conserved across biotin producers (Lin and Cronan, 2011), it may
be explained the presence of at least some of those genes within all described
species of the family Balneolaceae, even if the pathway is uncompleted.
Biotin plays an important role in fatty acid synthesis, amino acid
metabolism, and gluconeogenesis in bacteria, archaea, and eukaryotes
(Knowles, 1989; Jitrapakdee and Wallace, 2003). The biosynthesis of biotin
is exclusive of some prokaryotes, fungi, and plants but it is an essential
cofactor for mammals too, which depend on the exogenous supply from the
diet or the microbiota (Cronan et al.,, 2014). For example, vitamin B,
deficiency in humans is associated with neurological diseases (Ledn-
Del-Rio, 2019). It is a high-costing metabolic pathway, especially the steps
carried out by the proteins coded by bioC, bioA and bioB genes. Hence, most
organisms prefer an exogenous uptake of this cofactor (Sirithanakorn and
Cronan, 2021). The isolated species could play a role in its ecosystem by
suppling biotin to those organisms that lack the mechanisms for de novo
synthesis. Besides, it might be further explored as an interesting source of
biotin for human deficiency with biotechnological application. Nowadays,
biotin for pharmacological purposes is chemically synthetize since bacterial
biosynthesis has given unsuccessful results to date (Sirithanakorn and
Cronan, 2021). This is, partly, due to the uncomplete understanding of the
biotin pathway in prokaryotes. Thus, the genomic identification of this route
in strain 1BSP15-2V2" will allow its targeting as a possible candidate for
further studies of the biotin biosynthesis.
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Fodinibius salinus DSM 219357; 9. Balneola vulgaris DSM 17893T; 10. Gracilimonas amylolytica LA399"; 11. Gracilimonas mengyeensis DSM 21985T; 12.
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In addition to the biotin biosynthesis, strain 1BSP15-2V2" also
presents functional orthologs related to other cofactors and vitamins,
such as folate, pantothenate and CoA biosynthesis, and metabolism of
thiamine, nicotinate, and nicotinamide (Figure 7;
Supplementary Table S5). On the other hand, only the species of the
genera Aliifodinibius and Fodinibius, including the strain 1BSP15-2V27,
showed genes involved in the cobalamin (vitamin B,,) transport system
(btuC, btuD, and btuF), and all members of the family Balneolaceae
harbors btuB, a vitamin By, transporter. Moreover, a previous study has
reported the presence of cobalamin-dependent enzymes in the
metagenomic dataset SMO2, obtained from hypersaline soils at the
QOdiel Saltmarshes National Area (Duran-Viseras et al., 2019). These
enzymes corresponded to the KO numbers K00525 (nrdA,
ribonucleoside-diphosphate reductase a-chain), K01848 (mcmAlI,
methylmalonyl-CoA mutase, N-terminal domain), and K00548 (metH,
5-methyltetrahydrofolate-homocysteine methyltransferase). Two of
them, KO00525 and K00548, along with K01847 (MUT,
methylmalonyl-CoA mutase) and K11942 (icmF, isobutyryl-CoA
mutase), were found in the genomes of strain 1BSP15-2V2" and
members of the family Balneolaceae. However, none of them encoded
the cobalamin biosynthesis pathway, which is not surprising, as it is a
high-cost metabolic mechanism (Morris, 2012; Doxey et al., 2015).
Thus, it seems to indicate that strain 1BSP15-2V2" as well as the rest of
the family Balneolaceae depend on an external source of vitamin B,
such as species of the haloarchaeal genera Halobacterium (Woodson

et al., 2003) and Halonotius (Duran-Viseras et al., 2019).
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3.5. Metalloresistant abilities to bear up
against contaminated soils

As stated above, cadmium and lead concentrations in our sampled

hypersaline soils were within the reference ranges for a
non-contaminated soil, whereas arsenic, copper, and zinc concentrations
were above the maximum thresholds (Table 1). Therefore, we can
classify our samples as arsenic, copper, and zinc contaminated soils.
Several genes related to heavy metal resistance were found in the
genome of strain 1BSP15-2V2". The ars operon (KO numbers K03325,
K03741, and K03892) (Supplementary Table S5) is responsible for
reduction of arsenate, As (V), to arsenite, As (III), and its excretion from
the cell (Chauhan et al.,, 2019; Islam et al., 2022). Arsenic resistance is
believed to be a widespread mechanism among prokaryotes due to the
high concentration of this metalloid in the early period of the Earth (Chen
et al., 2020). On the other hand, the CzcCBA efflux system (K15725,
K15726, K15727, and K16264) (Supplementary Table S5) provides
resistance to cadmium, copper, and zinc (Legatzki et al., 2003). This pump
has been found in many metallotolerant Gram-negative bacteria (Manara
etal, 2012; Khan et al,, 2015; Alquethamy et al., 2021). Furthermore, the
zntA gene (K01534) (Supplementary Table S5) for Zn**/Cd**-exporting
(Rensing et al., 1997; Noll and Lutsenko, 2000) was also detected in the
genome of strain 1BSP15-2V2". Previous studies have demonstrated the
ability of CzcCBA efflux system to efficiently remove zinc and cadmium
from the cytoplasm (Legatzki et al., 2003). Thus, the existence of an

additional zntA gene-encoding pump in strain 1BSP15-2V2" seems to

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1101464
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Galisteo et al.

be an adaptative mechanism to cope with the harsh metal conditions of
the Odiel Saltmarshes National Area hypersaline soils. Nevertheless, it
must be noted that our predictions are entirely based on in-silico
functional annotation analysis and, therefore, further laboratory research
is necessary to confirm the heavy metal resistance of this bacterium.

3.6. Genomic information unveils a salt-out
osmoregulation strategy

Two main osmoregulatory mechanisms allow prokaryotes to dwell
in high-salt concentration environments. The salt-in strategy is typical of
extreme halophiles, mostly haloarchaea (Youssef et al., 2014) and some
bacteria, such as those of the widely studied genus Salinibacter (Antén
etal., 2002). To maintain the structure and activity of their proteins under
high cytoplasmic ion concentrations these microorganisms possess a
more acidic proteome (Oren, 2008). However, this kind of proteome has
also been described in microorganisms with a salt-out mechanism (Elevi
Bardavid and Oren, 2012; Oren, 2013), which is the most extended
strategy across prokaryotes allowing adaptation to wider variations in the
surrounding osmotic pressure (Oren, 2008).

All genomes under study have a similar isoelectric profile (Figure 9A)
and amino acid frequency distribution (Figure 9B), showing a less acidic
proteome than those of the extreme haloarchaeon Haloarcula vallismortis
and the bacterium Salinibacter ruber. Concerning the genome of strain
1BSP15-2V2", it harbors Ktr potassium importer genes (K03498, K03499)
that may contribute to a fast response against osmotic stress, as it has
been previously observed in Bacillus subtilis (Holtmann et al., 2003;
Hoffmann and Bremer, 2016) and Synechocystis sp. (Zulkifli et al., 2010).
Another ion homeostasis-related protein annotated in the genome of
strain 1BSP15-2V2" (K03313) is the NhaA Na*/H* antiporter, which
plays a relevant role to avoid the toxicity of high cytoplasmatic Na*
concentrations (Krulwich et al., 2011; Patifio-Ruiz et al., 2022). However,
potassium and sodium fluxes are impractical mechanisms to deal with
sustained high osmolarity (Hoffmann and Bremer, 2017). For that reason,
strain 1BSP15-2V2" also presents compatible solute transporters of the
Opu family (K05845, K05846, K05847), involved in the ATP-dependent
uptake of a wide variety of compatible solutes into the cytoplasm, such as
glycine betaine, choline, and proline betaine (Hoffmann and Bremer,
2017; Teichmann et al., 2018). Sudden decrease of osmolarity could also
trigger stress in bacteria. Accordingly, strain 1BSP15-2V2" encodes Msc
mechanosensitive channels (K03282, K03442) which release ions and
organic molecules if an osmotic down shock occurs (Booth and Blount,
2012; Booth, 2014). The different strategies to balance the osmotic
1BSP15-2V2T
(Supplementary Table S5) indicate that this microorganism can thrive on

pressure encoded in the genome of strain
a range of salt concentrations, which is consistent with the physiological
traits tested under laboratory conditions (Supplementary Table S4).
Consequently, strain 1BSP15-2V2" can be defined as a moderately

halophilic bacterium with a salt-out osmoregulation mechanism.

3.7. Members of the family Balneolaceae
prefer saline soil versus aquatic hypersaline
environments

Genomic fragment recruitment analysis was performed against nine

metagenomic datasets (Supplementary Table S2) to assess the
environmental distribution of strain 1BSP15-2V2" and the other species
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of the family Balneolaceae. SMO1 and SMO2 metagenomes come from
the same hypersaline soils used in this study. The other seven metagenomic
databases originated from hypersaline aquatic environments (salterns and
lakes) were included in this study to determine the distribution of the new
taxon in different saline habitats (soils and water). The selected datasets
ranged from 13 to 37% (w/v) salt concentration. Of these, SS13
metagenome has the closest salinity (13% [w/v] salts) to the optimal salt
concentration defined for strain 1BSP15-2V2T (9% [w/v] salts). Our
results show few reads (<0.01%) recruited at >95% identity from all
species of the genera Aliifodinibius/Fodinibius for all metagenomic
datasets. As nucleotide sequences are being compared, the 95% ANI
threshold is considered for species delineation. Hence, the isolated species
seems to be not highly abundant in the studied environments. However,
soil and aquatic environments seem to follow different patterns, with a
huge read recruitment at 80-90% identity for SMO1 and SMO2 (soils)
datasets (Figure 10) not observed in water metagenomes (Figure 11).
Barco et al. (2020) proposed an ANI cutoff value of 73.98% for genus
demarcation, and thus, on this basis, it would suggest the existence of a
taxon or group of taxa very closely related to the genera Aliifodinibius and
Fodinibius (that could represent different species or even genera) abundant
in those hypersaline soil environments. On the contrary, the scarce
recruitment at 80-90% identity for the aquatic hypersaline databases
might indicate that closed relatives of the genera Aliifodinibius/ Fodinibius
have a preference for hypersaline soils over their aquatic counterparts.

4. Conclusion

Phylogenetic and genomic evidence, fatty acid profiles, and
phenotypic characteristics of the microorganisms under study show
unequivocally that the species of the genera Aliifodinibius and
Fodinibius should be placed into a single genus. We propose the
reclassification of the members of the genus Aliifodinibius into the
genus Fodinibius, since the genus name Fodinibius was validly
published first and, thus, it has priority over the genus name
Aliifodinibius, according to the International Code of Nomenclature
of Prokaryotes (Parker et al., 2019). Additionally, strain 1BSP15-2V2"
represents a new species of the genus Fodinibius, for which the name
Fodinibius salsisoli sp. nov. is proposed. The description of the new
species, as well as the reclassification of the species of Aliifodinibius
into the genus Fodinibius and, consequently, the emended description
of the genus Fodinibius are enclosed below.

Description of Fodinibius salsisoli sp. nov.

Fodinibius salsisoli (sal.si.so’li. L. masc. adj. salsus salty; L.; neut. n.
solum soil; N.L. gen. n. salsisoli of salty soil).

Cells are Gram-stain-negative, non-endospore-forming, non-motile
rods with a size of 0.05-0.10x0.20-0.30 pm. Colonies are irregular, opaque,
and orange-red pigmented in SMM medium supplemented with 7.5%
(w/v) salts after 5days of incubation at 37°C. Grows between 3 and 20%
(w/v) salt concentration (optimally at 9% [w/v]), pH 5.0-8.0 (optimally at
pH 6.0), and 14-43°C (optimally at 37°C). Growth is not observed under
anaerobic conditions. Catalase positive and oxidase negative. Reduces
nitrate and nitrite. Positive for methyl red test but negative for Voges-
Proskauer test, indicating that it uses the mixed acid pathway for glucose
fermentation. Simmons’ citrate and phenylalanine deaminase are positive.
Aesculin is hydrolyzed, but casein, DNA, gelatin, Tween 80, starch, and
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Isoelectric profile (A) and amino acid frequency (B) of the type strains of each species of the family Balneolaceae. The haloarchaeon Haloarcula vallismortis
DSM 37567 (GCF_900106715.1) and the bacterium Salinibacter ruber DSM 13855™ (GCF_000013045.1) have been included to compare our results with
those of extreme halophiles with salt-in osmoregulatory mechanism. The genomes under study possessed a less acidic proteome, suggesting a salt-out
strategy, though further in vivo analyses are necessary to confirm this hypothesis.

urea are not. H,S is produced, but not indole. Acids are produced from
D-arabinose, D-fructose, D-glucose, maltose, sucrose, and D-xylose but
not from D-galactose, glycerol, lactose, mannitol, and D-trehalose. Utilizes
amygdaline, D-cellobiose, D-fructose, D-galactose, D-glucose, D-lactose,
D-maltose, D-mannose, D-melezitose, ribose, D-raffinose, salicin, sucrose,
D-trehalose, D-xylose, dulcitol, ethanol, glycerol, mannitol, D-sorbitol,
xylitol, fumarate, hippurate, malate, propionate, and pyruvate as sole
sources of carbon and energy, but not L-arabinose, starch, butanol,
methanol, propranolol, acetate, benzoate, butyrate, citrate, formate, and
valerate. Utilizes L-asparagine, aspartic acid, cysteine, L-glutamine,
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L-methionine, ornithine, L-phenylalanine, and L-serine as the sole sources
of carbon, nitrogen, and energy, but not L-alanine, arginine, L-glutamate,
glycine, L-isoleucine, lysine, L-threonine, tryptophan, and valine. The
major fatty acids are iso-C,s,, Cisy @7¢ and/or Cyq, w6¢, and iso-C,;,; w9c
and/or 10-methyl C,s,. The genome of the type strain has an approximate
size of 4.85Mb and its G+ C content is 44.5mol%.

The type strain, 1BSP15-2V2" (=CCM 9117"=CECT 30246"), was
isolated from hypersaline soils at the Odiel Saltmarshes Natural Area in
Huelva (Southwest Spain). The accession number for the 16S rRNA gene
sequence is MW811395 and that of the genome sequence GCF_026229185.1.
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Genomic recruitment plots for the isolated strain 1BSP15-2V2" and other type strains of species of the genera Aliifodinibius and Fodinibius against SMO1

hypersaline soil metagenomic reads. X-axis represents the genome length and Y-axis represents the percentage of identity of the reads matching the
genome. Red dots above the 95% threshold line indicate read assignment at the species level. As it can be seen, most of the reads matches the genome at
80%-90% identity (above the proposed 73.98% for genus delineation), meaning they cannot be affiliated to any of the described Aliifodinibius/Fodinibius
species, but they probably belong to a closed relative well represented in the SMO1 hypersaline soil.
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FIGURE 11
Genomic recruitment plots for the isolated strain 1BSP15-2V2" and other type strains of species of the genera Aliifodinibius and Fodinibius against SS13

saltern metagenomic reads. X-axis represents the genome length and Y-axis represents the percentage of identity of the reads matching the genome. Red
dots above the 95% threshold line indicate read assignment at the species level. A genus delineation line is also shown at 73.98% identity. The scarce read
recruitment by all the species analyzed demonstrates their low abundance in this aquatic environment.

Description of Fodinibius halophilus comb. Type strain: 2W327 (=CICC 23869" = KCTC 42497").
nov.

Basonym: Aliifodinibius halophilus Xia et al. 2016. Description of Fodinibius roseus comb.

The description is the same as for Aliifodinibius halophilus (Xiaetal,  NOV.
2016). The genome of the type strain has an approximate size of 4.19 Mb
and its G+ C content is 42.5mol%. The accession number for the 16S Basonym: Aliifodinibius roseus Wang et al. 2013.
rRNA gene sequence is KR559733 and that of the genome sequence The description is the same as for Aliifodinibius roseus (Wang et al.,
GCF_011059105.1. 2013). The genome of the type strain has an approximate size of 5.08 Mb and
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its G+ C content is 48.3 mol%. The accession number for its 16S rRNA gene
sequence is JQ923475 and that of the genome sequence GCF_900129315.1.
Typestrain: YIM D15 (=ACCC 10715"=DSM 21986" =KCTC 23442").

Description of Fodinibius salicampi comb.
nov.

Basonym: Aliifodinibius salicampi Cho et al. 2017.

The description is the same as for Aliifodinibius salicampi (Cho et al.,
2017, 2018). The genome of the type strain has an approximate size of
3.94Mb and its G + C content is 42.8 mol%. The accession number for
its 16S rRNA gene sequence is LC198077 and that of the genome
sequence GCF_026228885.1.

Type strain: NBRC 1125317 (=KACC 19060" = KHM44").

Description of Fodinibius saliphilus comb.
nov.

Basonym: Aliifodinibius saliphilus Cho and Whang 2020.

The description is the same as for Aliifodinibius saliphilus (Cho and
Whang, 2020). The genome of the type strain has an approximate size
of 3.60 Mb and its G + C content is 40.8 mol%. The accession number for
its 16S rRNA gene sequence is LC198072 and that of the genome
sequence GCF_005869845.1.

Type strain: ECH52" (=KACC 19126" =NBRC 112664").

Description of Fodinibius sediminis comb.
nov.

Basonym: Aliifodinibius sediminis Wang et al. 2013.

The description is the same as for Aliifodinibius sediminis (Wang
et al.,, 2013). The genome of the type strain has an approximate size of
4.43Mb and its G + C content is 48.1 mol%. The accession number for
its 16S rRNA gene sequence is JQ923475 and that of the genome
sequence GCF_900182555.1.

Type strain: YIM J217 (=ACCC 10714"=DSM 21194").

Emended description of the genus
Fodinibius Wang et al. 2012

Cells are Gram-stain-negative, non-endospore-forming, non-motile
rods, 0.05-1.5 pm in width and 0.2-5.5 pm in length (Wang et al., 2012).
Colonies are salmon pink, pink, rose red, and reddish pigmented,
circular, convex, and opaque with regular margins, and sometimes
viscid. Some species are strictly aerobic bacteria, while others possess a
facultatively anaerobic metabolism. Temperature range for growth
between 14 and 45°C (optimum 37°C). Growth occurs at 3-25% (w/v)
NaCl (optimum at 8-10%) and at pH values 5.0-10.0 (optimum at
6.0-8.0). All species produce catalase and most of them also oxidase. All
species are unable to hydrolyze starch and DNA, and they cannot
produce indole from tryptophane. Major fatty acids are iso-C,s,, iso-C;7,
w9c¢, anteiso-C s, Cie,; @w7c¢ and/or Cyg,; w6¢, Cie,; @7c¢ and/or iso-Cs,
2-OH, and iso-C,,; @9c and/or 10-methyl C,4,. The DNA G+ C content
ranges between 40.8-48.3 mol% (genome).

The type species is Fodinibius salinus. The genome of the type strain
of this type species has an approximate size of 2.86 Mb and its G+C
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content is 42.5 mol%. The genus is member of the family Balneolaceae,
order Balneolales, class Balneolia, phylum Balneolota.
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Solfatara and Pisciarelli
hydrothermal systems in Italy reveal
that ecological differences across
substrates are not ubiquitous
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Introduction: Continental hydrothermal systems (CHSs) are geochemically complex,
and they support microbial communities that vary across substrates. However, our
understanding of these variations across the complete range of substrates in CHS
is limited because many previous studies have focused predominantly on aqueous
settings.

Methods: Here we used metagenomes in the context of their environmental
geochemistry to investigate the ecology of different substrates (i.e., water, mud and
fumarolic deposits) from Solfatara and Pisciarelli.

Results and Discussion: Results indicate that both locations are lithologically similar
with distinct fluid geochemistry. In particular, all substrates from Solfatara have similar
chemistry whereas Pisciarelli substrates have varying chemistry; with water and mud
from bubbling pools exhibiting high SO, and NH,* concentrations. Species alpha
diversity was found to be different between locations but not across substrates,
and pH was shown to be the most important driver of both diversity and microbial
community composition. Based on cluster analysis, microbial community structure
differed significantly between Pisciarelli substrates but not between Solfatara
substrates. Pisciarelli mud pools, were dominated by (hyper)thermophilic archaea,
and on average, bacteria dominated Pisciarelli fumarolic deposits and all investigated
Solfatara environments. Carbon fixation and sulfur oxidation were the most important
metabolic pathways fueled by volcanic outgassing at both locations. Together, results
demonstrate that ecological differences across substrates are not a widespread
phenomenon but specific to the system. Therefore, this study demonstrates the
importance of analyzing different substrates of a CHS to understand the full range of
microbial ecology to avoid biased ecological assessments.
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Introduction

Continental hydrothermal systems (CHSs) are usually formed
within diverse igneous lithologies (i.e., mafic, andesitic, and felsic) and
the hydrothermal fluids derived from deep subsurface sources may
be mixed with marine, brine, or meteoritic water resulting in
geochemically diverse environments. These diverse environments
exhibit substantial differences in the availability and abundance of
electron acceptors and donors (Fournier, 1989; Shock et al., 2010;
Lowenstern et al., 2015; Lindsay et al., 2018; Amenabar and Boyd, 2019),
which microorganisms exploit as sources of energy (Amenabar et al.,
2017; Lindsay et al., 2019; Puopolo et al., 2020; Aulitto et al., 2021).

CHSs have been the subject of many studies as they are a surface
manifestation of hydrothermal activities, which are easily accessible for
diverse microbiological studies (Inskeep et al., 2013; Menzel et al., 2015;
Colman et al., 2016; Mardanov et al., 2018; Oliverio et al., 2018; Power
etal., 2018; Boyer et al., 2020; Podar et al., 2020; Crognale et al., 2022 as
a few examples). These studies have revealed that hot springs support
microbial communities that are exceptionally diverse and vary in their
response to physical and geochemical parameters (Inskeep et al., 2013;
Sharp et al., 2014; Lindsay et al., 2018; Power et al., 2018; Colman et al.,
2019a,b; Podar et al., 2020). Some studies have found pH to be the
primary physical parameter that influences the microbial community
composition of hot springs in Yellowstone National Park (Boyd et al.,
2010; Inskeep et al., 2013; Colman et al.,, 2016, 2019a,b), Tengchong,
China (Hou et al., 2013; Xie et al., 2015), Iceland (Moreras-Marti et al.,
2021), and volcanic provinces in New Zealand (Power et al., 2018). In
contrast, other studies have identified temperature as the most important
driver of microbial community composition in hot springs (Miller et al.,
2009; Cole et al., 2013; Sharp et al., 2014; Podar et al., 2020). Further, at
Yellowstone National Park, subsurface processes including phase
separation and mixing with meteoritic fluids were shown to shape the
ecology of hot spring communities through their influence on the
availability of nutrients that support microbial metabolism (Lindsay
etal,, 2018; Colman et al., 2019a). In addition to temperature, pH, phase
separation and mixing of fluids, Fullerton et al. (2021) found that
microbial diversity analyzed from fluids and associated sediments
reflects the subsurface geological structures that fluids traverse, which
in turn influences carbon cycling within the subduction zone in
Costa Rica.

While we have learned a great deal about hot springs, their
geochemical complexity and the observed ecological differences
between water and hot spring deposits (Cole et al., 2013; Colman et al.,
2016) highlight the need for studies analyzing different substrates (e.g.,
fumarolic deposits) to understand the full range of microbial ecology
in CHSs. Some studies have analyzed microbial communities from
different available substrates (Glamoclija et al., 2004; Ellis et al., 2008;
Benson et al., 2011; Sharp et al., 2014; Wall et al., 2015; Medrano-
Santillana et al.,, 2017; Crognale et al., 2018; Marlow et al., 2020; Arif
etal., 2021); however, to the best of our knowledge, no CHSs study has
used as many different substrates from the same hydrothermal system
and correlated their environmental settings and metagenomes to
characterize microbial ecology. The lack of comparison among
different substrates (fumarolic deposits, water and mud from mud
pools) may derive from the fact that not all substrates are present at all
CHSs. In this study, we use metagenomes to investigate the microbial
ecology in different substrates (i.e., water, mud and fumarolic deposits)
from two CHSs in the context of their environmental geochemistry.
The objectives of this study were to: (1) assess the microbial diversity
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of different CHSs and a variety of available substrates (2) identify the
metabolic potential of these microbial communities in connection to
environmental geochemistry.

The study areas are Solfatara and Pisciarelli CHSs (Figure 1)
located within Campi Flegrei Caldera (CFC); an 8 km nested caldera
in Naples (Italy) formed by the Campania Ignimbrite (39ka) and
Neapolitan Yellow Tuff (15ka) eruptions (De Natale et al., 2016;
Rolandi et al.,, 2020a,b). Present-day activities at CFC are characterized
by large-scale hydrothermal circulation, gaseous emissions, and
intense ground deformation (Troise et al., 2019; Moretti et al., 2020;
Chiodini et al., 2021). According to Caliro et al. (2007), fumaroles and
mud pools at Solfatara and Pisciarelli are fed by fluids of mixed
magmatic-meteoritic origin. The Solfatara crater is 0.6 km in diameter
and maintains hydrothermal activity at fumaroles where gas emissions
reach temperatures from 145°C up to 165°C, while mud pools have
an average temperature of approximately 45°C (Glamoclija et al.,
2004; Chiodini et al., 2011). Furthermore, the Solfatara environment
is extremely acidic (mud pool: 1.9-2.1 pH and fumarolic deposits:
1.3-2.2 pH; Crognale et al., 2018). The second location, Pisciarelli, sits
on the outside northeastern wall of the Solfatara crater. Pisciarelli
holds an unstable fumarole field characterized by consistent deposit

FIGURE 1

Sampling points at Solfatara-Pisciarelli hydrothermal systems.

(A) Location map of Solfatara-Pisciarelli hydrothermal systems on
contoured map of Italy (red dot). (B) Oblique view of Solfatara and
Pisciarelli systems; red dashed lines represent faults; yellow dots are
sampling points (E and D stand for Solfatara mud pool and fumaroles,
respectively). (C) Sampling point of Solfatara fumarolic deposits (SF)
next to the main fumarole Bocca Grande. (D) Close-up view of
deposits to show heterogenicity of the material in regard to grain size
and mineralogy (note different colors of deposits). (E) Solfatara mud
pool (SMP) with bubbling water and warm muddy substrate near the
pool. (F) Overview of the Pisciarelli location with marked sampling
points. (G) Pisciarelli large pool (PLP) with bubbling hot mud

(temp. 84.1°C). (H) Pisciarelli fumarolic deposits (PF) with sulfur crystals
precipitate. (I) Pisciarelli small pool (PSP) sampling point. (J) Pisciarelli
epilithic microbial layer (PLP-E) observed and sampled on the wall near
the outflow channel of the large pool.
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degassing, fluid emission from ephemeral vents, and boiling mud
pools. This degassing activity is episodically accompanied by seismic
swarms and macroscopic morphology changes such as the appearance
of vigorously degassing vents, collapsing landslides, and bubbling
mud (Fedele et al., 2021). Fumarolic deposits and mud pools at
Pisciarelli are also very acidic (pH: 0.5-3) and temperatures of
fumaroles ranges from 95°C to 110°C, while mud pools have
temperatures between 84°C and 95°C (Ciniglia, 2005; Troiano et al.,
2014; Poichi et al., 2019). In Solfatara-Pisciarelli CHSs, the major
gases in fumarole vents are H,O and CO, while the minor gases
include H,S, N,, H,, CH,, He, Ar, and CO (Chiodini et al., 2010;
Aiuppa et al., 2013). In both systems, fumaroles have a similar content
of H,O, CO,, Ar, He, and N,, however, they differ in their
concentration of H,S, H,, and CO (Chiodini et al., 2001). Solfatara
and Pisciarelli also differ in their fluid geochemistry; fluid in mud
pools of Pisciarelli have been reported to have higher NH,
concentrations (508-1,026 mg L™") compared to Solfatara (<1 mgL™";
Martini et al., 1991; Valentino and Stanzione, 2003; Glamoclija et al.,
2004; Poichi et al., 2019) resulting in the precipitation of the minerals
mascagnite [(NH,),SO,] and tschermigite [(NH,)Al(SO,),-12(H,0)]
(Poichi et al., 2019). The geochemical diversity of substrates in
Solfatara-Pisciarelli CHSs provides an excellent location for
evaluating the composition, structure, and functional potential of
thermophilic microorganisms in different hydrothermal substrates
and locations.

Materials and methods

To investigate the near-surface microbial community composition,
structure and function at two CHSs, water, mud, and fumarolic deposits
samples were collected from Solfatara and Pisciarelli (Figures 1A,B), in
October 2012 (Supplementary Method). All samples were collected in
triplicates, aseptically, using sterile Falcon tubes, Nalgene bottles, scoops,
and gloves. After the collection, the samples were stored at —20°C until
further processing; samples for long term storage were stored at
—80°C. Temperature, pH, and redox potential (Eh) were measured in
situ using a portable probe (Table 1). Gas readings were taken from the
continuous Istituto Nazionale di Geofisica e Volcanologia (INGV) gas
monitoring station at Solfatara and Pisciarelli (Table 1).

10.3389/fmicb.2023.1066406

Geochemical characterization

About 1g of solid sample (fumarolic deposits and mud) was added
to 20 ml of MilliQ water and extracted as described in Lezcano et al.
(2019). The concentration of water-soluble anions (F~, Cl-, NO,, Br~,
NO;~, PO,*7, and SO,*) in extracts and water samples was measured in
triplicate using an 881 compact IC pro ion chromatography system
(Metrohm, Switzerland) with a Metrosep A Supp 5-250/4.0 column. The
concentration of NH," in extracts and water samples was measured
using the alkaline hypochlorite/phenol nitroprusside method, after
adding sodium citrate to prevent the precipitation of calcium and
magnesium salts (Solorzano, 1969). Before measuring concentrations of
NH," in water samples, samples were diluted 10-fold. Ammonium
sulfate (NH,),SO, solutions (0, 660, 1,320, 3,300, 6,600, and 13,200 ppm)
were prepared and used as standard. The absorbance of each sample was
measured in triplicate using an Evolution 60S UV-Vis Spectrophotometer
at 640 nm wavelength.

X-ray fluorescence (XRF) was used to examine the chemical
composition of mud and fumarolic deposits samples. Samples were
analyzed in triplicate using a Horiba XGT-1000WR X-ray Fluorescence
with an Rh tube X-ray source and elemental wt.% was determined using
the XGT-1000WR software’s quantification (Supplementary Method).

Stable isotopic analysis of carbon, nitrogen,
and sulfur

Carbon, nitrogen, and sulfur stable isotope and elemental
concentration analyses were performed at the Earth and Planets
Laboratory, Carnegie Institution for Science. For organic carbon
(TOC), and organic 8" °C measurements, samples were weighed into
silver boats and fumed with 12 N HCI for 12-14h. 8”C and 8"°N
isotopes were measured using a Thermo Scientific Delta VPlus isotope
ratio gas-source mass spectrometer connected to a Carlo Erba (NA
2500) elemental analyzer (EA/IRMS) via a Conflo III interface. 8*'S
was analyzed by the same gas-source mass spectrometer but connected
to an Elementar Americas vario Micro CUBE elemental analyzer
(EA-IRMS) via a Conflo III interface. Stable isotope values are
reported in standard delta notation as %o variations relative to: Pee
Dee Belemnite (PDB) for 8"°C, atmospheric N, gas (AIR) for 8°N,

TABLE 1 Field measurements for water (W), mud (M), mud outlet (MO), epilith from dry mud wall (E), and fumarolic deposits (D) samples collected from
Solfatara-Pisciarelli hydrothermal systems.

Location Sample T (°C) pH Eh CO, CH, He H, N, Ar H.S
(%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Pisciarelli PLP 84.1 2.5 —485
PLP-MO 78.9 25 —486
PLP-E 74 - —501 98.43 259 9 870.28 7,686 110 4,496
PSP 88.8 15 —628
PSP-M 94.6 2 —622
PE-D 933 15 —622
Solfatara SMP-W 42.5 1 330
SMP-M 68.8 1 330 24.1 13 235 490 469 0.39 1,250
SE-D 88.7 1 198

The gas readings were taken close to the fumarolic emission sites; at Solfatara, the gas monitoring station was near our sampling site for SF-S, and at Pisciarelli, near sampling site for PF-S2.
Pisciarelli large pool (PLP), Pisciarelli small pool (PSP), Pisciarelli fumarole (PF), Solfatara mud pool (SMP), and Solfatara fumarole (SF).
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Vienna Canyon Diablo Troctolite (V-CDT) for 'S, and with an
analytical error of £0.1%o. In-house §"°C and 8"°N standards were also
used and calibrated against international and certified standards as
well. Additional &S standards include the International Atomic
Energy Agency reference materials IAEA-S-1 (8*S=—0.3%o), and
IAEA S3 (8*S=-32.3%0), as well as NBS-123 (8*S=—17.09%o),
NBS-127 (6*S=—-21.17%o), and USGS-42 (8**S=—7.84%o). A subset
of the samples was analyzed in 2021 at the EDGE Stable Isotope
Laboratory at the University of California Riverside to confirm the
very negative nitrogen isotope values in some of these samples.
USGS25 (8N =—30.41%0) and USGS40 (8"°N =—4.52%0) were used
as two of our calibrating standards and confirmed the values measured
earlier at the Earth and Planets Laboratory.

DNA extraction, metagenomic sequencing
and sequence processing

About 0.25g of mud and fumarolic deposits was used for DNA
extraction. Before DNA extraction, fumarolic deposits were powdered
using a sterilized agate mortar and pestle. Water samples were filtered in
the laboratory using a 0.2 pm VWR black polycarbonate filter. Filters
were cut into small pieces with a sterile scalpel and used for DNA
extraction. DNA was extracted using DNeasy PowerSoil kit (Qiagen
Inc., Valencia, CA, United States) with modifications to the
manufacturer’s instructions (Supplementary Method) and were stored
at —80°C until further processing. Sequencing libraries were prepared
using the Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences Inc.,
Ann Arbor, MI, United States) according to the manufacturer’s
protocols. The prepared library was sequenced on the Illumina Novaseq
platform at the Oklahoma Medical Research Foundation. Metagenome
sequence quality was assessed using FastQC v0.11.5" and reads with a
mean quality score less than 25 were discarded. Sequences were quality
trimmed and Illumina sequencing adapters removed using
Trimmomatic v0.36 (Bolger et al., 2014) with the following parameters:
SLIDINGWINDOW:4:15, LEADING:3, TRAILING:3, and MINLEN:36.
After quality control, taxonomic annotation of metagenomes was
performed using Kaiju v1.8.2 (Menzel et al., 2016) against the NCBI
nr+euk database (accessed on February 16, 2022) with the following
parameters (run mode: greedy, minimum match length: 11, minimum
match score: 75, allowed mismatches: 5). To compare the effects of
taxonomic profiling using metagenome vs. 16S rRNA gene sequences,
the trimmed metagenome sequences were uploaded to the MG-RAST
online server (Meyer et al., 2008) and then passed through the
MG-RAST QC pipeline. Following the quality control on MG-RAST,
16S rRNA gene sequences present in the metagenome (metagenome-
derived 16S rRNA gene sequences) were identified and taxonomy
assigned. Taxonomic classification of the metagenome-derived 16S
rRNA gene sequences was done using the Greengenes rRNA database
(DeSantis et al., 2006) hosted in MG-RAST with a minimum cut-off
identity of 60% and e-value of 5. Since contamination leads to an
overestimation of diversity, especially in low biomass samples like that
of Solfatara and Pisciarelli (Karstens et al., 2019), after assigning
taxonomy, we removed molecular biology kit and laboratory
contaminants (which hereinafter are referred to as “kitome”), low
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abundance taxa (<0.01%) and sequences that were unclassified at the
domain level from the taxonomy table before performing downstream
analyses (Supplementary Method).

Co-assembly, metagenomic binning, and
MAG quality assessment

Bins were generated from 10 Solfatara and 17 Pisciarelli
metagenomes. To maximize genome recovery, we co-assembled several
samples based on their taxonomic composition. All 10 Solfatara
metagenomes were co-assembled and all 17 Pisciarelli metagenomes
were co-assembled using MEGAHIT v1.2.9 (Li et al., 2015). Contigs
longer than 1,000 bp were then binned using the metaWRAP binning
module (Uritskiy et al, 2018) which incorporates three binning
methods: CONCOCT v1.1.0 (Alneberg et al., 2014), MaxBin2 v2.2.6
(Wu et al., 2016), and metaBAT2 v2.12.1 (Kang et al., 2019). The
metaWRAP refinement module (Uritskiy et al., 2018) was used to merge
results from the three binning methods using the -¢ 50 and -x 10 options
to obtain bins with over 50% completeness and less than 10%
contamination according to the CheckM tool v1.0.12 (Parks et al., 2015).
Bins with >50% completeness and <10% contamination were then
reassembled with SPAdes v3.13.0 (Bankevich et al., 2012) to improve the
assembly quality. The contamination and completeness of resulting
Metagenome Assembled Genomes (MAGs) were reassessed with
CheckM (Parks et al., 2015).

Taxonomic and functional annotation of
MAGs

Taxonomy was assigned to MAGs using GTDB-TK v1.7.0
(Chaumeil et al., 2020). To assess whether MAGs belong to the same
species (species ANI>95%), average nucleotide identity (ANI) was
calculated for each possible pair of MAGs using FastANI v1.33 (Jain
et al,, 2018). MAGs with taxonomic assignment similar to previously
identified kitome (e.g., Corynebacterium and Staphylococcus; Sheik et al.,
2018; Weyrich et al., 2019) were not included in downstream analyses.
Functional annotation of MAGs, including gene prediction was done
using Prokka v1.14.5 (Seemann, 2014). Predicted genes were compared
against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database using BlastKOALA server (Kanehisa et al., 2016) to obtain
KEGG Orthology (KO) annotations.

Abundance of MAGs in metagenomes

To assess the abundance of recovered MAGs, quality trimmed
sequences from each metagenome were mapped against each MAG
using BBMap v38.96. Sequence counts were normalized as the number
of sequences recruited per kilobase of MAG and gigabase of metagenome
(RPKG). The normalized sequence counts allowed for direct comparison
of genome abundance between metagenome of different depths.

Statistical analyses

All statistical analyses were performed in R v4.0.2 (R Core Team,
2020). Principal Component Analysis (PCA) was performed with
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environmental parameters using the “prcomp” function in the stat
package with scaling enabled. PCA results were graphed using the
“ggbiplot” function from the ggbiplot v0.55 package. Before using the
geochemical data for statistical analyses, variables below detection limit
in all samples were excluded and the dataset transformed using z-score.
After removing kitome and all potential contaminants, we calculated
alpha diversity using the species abundance table obtained from
metagenome-derived 16S rRNA gene (Greengenes) and metagenome
(NCBI nr+euk) taxonomic assignment. Alpha diversity (Shannon,
observed richness and Pielou’s evenness) was calculated using the
“estimate_richness” function from the phyloseq v1.32.0 package in
R. Nonpareil v3.0 (Rodriguez-R et al., 2018) was then used to estimate
coverage and also calculate diversity with kmer kernel and default
parameters. Kruskal-Wallis test was used to investigate whether alpha
diversity varied significantly between locations and substrates. The
“Im()” function in R was used to perform linear regression to evaluate
potential effects of environmental variables on alpha diversity. Bray—
Curtis dissimilarity based on genus and species abundance was used to
determine differences in microbial community composition. The Bray-
Curtis distance calculated was visualized using a Non-metric
Multidimensional Scaling (NMDS) plot. Analysis of Similarity
(ANOSIM) was performed on the Bray—Curtis dissimilarity matrix
using the vegan v2.5-6 package to evaluate the significance of microbial
compositional differences between the two locations and different types
of substrates. Similarity Percentage (SIMPER) analysis was performed
using the vegan v2.5-6 package to identify genera that contributed to
the dissimilarity between two locations and different types of substrates.
Mantel test using Spearman’s correlation coefficient with 999
permutations was performed to evaluate the significance of correlation
between community composition (Bray-Curtis dissimilarity) and
environmental parameters (Euclidean distance).

Results and discussion

Geochemical context of Solfatara-Pisciarelli
hydrothermal systems

At Solfatara-Pisciarelli CHSs (Figure 1), the crater structure that
forms the rock substrate (alkaline potassic tephra and lava ranging from
trachybasalt to phonotrachyte) for both locations was produced and
shaped by the same volcanic events (Piochi et al., 2015). Solid substrates
from both locations have similar bulk elemental composition
[Supplementary Figure 1; Supplementary Table 1 and Piochi et al.
(2014), Piochi et al. (2015)]. In addition, the same magma chamber
provides a heat source for the fumaroles and mud pools (Chiodini et al.,
2001; Valentino and Stanzione, 2003) of both systems. However, tectonic
features diverge the fluids that feed Pisciarelli mud pools to pass through
old marine sediments with strong organic imprints where the fluids
become enriched in NH,* (Poichi et al., 2019).

PCA based on temperature, pH, Eh, and water-soluble nutrients
showed further distinction between Solfatara and Pisciarelli (Figure 2;
Supplementary Table 2). Pisciarelli an extremely acidic (pH: 1.5-2.5)
and reducing (Eh: —628 to —485) environment has higher temperatures
(74°C to 95°C) and gas concentrations including H,S and CH, (Table 1)
compared to Solfatara (pH: ~1; temperature: 42°C to 88.7°C; Eh: 198
and 330mV), making Pisciarelli a more active and extreme
hydrothermal environment than Solfatara. These higher temperatures,
which inhibit the solubility of oxygen (Boyer et al., 2020), together with
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FIGURE 2

Biplot based on Principal Component Analysis (PCA) using
temperature, pH, Eh, water-soluble anions and cations. Variables that
had values below detection limit in most samples (F~, Cl-, and PO,*")
were excluded from PCA.

higher concentrations of reducing gases may contribute to the more
reducing conditions we observed at Pisciarelli. The H,S gas released in
CHSs may be oxidized abiotically by oxygenated meteoritic waters
(Nordstrom et al., 2005, 2009) or biotically by chemosynthetic
microorganisms leading to the higher concentration of SO,
we observed in mud pools (Pisciarelli: 3,326-6,208 ppm; Solfatara:
206-2,888ppm) compared to fumarolic deposits (Pisciarelli:
118-439 ppm; Solfatara: 567-610 ppm). The concentrations of SO,*~ in
Pisciarelli mud pools were two times that of Solfatara mud pool
possibly due to the higher concentration of H,S gas measured at
Pisciarelli. The concentration of NH," was also higher in mud pools,
particularly in Pisciarelli mud pools (Pisciarelli: 1,130-1,998 ppm;
Solfatara: 1.1-36 ppm) than in fumarolic deposits (Pisciarelli: 0.8 to
38 ppmy; Solfatara: 0.3 ppm) which corresponds with other studies that
report higher concentrations of NH," in Pisciarelli mud pools (Martini
et al., 1991; Valentino and Stanzione, 2003; Glamoclija et al., 2004;
Poichi et al., 2019). Temperature and geochemical measurements from
Pisciarelli large mud pool revealed an environmental gradient; values
were lower at the discharge channel (temperature: 79°C; SO, 134.4-
193.6 ppm; NH,": 46.5-67.8 ppm) compared to the main bubbling pool
(temperature: 84°C; SO,*™: 3326-6,208 ppm; NH,*: 1,130-1,998 ppm).
The low concentrations of SO,>~ and NH," along the discharge channel
may result from the removal of H,S and NH," possibly due to oxidation
and volatilization as fluid flows into the channel.

Discrepancies between
metagenome-derived 16S rRNA gene and
metagenomic profiles

In this study, a total of 7 Solfatara and 10 Pisciarelli samples were
analyzed. Solfatara samples had between 54,932,932 to 210,855,916
(average=126,261,781) quality filtered metagenome sequences
had between 119,199,732 to 230,316,988
(average=179,177,105) quality filtered metagenome sequences.

whereas Pisciarelli

We compared taxonomic profiles generated from metagenome against

metagenome-derived 16S rRNA gene sequences and observed that
metagenome sequences identified more taxa than metagenome-derived
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16S rRNA gene sequences, which corresponds to other studies that
detected an increased number of taxa with whole genome shotgun
sequencing compared to the 16S amplicon method (Ranjan et al., 2016;
Brumfield et al., 2020). For example, Ranjan et al. (2016) reported that
with the same number of sequences, whole genome shotgun sequencing
identified twice as many species as the 16S method. We observed that
metagenome sequences identified 56 phyla while metagenome-derived
16S rRNA gene sequences identified 26 phyla. Only 3 out of the 26 phyla
detected by metagenome-derived 16S rRNA gene profiling were not
detected by metagenomic profiling. Metagenomic profiling, on the other
hand, identified 35 phyla not identified by metagenome-derived 16S
rRNA gene profiling with 12 of them being viral and eukaryotic phyla.
Overall, the dominant bacterial and archaeal phyla detected were similar
irrespective of profiling method. Predominant bacterial and archaeal
phyla detected by both profiling methods include Crenarchaeota,
Proteobacteria, Firmicutes, and Actinobacteria (Figures 3A,B). At the
genus level, metagenomic profiling also identified more genera than
metagenome-derived 16S rRNA gene profiling (Figures 4A,B). Of the
245 genera identified across all samples by metagenomic profiling
methods only 48 genera (20%) were identified with both profiling
methods. Metagenomic profiling identified 197 genera not identified by
metagenome-derived 16S rRNA gene profiling including Acidilobus,
Acidibacillus, Thermogymnomonas, Ampullavirus, and Bicaudavirus
while genera including Acetobacterium and Caldococcus were unique to
metagenome-derived 16S rRNA gene profiling. We observed that both
methods identified dominant genera including Acidianus, Pyrobaculum,
and Sulfobacillus.

Next, we analyzed the effect of both taxonomic profiling methods
on diversity (Shannon diversity, observed richness, Pielou’s evenness).
Before calculating the diversity, we identified and removed kitome

10.3389/fmicb.2023.1066406

(Supplementary Figure 3; Supplementary Tables 4, 5), low abundance
taxa and sequences that were unclassified at the domain level from the
taxonomy table to avoid an overestimation of diversity and a
misrepresentation of community composition (Karstens et al., 2019).
Our results showed that Shannon diversity and observed richness were
consistently higher when the taxonomy table from metagenomic
profiling was used as input compared to when we used the taxonomy
table from metagenome-derived 16S rRNA gene
(Figures 5A,B). Overall, our results reflect that the 16S amplicon

profiling

approach, which has been the most employed approach for studying
CHSs microbiome, identifies a significantly lower number of bacterial
species and completely excludes viruses and fungi which is similar to
reports from other studies (Ranjan et al., 2016; Brumfield et al., 2020).
Although metagenome sequencing permits the identification of more
taxa, the choice between 16S rRNA gene and metagenome sequencing
ultimately depends on the ecological questions and objectives of any
given study. Since metagenome sequences encompass all members of
the microbiome and provide high-resolution diversity analysis, which
agrees with our objective to understand the full range of microbial
ecology in available substrates from Solfatara-Pisciarelli CHSs, the
further analyses and results hereinafter are based on the taxonomy table
generated from metagenomic profiling.

Microbial diversity of Solfatara-Pisciarelli
hydrothermal systems

Shannon diversity in Solfatara-Pisciarelli CHSs ranged from 1.20 to
4.26 (Figure 5B; Supplementary Table 8). We observed significant
variations in Shannon diversity (Kruskal-Wallis: p<0.05) between

Relative abundance of phyla based on (A) metagenome-derived 16S rRNA gene and (B) metagenomic profiling. Relative abundance was calculated after
removing sequences that were unclassified at the domain level, kitome, singleton, species present in only one sample and low abundance species. Phyla
with average abundance of <1% were grouped into Others <1%. W represents water, M for mud, MO for mud outlet, E for epilithic microbial layer from dry
mud, and D for fumarolic deposits samples. Samples labeled a and b are replicates sampled from the same spot. Sample SMP-M_al and SMP-M_al.2 are

A 16 rRNA
Relative Abundance
0% 20% 40% 60% 80% 100%
PLP-W
PLP-M_a :
_  PLP-M_b
" PLP-MO_o
RZ] PLP-E
& psp-w_a
PSP-W_b
PSP-M |
———__PED
s SMPW_a
5 SMP-W_b
& SMP-M_al
3 SMP-M_a1.2
SMP-M_b
SF-D_a
SF-D_b
= Crenarchaeota ® Acidobacteria
= Proteobacteria = Chloroflexi
B Firmicutes “ Tenericutes
“ Actinobacteria ® Euryarchaeota
Bacteroidetes B Others<1%
Cyanobacteria = Unclassified
“ Planctomycetes
FIGURE 3
sequencing replicates.

Metagenome
Relative Abundance

0% 20% 40% 60% 80%  100%

Solfatara

" Crenarchaeota
B Proteobacteria
® Firmicutes
Actinobacteria
= Mucoromycota
Bacteroidetes
= Ascomycota
Cyanobacteria

“ Planctomycetes

® Acidobacteria

= Uroviricota

® Candidatus Thermoplasmatota
= Euryarchaeota

® Others<1%

© Unclassified

Frontiers in Microbiology

96

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1066406
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ugwuanyi et al.

10.3389/fmicb.2023.1066406

A B
16S rRNA Metagenome
Relative Abundance Relative Abundance
0% 20% 40% 60% 80%  100% 0% 20% 40% 60% 80%  100%
PLP-W | T PLP-W
PLP-M_a! — PLP-M_a
_ PLP-M_b! [— | PLP-M_b
T PLP-MO_a| e = PLP-MO_a
S PLP-MO_b| I e £ pLe-Mo_b
2 PLP-E [ I PLP-E
8 psp-w_al PN e PSP-W_a
PSP-W_b| | I PSP-W_b
PSP-M [ I o S PSP-M 1
______ PF-D I PF-D T T e —
o SMP-W _a SMP-W_a
5 SMP-W bl:__m SMP-W_b
& SvP-M_al I N - SMIP-M_al
S sMP-M_al.2 I e — mSMPM _al.2
SMP-M_b | T o SMP-M_b
SF-D_o I N SF-D_a
SF-D_b SF-D_b
= Acidianus B Paraprevotella = Acidianus Actinomadura ® Clostridioides
" Pyrobaculum ¥ Peptostreptococcus ® Ampullavirus ® Sulfolobus Nostoc
¥ Sulfobacillus ™ Prochlorococcus Bicaudavirus Saccharolobus = Metallosphaera
= Sulfolobus Heliobacterium = Pyrobaculum = Terasakiella = Sulfuracidifex
Acidithiobacillus ® Others< 1% Betalipothrixvirus = Rudivirus " Others<1%
" Metallosphaera ® Unclassified ® Sulfobacillus ® Deltalipothrixvirus m Unclassified
Rhizopus Acidithiobacillus
® Acidibacillus = Pahexavirus
FIGURE 4
Relative abundance of genera based on (A) metagenome-derived 16S rRNA gene and (B) metagenomic profiling. Relative abundance was calculated after
removing sequences that were unclassified at the domain level, kitome, singleton, species present in only one sample and low abundance species. Genera
with average abundance of <1% were grouped into Others <1%. W represents water, M for mud, MO for mud outlet, E for epilithic microbial layer from dry
mud, and D for fumarolic deposits samples. Samples labeled a and b are replicates sampled from the same spot. Sample SMP-M_al and SMP-M_al.2 are
sequencing replicates.

Solfatara and Pisciarelli which were supported by Nonpareil diversity
values (Supplementary Figure 4; Supplementary Table 8); on average,
Shannon diversity was lower at Pisciarelli (Shannon: 1.20-3.52) than at
Solfatara (Shannon: 3.55-4.26). Additionally, microbial communities
were more uneven (Kruskal-Wallis: p<0.05) at Pisciarelli (Pielou’s
evenness: 0.26-0.74) than at Solfatara (Pielou’s evenness: 0.67-0.84).
However, there was no significant difference in observed richness
between these locations (Solfatara: 114-201 species; Pisciarelli: 102-166
species; Kruskal-Wallis: p=0.24). The decreased Shannon diversity at
Pisciarelli may have resulted from the combined effects of reducing
conditions, extremely low pH, and high temperature. The addition of
highly reducing conditions at Pisciarelli to an already extreme
environment (high temperature and low pH) may cause further
selection against certain microbial groups by hindering their growth and
metabolism, thus leading to the lower Shannon diversity observed
(Kimbrough et al., 2006; Seo and DeLaune, 2010; Husson, 2013; Zhang
etal., 2015). Alpha diversity in substrates showed some variation (e.g.,
on average, mud and fumarolic deposits had higher Shannon diversity
than water, and richness showed less variability in water and mud);
however, these differences were not statistically significant (Kruskal-
Wallis, Shannon: p=0.97; Pielou’s evenness: p=0.83; observed genus
richness: p=0.09) even when substrates were analyzed separately for
each location which implies that species alpha diversity does not differ
across substrates in the Solfatara-Pisciarelli CHSs. This result contrast
with other studies comparing microbial diversity in water and solid
substrates from hot springs, which showed differences in richness
(Colman et al., 2016) and evenness (Cole et al., 2013) across substrates.

A comparison of diversity and physical parameters showed pH
(Shannon: R*=0.73; Nonpareil: R*=0.43, p<0.05) to be the primary
driver of microbial diversity which is consistent with several studies that
report pH as the major predictor of microbial diversity in some

Frontiers in Microbiology

hydrothermal systems (Oliverio et al., 2018; Power et al., 2018). Results
also showed that Eh had a significant correlation (Shannon: R*=0.62;
Nonpareil: R*=0.43, p<0.05) with diversity. Temperature on the other
hand had minimal effect on diversity (Shannon: R*=0.12, p=0.09;
Nonpareil: R*=0.02, p=0.25). This is in contrast to previous studies that
reported a strong relationship between temperature and microbial
2009; Sharp et al., 2014).
Comparably, minimal effect of temperature on alpha diversity has been

diversity in hot springs (Miller et al.,

reported for hot spring communities in Yellowstone, United States,
Fludir, Iceland and Tibetan Plateau, China (Wang et al., 2013; Podar
et al., 2020).

Microbial community composition of
Solfatara-Pisciarelli hydrothermal systems

After removing kitome and all potential contaminants, a total of 490
species (245 genera) were identified across all samples corresponding to
11 archaeal, 31 bacterial, 10 eukaryotic, and four viral phyla
(Supplementary Table 6). Our results showed that overall, 33% (133) of
the species detected were shared across the different types of substrates
but each substrate contained unique species among which water had the
least number of unique taxa and mud contained the highest (Figure 6B).
NMDS plot (Figure 7) generated based on Bray-Curtis dissimilarity
matrix revealed that the microbial community structure of Pisciarelli
was distinct from Solfatara (ANOSIM: R=0.63 for species; R=0.67 for
genus, p<0.05). On average, the most abundant phylum at Pisciarelli
was Crenarchaeota (46%) followed by Proteobacteria (5%) and
Actinobacteria (2%), whereas Solfatara was dominated by Firmicutes
(23%), Proteobacteria (21%), and Actinobacteria (12%; Figure 3B). In
addition, Pisciarelli substrates had a higher number of viral sequences
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Alpha diversity across locations and substrate types calculated using
species abundance from (A) metagenome-derived 16S rRNA gene and
(B) metagenomic profiling.
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Venn diagram showing the number of unique and shared species
between (A) two locations and (B) different types of substrates.

(4-49%) than Solfatara (1-4%; Supplementary Figure 2). Interestingly,
we detected Cyanobacteria (0.5 to 4%) especially at Solfatara even in
samples (SF-D_and SF-D_b) with a temperature (89°C) that exceeds the

Frontiers in Microbiology

= water = Pisciarelli
® mud = Solfatara
4 sediment
0.4
([
o 1 =
800 . ® o
z [y
= A
o
-0.4
A
-0.4 0.0 0.4
NMDS1
FIGURE 7
Nonmetric Dimensional Scaling (NMDS) ordination based on Bray—
Curtis dissimilarity matrix. Bray—Curtis dissimilarity was calculated using
species abundance from metagenomic profiling. The shapes define
substrate types (water, mud, and deposits) and the colors represent
locations (Pisciarelli and Solfatara).

known temperature limit for photosynthesis in acidic environments
(Brock, 1985; Cox et al., 2011; Hamilton et al., 2012). The Cyanobacteria
we detected may have been introduced into the hydrothermal system
from surrounding cooler environments (by wind or fluid circulations).
However, we cannot decipher with certainty if they were environmentally
introduced or if they are true members of the Solfatara-Pisciarelli
hydrothermal community. We observed that at the species level, both
locations shared 171 species (35%), however, there were over 100 species
unique to each location (Figure 6A). Species unique to Pisciarelli include
thermophiles such as Pyrolobus fumarii, Pyrobaculum aerophilum and
Metallosphaera sedula. Unique species identified at Solfatara include
Thermaerobacter sp. FW80, Methylacidiphilum kamchatkense and
Ilumatobacter coccineus.

Our results showed that the microbial community structure in the
high temperature environments (74-95°C) of Pisciarelli was different.
The source of Pisciarelli large mud pool (84°C) was dominated by
Acidianus (21-68%), Pyrobaculum (11-21%) and Bicaudavirus
(11-43%) but as temperature decreased away from the source (79°C),
we detected a decrease in the abundance of Acidianus (20-23%) and
Bicaudavirus (15-17%) but an increase in the abundance of Pyrobaculum
(30-43%) in the discharge channel. Water from Pisciarelli small mud
pool (89°C) was also dominated by Acidianus (48-59%), but
Pyrobaculum accounted for <1% of total sequences in this mud pool.
Interestingly, the viral genus, Ampullavirus accounted for over 80% of
sequences in Pisciarelli epilithic microbial layer (74°C) and for 26% of
sequences in both Pisciarelli fumarolic deposit (93°C) and mud from
Pisciarelli small mud pool (88°C). Most of the viruses detected in
Pisciarelli fumarolic deposits, epilithic microbial layer and mud from
the small mud pool were known archaeal viruses (e.g., Ampullavirus,
Bicaudavirus, and Betalipothrixvirus) even though archaea accounted
for <3% of the total sequences in these samples. This difference in
relative abundance between archaeal viruses and their known host
suggests that each archaeal species may host more than one virus type
or the archaeal viruses present in Solfatara-Pisciarelli CHSs may have a
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broader host range that includes bacteria or/and eukaryotes (Munson-
McGee et al., 2018). When substrates were compared at each location,
we observed that Pisciarelli substrates harbored significantly different
(ANOSIM species: R=0.64; genus: R=0.62, p<0.05) microbial
communities. SIMPER analysis showed that the sulfur-oxidizing
archaeal genus Acidianus was significantly (p <0.05) more abundant in
Pisciarelli water communities, the archaeal genus Pyrobaculum showed
a higher relative abundance in mud communities, and Ampullavirus
showed a higher relative abundance in fumarole deposits communities
(Supplementary Table 9; Figure 4B). Overall, Pisciarelli water and mud
communities were similar but distinct from communities in Pisciarelli
fumarolic deposits. The distinction between communities in the mud
pools and fumarolic deposits at Pisciarelli may be linked to fluids and/
or may reflect the availability of oxygen. Although the entire Pisciarelli
environment has high temperatures and is highly reducing, the vigorous
mixing of hydrothermal gas with air may create pockets of atmospheric
O, in pore spaces of fumarolic deposits which support aerobic
communities that may be absent or in low abundance in mud pools. In
contrast, high temperatures of mud pools inhibit the dissolution of
oxygen thereby creating microaerobic environments that may favor
thermophilic facultative and obligate anaerobes such as Acidianus and
Pyrobaculum. Furthermore, the presence of Pyrobaculum specifically
Pyrobaculum arsenaticum which is a strict anaerobe (Huber et al., 2000)
and members of the genus Sulfuracidifex who are all obligate aerobes in
Pisciarelli large pool may be an indication that conditions in this pool
fluctuate between microaerobic and completely anaerobic, possibly in
congruence with the intensity of hydrothermal activity.

At Solfatara, we observed variability in genus abundance across
samples even between replicates (Figure 4B). For example, Acidibacillus
accounted for 11% of sequences in SMP-M_al but was <1% in replicate
mud sample, SMP-M_b. The difference between replicates may derive
from the heterogeneous nature of Solfatara-Pisciarelli CHSs; however,
seeing that genus abundance also varied in our sequencing replicates
(SMP-M_al and SMP-M_al.2), the variability in genus abundance may
likely be bias introduced from sequencing. Results also showed that a
large percentage of Solfatara sequences (20-36%) were unclassified at
the genus level, suggesting a considerable amount of potentially novel
genera at this environment. Interestingly, at Solfatara, we detected
several genera that are not known thermophiles and not commonly
found at pH<2 (e.g., Rhizopus; 1.7-14%, Actinomadura; 1-9%,
Terasakiella; 0.7-5.6%, and Clostridioides; 0.3-2.5%; Wang et al., 2014;
Strazzulli et al., 2020). These genera were present in Solfatara water
(43°C), mud (69°C), and fumarolic deposits (89°C). Furthermore,
we detected these genera in most Pisciarelli samples but to a lesser
degree. These microorganisms may not be native to the hydrothermal
systems but likely introduced into the habitat from extensive human
activity around the crater. In addition, the fluids in mud pools are a
mixture of hydrothermal fluids and meteoric water which could deliver
genetic material from non-native microorganisms to the hydrothermal
systems. This possible introduction of non-native microorganisms into
CHSs may be a potential problem for microbial ecology studies since the
very nature of the CHSs makes it difficult to completely exclude all
environmental contaminants. In contrast to Solfatara water and
fumarolic deposits communities, Solfatara mud communities was
dominated by Sulfobacillus (10-34%) and Acidibacillus (4-20%).
However, unlike Pisciarelli, the differences across Solfatara substrates
were not significant (ANOSIM species: R=0.03, p=0.50; genus: R=0.03,
p=0.43) suggesting that variations in microbial community structure
across substrates is not a general phenomenon but is specific to
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hydrothermal systems and possibly linked to the physical and
geochemical conditions of individual systems (Wang et al., 2014). The
microbial community structure observed in our study is in contrast with
studies that investigated the microbial ecology of Solfatara-Pisciarelli
CHSs and identified Acidithiobacillus and Metallosphaera as the
dominant genus in Solfatara and Pisciarelli, respectively (Iacono et al.,
2020; Strazzulli et al., 2020). Furthermore, the dominance of archaea
which we observed in Pisciarelli mud pools is in contrast with a study
that reported a low archaea/bacteria ratio in high temperature waters
(>85°C) of Pisciarelli (Crognale et al., 2022). This contrast between our
study and other Solfatara-Pisciarelli studies is likely the consequence of
a microbial diversity that reflects differences in sampling year/periods
from active CHSs with variable geochemistry. Additionally, the
dissimilarity may be related to differences in sampling points (10 cm
depth vs. 1 cm depth), sample handling, DNA extraction protocol, bias
introduced by 16S rRNA gene primers or sequencing technology. An
assessment of the effects of environmental variables on microbial
community composition showed that pH and Eh (Mantel: p=0.53 and
p=0.47, respectively, p<0.05) had the strongest correlation to beta
diversity which is consistent with reports from other studies that pH and
redox potential shape microbial community composition (Alsop et al.,
2014; Power et al., 2018). The concentrations of NH,* and SO,*~ (Mantel:
p=0.38 and p=0.23, respectively, p<0.05) also had significant
correlations to beta diversity. However, temperature had no significant
(Mantel: p=0.1, p=0.14) effect on the microbial community
composition of Solfatara-Pisciarelli CHSs, which coincides with
temperature trends observed for alpha diversity.

Diversity, abundance and metabolic
potential of Solfatara-Pisciarelli MAGs

To identify the metabolic potential of members of the microbial
community and their connection to geochemistry, we generated MAGs.
After co-assembly and binning, a total of 22 MAGs (10 from Solfatara
and 12 from Pisciarelli) with >50% completeness and <10%
contamination were recovered. Out of the 22 MAGs recovered, 16 had
completeness >90% and contamination <5%. Taxonomic classification
revealed that MAGs belonged to three bacterial (Firmicutes,
Proteobacteria, and Aquificota) and 2 archaeal (Thermoproteota also
known as  Crenarchaeota and  Thermoplasmatota)  phyla
(Supplementary Tables 10, 11), with over 40% (9 out of 22) of
unclassified genomes at the genus level suggesting that our MAGs
represent novel genera. MAGs belonging to the phylum Thermoproteota
were most represented in Pisciarelli water and mud while Firmicutes
were more abundant in all Solfatara substrates and Pisciarelli fumarolic
deposits (Figure 8A), which is consistent with our results from
metagenome fragments. On average, the most abundant MAGs in
Pisciarelli water and mud belong to species of the Acidianus and
Pyrobaculum genera and an unknown species of the family Sulfolobaceae
whereas the most abundant MAGs in fumarolic deposits belong to 2
unknown species: one species of the Alicyclobacillaceae family and the
other species of the Alicyclobacillales order and a third species belonging
to the Acidianus genus (Supplementary Table 11). In contrast, the most
abundant MAG in all Solfatara samples belong to species of the
Acidianus genus. When MAGs were dereplicated based on FastANI of
>95% we found that only 2 species (Acidianus infernus; and an unknown
species of the Alicyclobacillaceae family) were shared between locations
further confirming that although an overlap exists between both
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FIGURE 8
Taxonomy and functional potential of Metagenome Assembled Genomes (MAGs) in Solfatara-Pisciarelli hydrothermal systems. (A) Normalized mean
(relative) abundance of sequences assigned to each MAG at the phylum/class level in each substrate. (B) Tile plot of selected marker genes (y-axis) present
in each MAG (x-axis). Green color represents presence of gene in MAG. MAGs on the x-axis are colored based on phylum/class. Each MAG is labeled either
by genus level assignment (g) or by the lowest taxonomic level assigned (f; family and o; order) to the MAG. (C) Sulfur cycle and (D) Nitrogen cycle. Phyla/
Class from the different locations participating in each process are indicated. Gene participating in each process are indicated in red text. Black arrows
denote processes that were not found in MAGs.

locations; they have different microbial community structures.
Since acidic hydrothermal environments are dominated by
chemolithoautotrophic communities that derive energy from inorganic
compounds, we analyzed MAGs for marker genes involved in carbon
fixation, sulfur, nitrogen, and methane metabolism.

Carbon Metabolism

Organic and inorganic carbon isotope (wt% and 8“C) values
(Figures 9A,C) were very similar indicating that carbon measured at
both locations is mostly organic and falls within the range typical for
microorganisms with varied carbon fixation pathways (Sharp, 2007;
Havig et al., 2011), which is also indicated by the functional potential of
our MAGs. Genes encoding the key enzymes for Calvin-Benson-
Bassham (CBB) cycle, ribulose-biphosphate carboxylase (rbc) and
phosphoribulokinase (prk) were found in Firmicutes MAGs
(Sulfobacillus and R501) as well as Gammaproteobacteria MAG
(Acidithiobacillus; Supplementary Table 12; Figure 8B) similar to what
has been reported in other studies (Caldwell et al., 2007; Cerqueira et al.,
2018). Owing to the abundance of Firmicutes in Pisciarelli fumarolic

Frontiers in Microbiology

100

deposits and Solfatara microbial communities, CBB may be the primary
mode of carbon fixation in these environments. The rbc gene was also
detected in an archaeal MAG (Desulfurococcus); however, in archaea,
this gene encodes enzymes reported to be involved in the reductive
hexulose-phosphate pathway (Kono et al., 2017). The marker gene
encoding 4-hydroxybutyryl-CoA dehydratase (abfD), an enzyme in
3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB) cycle, was
present in all MAGs of the Sulfolobaceae family (Acidianus,
Metallosphaera, Sulfuracidifex) which is consistent with the presence of
the 3-HP/4-HB cycle in the crenarchaeal order Sulfolobales (Berg et al.,
2010). Crenarchaeota especially the order Sulfolobales were abundant in
Pisciarelli water and mud; hence, 3-HP/4-HB cycle may be the primary
mode of carbon fixation in Pisciarelli mud pools. The abfD gene was also
detected in one Firmicutes MAG (unknown species of the
Sulfobacillaceae family) from Solfatara. The 3-HP/4-HB cycle to the best
of our knowledge has not been reported in Sulfobacillaceae and the
absence of other genes encoding enzymes involved in the 3-HP/4-HB
cycle implies that this cycle may be absent in this Sulfobacillaceae
MAG. One possible explanation is that the enzyme encoded by the abfD
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gene in this Sulfobacillaceae MAG may be involved in an alternative
metabolic pathway like has been reported for Clostridium (Scherf and
Buckel, 1993; Scherf et al., 1994). Another possible explanation is that
the Sulfobacillaceae MAG may have acquired the abfD gene via
horizontal gene transfer.

Genes encoding the key enzymes in Wood-Ljungdahl (WL) pathway
and 3-hydroxyprioponate (3-HP) bicycle were absent in all MAGs and
in the entire metagenome dataset, suggesting that both pathways may
not be important for carbon fixation at both locations. The marker gene
encoding ATP citrate lyase (aclAB), an enzyme involved in reductive
tricarboxylic acid (rTCA) cycle, was also absent in all MAGs. ATP
citrate lyase catalyzes citrate cleavage in rTCA cycle but in Aquificaceae,
this reaction is catalyzed by the combined action of citryl-CoA
synthetase (ccsAB) and citryl-CoA lyase (ccl) (Aoshima et al., 2004a,b)
which were found in our Aquificota MAG (UBA11096) from Pisciarelli
metagenome indicating potential for rTCA.

Potential for methanogenesis was absent in MAGs from both
locations. Although the gene encoding hydrogen disulfide reductase
(hdrABC) involved in methanogenesis was found in Firmicutes
(Sulfobacillus, R501, and unknown species of the Sulfobacillaceae
family),  Gammaproteobacteria  (Acidithiobacillus),  Aquificota
(UBA11096), and Thermoproteota (Metallosphaera) MAGs, the gene
encoding key enzyme, methyl-CoM reductase (mcr) in methanogenesis
was absent. Given the absence of mcr gene, the absence of genes
encoding other enzymes involved in methanogenesis especially in the
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Metallosphaera MAG that was 100% complete, and the absence of §"°C
values lower than —30%, it is likely that the hdrABC genes in these
MAGS are not used in methanogenesis but are most likely used in sulfur
metabolism (Mander et al., 2004; Wang et al., 2019). Potential for
methane oxidation (methanol dehydrogenase; mdhl and particulate
methane monooxygenase; pmo) was also absent in all MAGs.

Sulfur metabolism

Sulfur isotope values (8°'S) measured in deposits from both
locations (Figure 9D) are characteristic of sulfur with sedimentary
origin, but &*'S values (—0.83 to 2.62%o0) measured in water and mud
where oxidation of H,S is extensive, fall within the range for SO,*~
formed from sulfide oxidation (=2.5 to 2.4%o; Allard et al., 1991). In
acidic environments like Solfatara and Pisciarelli, abiotic oxidation of
H,S-rich gas produced from the disproportionation of volcanic SO, is
inhibited (D’ Imperio et al., 2008), thus providing a great habitat for
sulfur-oxidizing microorganisms that utilize H,S for energy generation.
The abundance in H,S is consistent with the presence of genes encoding
enzymes involved in the oxidation of a variety of reduced sulfur
compounds (H,S, S° or S,0,°") at both locations. Genes encoding the
enzyme, sulfide:quinone oxidoreductases (sqr) for H,S oxidation to
elemental sulfur (S°) were detected in all MAGs except one
Thermoproteota MAG (Desulfurococcus; Figures 8B,C). The presence of
sqr gene in most MAGs is indicative of the importance of H,S oxidation
to microbial communities at both locations. S° formed can be reduced
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to H,S by the enzyme molybdopterin sulfur reductase (sreABC) or
disproportionated to H,S, thiosulfate (S,0,°") and sulfite (SO;*") by
sulfur oxygenase reductase (SOR). The sreABC gene was found in
Thermoproteota MAG (Acidianus) while SOR gene was found in
Firmicutes (Sulfobacillus, R501, and Acidibacillus) Gammaproteobacteria
(Acidithiobacillus)  and
Sulfuracidifex) MAGs.
Thiosulfate (S,0,*") may not be available for microbial

Thermoproteota  (Acidianus  and

metabolism since it disproportionates to S° and SO;*~ at pH<4
(Nordstrom et al., 2004); however, microbial communities exhibited
potential to utilize S,0,’". Thiosulfate can be oxidized to SO,*~
(soxXYZABCD) which we detected
in  Gammaproteobacteria (Acidithiobacillus) and Aquificota
(UBA11096) MAGs. In both MAGs, soxCD was absent suggesting
that they oxidize S,05*" to S” instead of SO,*~ which is consistent
with studies that identified the sox cluster without soxCD in
Acidithiobacillus (Wang et al, 2019). Thiosulfate can also
be oxidized to tetrathionate (S,0s") by thiosulfate:quinol

via the Sox system

oxidoreductase (doxDA) or reduced to SO, by thiosulfate:cyanide
sulfur transferase (tst). The doxDA gene was found in all
Sulfolobaceae MAGs (Acidianus, Metallosphaera, Sulfuracidifex) and
in the Firmicutes (R501) MAG, while tst gene was found in 2
Thermoproteota (Pyrobaculum, Metallosphaera) MAGs and most
Firmicutes MAGs. H,S can be regenerated by reducing SO*~ via
dissimilatory sulfate reduction (DSR). Genes encoding enzymes
(dissimilatory sulfite reductase; dsrAB, adenylylsulfate reductase;
aprAB, and sulfate adenylyltransferase; sat) involved in DSR were
detected in one Thermoproteota (Pyrobaculum) MAG. The presence
of both genes encoding enzymes involved in sulfur oxidation and
reduction in some MAGs implies that microbial communities in
Solfatara-Pisciarelli systems may take advantage of the high energy
yield that results from coupling sulfur oxidation to sulfur reduction,
which has been previously observed in other microbial community
studies (Glamoclija et al., 2004; Crognale et al., 2022). Our results
are consistent with studies that found the abundance of organisms
capable of utilizing sulfur (Inskeep et al., 2013) and an enrichment
of genes (sqr, doxDA, and SOR) involved in metabolizing reduced
sulfur compounds in acidic hot springs (Colman et al., 2019a).

Nitrogen metabolism

Our results showed that nitrogen metabolism may not be an
important energy-yielding pathway for microbial communities even
in Pisciarelli mud pools where NH," was abundant (Figures 8B,D).
Exceptionally low 8'°N values were observed at both locations
(Figure 9B) and the lowest 8"°N values ever measured were found in
the Pisciarelli epilithic microbial layer. These extremely low 8N
values are difficult to explain in the context of metabolic potential
present in our MAGs or metagenome fragments. Low and negative
8N values are sometimes linked to microbial ammonia oxidation
and/or nitrogen fixation (Tozer et al., 2005; Havig et al., 2011).
Although Crognale et al. (2022) reported ammonia oxidation to
be the most likely metabolic pathway in Pisciarelli mud pools due
to its high energy yield, the absence of genes encoding enzymes
involved in ammonia oxidation (ammonia monooxygenase;
amoCAB and hydroxylamine dehydrogenase; hao) or nitrogen
fixation (nifD, nifK, and nifH) in our MAGs and metagenome
dataset indicates that microbial nitrogen metabolism cannot explain
the geochemistry we observed. Previously observed negative §"°N
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values (about —10%o) have been associated with the dissolution of
magmatic nitrogen in water at elevated temperatures and pressures
(Labidi et al., 2020). While it is very likely, the mechanism by which
magmatic nitrogen, high temperature and pressure would contribute
to the extremely low 8N values measured at Solfatara and
Pisciarelli is unclear.

Evidence of denitrification which has not been linked to low and
negative 8N values was found in five MAGs (Sulfobacillus, R501,
unknown species of the Alicyclobacillaceae family, Pyrobaculum, and
UBA11096). However, none of the MAGs carried all the genes encoding
enzymes for the complete denitrification pathway (nitrate reductase,
narGH or napA; nitrite reductase, nirK; nitric oxide reductase, norB;
nitrous oxide reductase, nosZ). The complete set of genes for
denitrification were also absent in metagenome fragments. One
Pisciarelli MAG (UBA11096) belonging to the family Aquificaceae,
carried most of the denitrification genes except nosZ which is consistent
with studies that found nitrous oxide (N,0) to be the end-product of
denitrification in members of Aquificaceae (Nakagawa et al., 2004).
Dissimilatory nitrate reduction to ammonia via nitrite reductases
(nirBD) was detected only in the Aquificaceae MAG from Pisciarelli.

Conclusion

Results from this study showed that Solfatara and Pisciarelli are
lithologically similar but geochemically distinct. At Pisciarelli,
we observed varying geochemistry among mud pools and fumarolic
deposits, which results from subsurface fluid-rock interactions, whereas
Solfatara substrates were geochemically similar. Shannon diversity was
significantly different between locations but showed no significant
difference across substrates. We found pH to be the most important
driver of alpha diversity and microbial community composition. NMDS
plot and ANOSIM showed that Solfatara’s microbial community
structure exhibited no significant difference across substrates which also
coincides with observed trends in geochemistry. In contrast, at Pisciarelli,
microbial community structure followed trends in fluid availability
rather than geochemical trends. Geochemically, water and mud from
Pisciarelli large mud pool and water from Pisciarelli small mud pool
clustered distinctly from fumarolic deposits, discharge channel mud and
mud from Pisciarelli small pool. However, based on microbial
communities, all water and mud samples clustered distinctly from
fumarolic deposits that were the driest substrates analyzed; results
showed that Pisciarelli fumarolic deposits were more similar to Solfatara
samples than samples from Pisciarelli mud pools. Overall, the genus
Acidianus dominated Pisciarelli water and Pyrobaculum was more
abundant in Pisciarelli mud. Interestingly, Pisciarelli fumarolic deposits,
epilithic microbial layer, and mud from small mud pool had a high
number of viral sequences. Solfatara and Pisciarelli had distinct microbial
communities; on average, Acidianus and Pyrobaculum dominated
Pisciarelli while Sulfobacillus and Acidibacillus were dominant at
Solfatara. Although microbial communities were distinct between the
two locations and between Pisciarelli substrates, MAGs indicated
functional redundancy. For example, the potential to reduce H,S to S°
was observed in almost all MAGs. Further, MAGs showed that microbial
communities inhabiting both locations took advantage of the major
volcanic gases (CO, and H,S) via carbon fixation and sulfur oxidation.
The 3HP/4-HB pathway found in most archaeal MAGs is most likely the
primary mode of carbon fixation in Pisciarelli mud pools dominated by
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(hyper)thermophilic archaea whereas CBB cycle is most likely the
primary carbon fixation pathway in all other environments where
bacteria was abundant. At both locations, sulfur cycling is represented
by oxidation of H,S-rich volcanic gas and other reduced sulfur
compounds. Comparative geochemical and metagenomic analyses
demonstrate that ecological differences across substrates are not a
widespread phenomenon but specific to the system. Therefore, this study
demonstrates the importance of analyzing different substrates of CHSs
to understand the full range of microbial ecology to avoid biased
ecological assessment.
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Thermophiles from extreme thermal environments have shown tremendous
potential regarding ecological and biotechnological applications. Nevertheless,
thermophilic cyanobacteria remain largely untapped and are rarely characterized.
Herein, a polyphasic approach was used to characterize a thermophilic strain,
PKUAC-SCTB231 (hereafter B231), isolated from a hot spring (pH 6.62, 55.5°C)
in Zhonggu village, China. The analyses of 16S rRNA phylogeny, secondary
structures of 16S-23S ITS and morphology strongly supported strain B231
as a novel genus within Trichocoleusaceae. Phylogenomic inference and
three genome-based indices further verified the genus delineation. Based
on the botanical code, the isolate is herein delineated as Trichothermofontia
sichuanensis gen. et sp. nov., a genus closely related to a validly described genus
Trichocoleus. In addition, our results suggest that Pinocchia currently classified
to belong to the family Leptolyngbyaceae may require revision and assignment
to the family Trichocoleusaceae. Furthermore, the complete genome of
Trichothermofontia B231 facilitated the elucidation of the genetic basis regarding
genes related to its carbon-concentrating mechanism (CCM). The strain belongs
to p-cyanobacteria according to its p-carboxysome shell protein and 1B form of
Ribulose bisphosphate Carboxylase-Oxygenase (RubisCO). Compared to other
thermophilic strains, strain B231contains a relatively low diversity of bicarbonate
transporters (only BicA for HCOs™ transport) but a higher abundance of different
types of carbonic anhydrase (CA), p-CA (ccaA) and y-CA (ccmM). The BCT1
transporter consistently possessed by freshwater cyanobacteria was absent in
strain B231. Similar situation was occasionally observed in freshwater thermal
Thermoleptolyngbya and Thermosynechococcus strains. Moreover, strain B231
shows a similar composition of carboxysome shell proteins (ccmK1-4, ccmL, -M,
-N, -O, and -P) to mesophilic cyanobacteria, the diversity of which was higher
than many thermophilic strains lacking at least one of the four ccmK genes.
The genomic distribution of CCM-related genes suggests that the expression
of some components is regulated as an operon and others in an independently
controlled satellite locus. The current study also offers fundamental information
for future taxogenomics, ecogenomics and geogenomic studies on distribution
and significance of thermophilic cyanobacteria in the global ecosystem.
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Introduction

Thermophilic cyanobacteria are widely distributed in hot spring
ecological niches (Miller et al., 2007; Alcorta et al., 2020). Moreover,
many studies have demonstrated the importance of thermophilic
cyanobacteria as primary photosynthetic producers of geothermal
ecosystems, accounting for a large part of those ecosystems’ biomass
and productivity (Esteves-Ferreira et al., 2018; Chen et al., 2021).
Besides, high-value-added products can be harvested from
thermophilic cyanobacteria and have been applied to numerous
industries, e.g., agricultural, pharmaceutical and nutraceutical (Patel
etal., 2019).

Isolation of thermophilic cyanobacteria from diverse ecosystems
is critical for multidisciplinary studies regarding their morphology,
genetics, physiology, biochemistry, and for providing potential strains
for biotechnology and industrial applications (Cordeiro et al., 2020).
It is, however, challenging to assign the taxonomy of thermophilic
cyanobacteria due to their simple morphology. As a result, the
diversity of thermophilic cyanobacterial genera might be severely
underestimated, and community efforts are being made to rectify it.
Synechococcus-like strains (Tang et al., 2022¢) and Leptolyngbya-like
strains (Mai et al., 2018; Yao et al., 2021) have undergone an extensive
reevaluation based on multi-locus sequence analysis and genomic
data, providing new insights into genetic diversity of the two genera.
Furthermore, polyphasic taxonomic classification approaches have
been widely utilized for cyanobacterial identification, particularly for
understudied or unresolved polyphyletic families/genera/species and
identification of novel families and genera (Raabova et al., 2019;
Shalygin et al., 2020). Consequently, these reassignments will better
taxonomically resolve cyanobacterial genera and families. Especially,
the increased number of genomic sequences will facilitate the
development of taxogenomics and complement the traditional 16S
rRNA-based taxa identification.

The aquatic environments where thermophilic cyanobacteria
live are characterized by low availability of CO,, primarily due to
external factors, e.g., temperature, pH and gas exchange (Durall and
Lindblad, 2015). Meanwhile, the availability of dissolved inorganic
carbon in form of carbonates is highly variable. Therefore, to
survive in the hostile aquatic habitat, the thermophilic
cyanobacteria utilize CO,-concentrating mechanisms (CCM) to
ensure that the Ribulose bisphosphate Carboxylase-Oxygenase
(RubisCO) with low affinity for CO, is surrounded by high CO,
levels and functions regardless of thermal stress (Galmés et al.,
2015, 2016). Therefore, investigating the molecular component at
the genomic level is a prerequisite for understanding the
thermophilic cyanobacterial CCM and its relationship with their
niches. In addition, under the current scenario of global warming,
the studies on the molecular components of cyanobacterial CCM
in relation to their specific habitats may shed light on the evolution
of hot spring genomes as an example of selective pressure in
warmer environments.

Frontiers in Microbiology

In our previous study, we isolated a Leptolyngbya-like strain, B231,
from a green microbial mat of a hot spring in Zhonggu village,
Sichuan, China, which can grow at 47°C and/or at the concentration
of 0.1 M NaHCO; (Tang et al., 2018a). Herein, thorough polyphasic
characterization for strain B231, including 16S rRNA phylogeny, the
secondary structure of 16S-23S ITS, and morphology description has
been achieved. According to the botanical code, a new genus name
Trichothermofontia sichuanensis gen. et sp. nov. has been proposed for
strain B231 as the first representative of the genus Trichothermofontia.
Moreover, based on our research interests, the molecular basis of
CCM has been investigated for strain B231 by computational
identification, and the CCM component has been further related to its
adaptation. The current study lays a foundation for future
taxogenomic, ecogenomic and geogenomic studies on the distribution
and significance of thermophilic cyanobacteria.

Materials and methods

Origins, cultivation, and basic physiological
assessment of Trichothermofontia
sichuanensis B231

The strain B231, capable of forming mats, used in the present
study was initially isolated from a hot spring around Zhonggu village
in Ganzi Prefecture of Sichuan Province, China. Sample collection was
done on 12 May 2016, with the humidity close to 71%. The ambient
temperature at the time of collection was 15°C, and the light intensity
was around 1,000 lux. The temperature of the hot spring, its pH, and
the concentration of total dissolved solids were 55.5°C, 6.62, and
492 mmol L7, respectively. Information about the sampling site and
preliminary taxonomic assignment of the strain was detailed in our
previous studies (Tang et al., 2018a,b). A unicyanobacterial culture of
B231, recovered from 10% DMSO stocks maintained at —80°C for
over 2 years, was used to establish experimental cultures as described
previously (Tang et al., 2018a). Briefly, the recovered strain was
cultivated at 45°C in 150 mL BG-11 medium in 500 mL Erlenmeyer
flasks agitated at 100 rpm under 161:8D photoperiod at 45 pmolm™s™"
provided by fluorescent tubes unless stated otherwise. The strain
initially denoted and maintained in Peking University Algae
Collection as PKUAC-SCTB231 has also been deposited in the
Freshwater Algae Culture Collection at the Institute of Hydrobiology
(FACHB-collection) with accession number FACHB-3573. The strain
was assessed for the capacity to utilize nitrite and nitrate using the
modifications of BG-11, essentially as described earlier (Liang et al.,
2019). Briefly, BG-11 medium without nitrogen was supplemented
with 0, 0.075,0.5, 1.5, 5, 5.7g L™ NaNO;; 1.218 gL' NaNO,. The effect
of bicarbonate has been tested in regular BG-11 medium
supplemented with 0, 0.1, 0.3, 0.5, 0.7, 1.0 M sodium bicarbonate. The
growth of the strain has been assessed qualitatively due to the
mat-forming character of the strain.
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Genome sequencing, assembly, and
annotation

Integrated sequencing strategies employing MGISEQ-2000 PE150
and Oxford Nanopore Technologies PromethION sequencing
platforms were applied for whole-genome sequencing of the strain
B231. The sequencing was performed by a commercial provider
BGI-TECH (Wuhan, China). The genomic DNA was isolated using
FastDNA™ SPIN Kit for Soil (MP Biomedicals, Irvine, CA,
United States), and its integrity verified with agarose electrophoresis.
After sequencing, a total of 806,280,450bp of short read data and
1,717,621,070 bp of the long read data of an average length of 14,717 bp
were used for the assembly of the genome yielding a single circular
chromosome and no plasmids. The assembly has been performed
from long-read data using Flye v2.7 (Kolmogorov et al., 2019) module
integrated into the commercial Geneious Prime 2022.2 package
(Kearse et al., 2012) and subsequently refined with short-read data
using Geneious mapper on default settings. The genome of strain B231
was annotated using a modified pipeline previously established by
Tang et al. (2019). Briefly, gene prediction and annotation were
automatically performed using the NCBI prokaryotic genome
annotation pipeline (O'Leary et al., 2016), and further using the RAST
annotation system (Brettin et al., 2015) to minimize poor calls. The
genome annotation of strain B231 was summarized in
Supplementary Table 1. The complete genome has been deposited in
GenBank under accession number CP110848.

Phylogenetic inference of 16S rRNA

The full-length 16S rRNA gene sequence of strain B231 was
extracted from its genome sequence. Additional 97 16S rRNA gene
sequences of cyanobacterial references were retrieved from NCBI
through BLASTN search. Muscle complemented in Mega7 (Kumar
etal., 2016) was employed to generate multiple sequence alignments,
and manual editing comprising trimming to the same length and
adjusting poorly aligned regions were carried out where necessary.
Sequences of the alignment were trimmed to the same length
(1,013 bp). The alignment of 16S rRNA gene sequences was subjected
to Bayesian Inference using MrBayes v3.2.7 (Ronquist et al., 2012).
The following parameters were applied: NST=6, Rates=equal,
MCMC Ngen =10,000,000. Default settings were used for all the other
parameters. The Bayesian analysis had a mean estimated sample size
(ESS) exceeding 4,700 for all parameters, far above the average of 200
typically accepted as sufficient by phylogeneticists (Drummond et al.,
2006). The final average standard deviation of split frequencies was
0.002624. The potential scale reduction factor (PSRF) value for all the
estimated parameters in the Bayesian analysis was 1.00, indicating that
convergence of the MCMC chains was statistically achieved (Gelman
and Rubin, 1992).

Analysis of 16S-23S ITS

The conserved domains of the 16S-23S ITS region: D1-D1’, D2,
D3, boxA, and D4; and its variable regions (V2, boxB, and V3) were
identified as previously described (Iteman et al., 2000). The tRNAs
presented in the spacer were identified by tRNAscan-SE v1.3.1 (Lowe
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and Eddy, 1997). The secondary structures of the identified fragments
were individually determined by Mfold web server (Zuker, 2003).
Except for using the structure, draw mode untangle with loop fix,
default conditions in Mfold were used in all cases.

Whole-genome comparisons

A genome dataset was compiled for whole-genome comparisons,
including genomes of strain B231 and 17 representative focus taxa
(one representative from the family Trichocoleusaceae, eight from the
family Oculatellaceae and nine from the family Leptolyngbyaceae as
references). The quality of each genome was assessed using CheckM
(Parks et al, 2015) to ensure a high-quality dataset with near
completeness (>95%) and low contamination (<5%). Moreover, the
corresponding protein sequences of each genome were downloaded
from the NCBI database.

Three indices useful for genus delineation were calculated to
summarize the similarity or distance between genomes. The whole
genome average nucleotide identity (ANI) and average amino acid
identity (AAI) between genomes were calculated using the ANI/AAI
calculator with default settings.' The percentages of conserved proteins
(POCP) between genomes were determined according to the method
described previously (Qin et al., 2014).

Phylogenomic reconstruction

The phylogenomic relationship between strain B231 and focal
taxa was elucidated by the concatenated protein sequences from 647
single-copy genes shared by all the genomes. The homologous gene
clusters identified by OrthoMCL (Li et al., 2003) were used to refine
single-copy genes shared by all the genomes, which were concatenated
employing a custom Perl script. Multisequence alignment was
performed using MAFFT v7.453 (Standley, 2013). The supergene
alignment was subjected to phylogenomic inference using IQ-TREE
v2.1.3 (Minh et al., 2020). A total of 546 protein models were used to
select the optimal substitution model for phylogenomic analysis using
ModelFinder implemented in IQ-TREE. Bootstrap tests (1,000
replicates) were carried out for the assessment of tree topologies using
UltraFast Bootstrap (Hoang et al., 2018).

Investigation on CCM in strain B231

Orthologous proteins involved in CCM of strain B231 were
identified as previously described (Tang et al., 2022d). Briefly, amino
acid sequences of 28 proteins involved in CCM of Synechocystis sp.
PCC 6803 were retrieved as a reference protein set. Orthologous genes
in strain B231 were identified with the bidirectional best hit (BBH)
criterion using BLASTP with the following thresholds: E-value cut-off
of 1E-6, >30% identity and 70% coverage, and manually curated.
Amino acid sequences of RubisCO large subunit (rbcL) were collected
for strain B231 and reference cyanobacteria to infer the protein

1 http://enve-omics.ce.gatech.edu/g-matrix/
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function and classification. Protein sequences of genes ccmK, -L, -M,
-N, -0, and -P encoding carboxysome shell proteins were also
collected for phylogenetic reconstruction. All the phylogenetic
analyses were performed using Maximum-Likelihood (ML) algorithm
as previously described (Tang et al., 2022¢).

Morphology investigation

All microscopic operations were performed essentially as
described by Tang et al. (2021). In short, strain B231 was inspected at
400x magnification using light microscopy (LM, DP72, OLYMPUS,
Japan), equipped with an image acquisition system (U-TV0.63XC,
OLYMPUS, Japan). Microscopic investigations were also conducted
using scanning electron microscopy (SEM; SU8100, HITACHI,
Japan), and using transmission electron microscopy (TEM; HT7800,
HITACH]I, Japan). Cell measurements have been performed on 100
representative cells selected from six independent micrographs and
presented as a range.

Taxonomic evaluation

The classification system in this study was applied according to
Komarek et al. (2014). Briefly, taxonomy assignment was determined
based on phylogenetic position of the corresponding entity, as well as
its morphological and ecological characters. The taxon description
follows the prescriptions of the Botanical Code, International Code of
Nomenclature for Algae, Fungi, and Plants (Shenzhen code; Turland
etal., 2018).

Results and discussion

General genomic characteristics of strain
B231

The complete genome of strain B231 has been achieved by
integrating Oxford Nanopore and DNBSEQ sequencing systems
yielding genome coverage of 387x and 181x, respectively. The B231
genome comprises a single circular chromosome with a size of
4,436,989 bp and a GC content of 53.9%. Bioinformatic annotation
indicates that two ribosomal RNA (rrn) operons, 45 tRNA genes
and 4,352 protein-coding sequences (CDS), were present in the
B231 genome (Supplementary Table 1). The two ribosomal RNA
operons differed in length by an 11bp insertion in the ITS region,
two single bp insertions in the 23S rRNA gene region and 2 bp
difference between the two variants of 16S rRNA gene, indicating
their 99.98% identity. None of the above-mentioned differences
fundamentally impacted the phylograms or predicted secondary
structures of the ITS region, as the 11 bp insertion was outside the
regions of interest. Approximately 48.2% of protein-coding genes
(2,098 out of 4,352) protein-coding genes were predicted to
be hypothetical proteins. It was not surprising to identify such a
high percentage of hypothetical protein in the B231 genome since
similar observations are typical in the genomes of other
thermophilic cyanobacteria (Cheng et al., 2020; Kono et al., 2022;
Tang et al., 2022a,b).
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Phylogeny reconstruction of 16S rRNA
gene

The Bayesian phylograms (Figure 1; Supplementary Figure 1)
inferred by 16S rRNA gene sequences categorize the cyanobacterial
strains into three well-defined families. Genera were also
taxonomically resolved within families with the support of high
posterior probabilities. The focal strain B231 is closely grouped with
five thermophilic strains isolated from various hot springs in Zhonggu
village (Table 1). Moreover, five other uncultured cyanobacteria were
also closely related to strain B231. These 11 strains formed a well-
supported clade distinct from the two described genera within the
family Trichocoleusaceae. This result suggests the phylogenetically
novel clade and a new genus within the family Trichocoleusaceae. In
fact, the family Trichocoleusaceae is a monophyletic family that has
been recently proposed by dividing the Leptolyngbyaceae into family-
level clades based on molecularly-supported data (Mai et al., 2018). To
date, the genus Trichocoleus (Miihlsteinova et al., 2014) was the only
described member of the family Trichocoleusaceae. The phylogram
generated in this study suggests the existence of two more genera in
this family. The genus Pinocchia (Dvorak et al., 2015) is still classified
within the family Leptolyngbyaceae, which contradicts the 16S-based
phylogeny obtained in this study. Therefore, we propose that the genus
Pinocchia should be reclassified into the family Trichocoleusaceae.

Furthermore, the helices within 16S rRNA have been studied.
Only helices 18, 23 and 27 were investigated as they were considered
the most informative for family distinction (Mai et al., 2018). As
shown in Table 2, one distinctive nucleotide was found in helix 18
between Trichocoleusaceae and Oculatellaceae/Leptolyngbyaceae.
Within helix 23, two types of distinctive nucleotides were present in
Trichocoleusaceae, both capable of differentiating them from
Oculatellaceae and Leptolyngbyaceae. However, the distinctive
nucleotides in helix 27 were shared among families. Taken together,
several nucleotide positions in different helices were considered
informative indicators of family-level classification. Again, these
results confirm the recognition of the novel clade and Pinocchia to join
Trichocoleus as members of the family Trichocoleusaceae.

Within the novel clade, all the strains show high 16S rRNA
sequence identities (97.6%-99.2%) to the strain B231 except for clone
Mat-CYANO-S19 (Table 1). Therefore, according to the recommended
threshold of 16S rRNA gene identity for bacterial species (98%-99%)
or genera (94.5%-95%) demarcation (Yarza et al., 2014), clone
Mat-CYANO-S19 can be proposed to be new species and the
remaining 10 strains to be another new species. Such delineation was
also supported by the 16S rRNA phylogeny (Figure 1). Besides, the
novel clade shows 92.8%-93.5% of 16S rRNA sequence identities to
Trichocoleus strains and 91.3%-92.9% to Pinocchia strains. This result
was consistent with the taxonomic delineation of this novel clade as a
new genus member within the family Trichocoleusaceae.

Intriguingly, the habitat niches were quite distinct among strains
from the novel clade (Table 1). The six strains isolated from China
were originally recovered from three separate freshwater hot springs
located at a high altitude (3,200 m; Tang et al., 2018a,b). The other five
strains, for which only their molecular signatures were available, also
mostly show thermal origin. Three were from marine hot springs in
Indonesia, one from a mesophilic microbial mat in the United States
and one from a hot spring sediment in Thailand. The distinct habitat
niches suggested that these strains might be classified into at least
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three ecotypes. The ecotype determination of uncultured bacterium
clone B1-1 appears impractical in light of the minimal ecological
information. In addition, the acclimation of these strains to diverse
habitats strongly suggests the underlying genetic diversity and a wide
distribution among representatives of this genus. Verifying this
speculation will be an interesting topic that could be explored using
phylogenomic and ecogenomic approaches providing that more
isolates and genome sequences are available. Unfortunately, the data
on uncultured strains were restricted to molecular signatures isolated
from environments, hindering further detailed comparisons (e.g.,
physiological, ecological and genomic studies) that would
require isolates.

Secondary structures of 165-23S ITS

In the present study, the phylogeny of 16S-23S ITS has not been
reconstructed mainly for two reasons. First, the 16S-23S ITS of
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important reference cyanobacteria, Pinocchia strains, only contained
conserved tRNA', while another conserved tRNA** was missing
(Dvorak et al., 2015). Second, the 16S-23S ITS of strain B231 lacks the
V2 region (Table 3); indicating significant operon heterogeneity in
these strains. Taken together, the current dataset of 16S-23S ITS
sequences was extraordinarily divergent and would most likely result
in a misleading taxonomic assignment (Johansen et al., 2011).
However, sequence comparisons of 16S-23S ITS were still performed
among representatives from the three families. Excluding two highly
conserved tRNAs from ITS sequences, the length of the remaining ITS
sequences tremendously varied from 230 to 535bp (Table 3). Such an
immense discrepancy was primarily attributed to the length
differences in D1-D1’ (51-141 bp), V2 (0-218bp), boxB (33-70bp),
and V3 (21-161bp). Within family Trichocoleusaceae, enormous
variations were also observed among genera (Table 3). As a result, the
nucleotide differences of these domains result in divergences of the
secondary structures among representative strains from family
Trichocoleusaceae (Supplementary Figure 2).
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TABLE 1 The sequence identities of 16S rRNA gene between strain B231 and other closely related strains.

Strain Sequence identity  Isolation source Temperature and pH References
with B231 (%)

Trichothermofontia sichuanensis 100 (1,501) Hot spring in Zhonggu 55.5°C, 6.62 Tang et al. (2018b)

B231 village, Ganzi Prefecture,

China, green microbial mat

Leptolyngbya sp. B131 99.2 (1,355) Hot spring in Zhonggu 53.1°C, 6.35 Tang et al. (2018b)
village, Ganzi Prefecture,
China, green microbial mat,

3m from B231 spring

Leptolyngbya sp. B121 98.8 (1,355) Hot spring in Zhonggu 53.1°C, 6.35 Tang et al. (2018b)
village, Ganzi Prefecture,
China, green microbial mat,

3m from B231 spring

Leptolyngbya sp. B124 98.8 (1,355) Hot spring in Zhonggu 53.1°C, 6.35 Tang et al. (2018b)
village, Ganzi Prefecture,
China, green microbial mat,

3m from B231 spring

Leptolyngbya sp. B412 98.8 (1,355) Hot spring in Zhonggu 85.0°C, 8.50 Tang et al. (2018b)
village, Ganzi Prefecture,
China, sediment from
cooler external part of the
spring, 500 m from B231

spring

Leptolyngbya sp. B123 98.7 (1,355) Hot spring in Zhonggu 53.1°C, 6.35 Tang et al. (2018b)
village, Ganzi Prefecture,
China, green microbial mat,

3m from B231 spring

Uncultured bacterium clone 98.0 (1,457) Marine hot spring, Kalianda NA NA
KSB127 Island, Indonesia
Uncultured Leptolyngbya sp. clone 97.9 (1,453) Marine hot spring, Kalianda NA NA
76 Island, Indonesia
Uncultured bacterium clone 97 97.8 (1,457) Marine hot spring, Kalianda NA NA

Island, Indonesia

Uncultured bacterium clone B1-1 97.6 (1,455) Sediment in Betong hot NA NA
spring, Yala province,
Thailand
Uncultured cyanobacterium clone 96.7 (1,416) Freshwater mesophilic NA NA
Mat-CYANO-S19 microbial mat, United States

The number in brackets indicates the pairwise alignment length. Strains are sorted by order of identity from high to low. NA, not available.

TABLE 2 Nucleotide comparisons of focal helices within 16S rRNA among families.

Family Helix 18 Helix 23 Helix 27
Trichocoleusaceae TGCCAGCAGCCGCGGTAAGA ATCGGGAAGAACACCAGTG GGGAGTACGCTCGCAAGAGTGAAACTC
ATCGGGAAGAACACCAGAG GGGAGTACGCACGCAAGTGTGAAACTC
(Pinocchia) (Pinocchia)
Oculatellaceae TGCCAGCAGCCGCGGTAATA ATTRGRAAGAACAYCGGTG GGGAGTACGCTCGCAAGAGTGAAACTC
Leptolyngbyaceae TGCCAGCAGCCGCGGTAATA ATTGGGAAGAACACCAGCG GGGAGTAYGCACGCAAGTGTGAAACTC

Nucleotides variable between families but consistent within families are in bold. TUPAC code letters are assigned for nucleotides that vary within the consensus sequences.

The inferred D1-D1” helix of strain B231 differs from the other =~ Both D1-D1” helices vary in the overall length and topology while
two inferred structures (Supplementary Figure 2A). The most similar ~ retaining the basal stem structures of five base pairs followed by a right
structure to D1-D1’ helix of strain B231 was that of T. desertorum.  asymmetrical loop.
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TABLE 3 The Length summary (bp) of corresponding regions within 16S-23S ITS of strain B231 and focal taxa.

Family Species ITS D1- D2 D3 boxA D4 V2 boxB V3
length D1 helix = helix helix
(tRNA helix
removed)
Trichocoleusaceae Trichothermofontia sichuanensis
269 63 12 5 12 7 0 70 75
B231
Trichocoleus desertorum ATA4-8-
244 62 12 5 12 7 19 37 63
CV12
Pinocchia polymorpha E10 372 119 12 5 12 7 10 46 162
Oculatellaceae Albertania skiophila SA373 320 64 12 5 12 7 46 47 22
Drouetiella hepatica Uher
281 64 12 5 12 7 21 34 50
2000/2452
Elainella saxicola E1 296 62 12 5 12 7 58 33 19
Kaiparowitsia implicata GSE-TBC-
394 142 12 5 12 7 9 36 121
09CA2
Komarkovaea angustata EY01-AM2 325 64 12 5 12 7 20 41 94
Oculatella sp. FACHB-28 265 64 12 5 12 7 17 34 52
Pegethrix bostrychoides GSE-TBD-
308 87 12 5 12 7 24 36 94
MK4-15B
Thermoleptolyngbya sichuanensis
ployngoy 535 64 12 5 12 7 218 48 74
A183
Tildeniella torsiva UHER1998/13D 262 66 12 5 12 7 7 49 92
Timaviella obliquedivisa GSE-PSE-
319 63 12 5 12 7 29 49 59
MK23-08B
Trichotorquatus coquimbo ATA2-1-
314 100 12 5 12 7 23 36 118
KO25A
Leptolyngbyaceae Alkalinema pantanalense CENA528 296 64 12 5 12 7 24 48 54
Chroakolemma pellucida 719 268 61 12 5 12 7 16 41 53
Kovacikia muscicola HA7619-LM3 345 63 12 5 12 7 90 41 95
clone 41A
Leptodesmis sichuanensis A121 325 63 12 5 12 7 81 33 98
Leptolyngbya boryanum PCC 73110 275 51 12 5 12 7 10 33 21
Leptothermofonsia sichuanensis 380 121 12 5 12 7 76 45 98
E412
Limnolyngbya circumcreta 388 98 12 5 12 7 83 63 76
CHAB5667
Myxacorys californica WJT24- 258 86 12 5 12 7 9 33 71
NPBGI12B
Neosynechococcus sphagnicola syl 230 63 12 5 12 7 11 39 95
Onodrimia javanensis 28 280 105 12 5 12 7 7 44 47
Phormidesmis priestleyi ANT.L52.4 329 113 12 5 12 7 12 56 77
Plectolyngbya hodgsonii ANT. 306 55 12 5 12 7 29 44 19
LPR2.2
Scytolyngbya timoleontis XSP2 276 64 12 5 12 7 14 40 94
Stenomitos rutilans HA7619-LM2 258 65 12 5 12 7 7 34 92

V2 helix was absent in the 16S-23S ITS of strain B231. A However, the V2 helices of the two strains differ in the stem length
similar structure of the V2 helix was shared by the other two  and residues of hairpins.
representative strains from the family Trichocoleusaceae, All three strains share a basal stem structure (AGCA-TGCT) in
comprising one stem and a hairpinloop (Supplementary Figure 2B).  boxB helices (Supplementary Figure 2C). Strain B231 shows a much
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longer residue length than the other two strains (Table 3), resulting in
a divergent boxB helix structure.

The V3 helix of strain B231 consists of an asymmetrical loop and
a 4-residue hairpin loop, and two stems (Supplementary Figure 2D).
The V3 helix of strain B231 was different from those of the other two
strains, while a basal stem structure (TGTC-GACA) was shared by all
the strains.

Conclusively, the phylogeny of 16S rRNA and the result of 16S-23S
ITS secondary structure analysis supports the delineation of strain
B231 as a novel genus within this family.

Genome comparisons

To our best knowledge, there are no genomic-level comparisons
within the family Trichocoleusaceae or between members of the family
Trichocoleusaceae and genera from other different families. Therefore,
it was crucial to elucidate a snapshot of genomic divergences between
Strain B231 and focal taxa. Herein, three indices of whole genome
comparisons between strain B231 and representative species from
Trichocoleusaceae, Oculatellaceae and Leptolyngbyaceae were presented
(Table 4).

Considerable divergences in genomes were observed between
strain B231 and the other 18 strains, as revealed by the ANI and AAI
values (Table 4). The ANI and AAI values were less than 82 and 63%,
respectively. This result conforms to the suggested values for genus
(ANI<83%, AAI<70%) delimitation (Walter et al., 2017; Jain and
Rodriguez, 2018). However, in some cases, misleading results might
be achieved for the classification of the prokaryotic genus using ANI
or AAI (Pannekoek et al., 2016). Therefore, the POCP specific for
genus delineation was also calculated between strain B231 and the
other focal taxa. The POCP values range from 38.78% to 49.23%
(Table 4), all within the threshold (<50%) for the definition of a
prokaryotic genus (Qin et al., 2014). Taken together, all the results
verify the genus demarcation of strain B231 as a novel genus within
the family Trichocoleusaceae. This conclusion was in accordance with
the results of molecular phylogeny (Figure 1).

Phylogenomic analysis

Analysis of homologous gene clusters generated 647 single-copy
genes shared by the genomes studied. The concatenated alignments of
these genes possess 216,534 aligned amino acid sites. Using the
optimal substitution model (LG +F +R5), the ML inference of the
supergene alignment provides a phylogeny with strong bootstrap
support for all branches (Figure 2), defining representative species
from each described genus. Within the Trichocoleusaceae clade, strain
B231 is quite divergent from the described genus Trichocoleus and
Neosynechococcus. Strain B231 is well-separated by the long branches
from other described genera in the family, suggesting the taxon as a
novel genus.

The phylogenomic topology was almost identical to that of the
16S rRNA gene (Figure 1). However, one exception was present in
the phylogram. The phylogenetic analysis of the 16S rRNA gene
suggests the clear affiliation of Neosynechococcus sphagnicola syl to
the family Leptolyngbyaceae (Figure 1; Dvorak et al., 2014), whereas
syl was located in a position within the genome-scale phylogram,
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TABLE 4 Indices values (%) of whole genome comparisons between
strain B231 and representative species from Trichocoleusaceae,
Oculatellaceae and Leptolyngbyaceae.

Family Species ANI AAI POCP
Trichocoleusaceae Trichocoleus 71.97 61.53 47.60
desertorum ATA4-8-
CV12
Oculatellaceae Drouetiella hepatica 72.67 59.85 45.22
Uher 20,002,452
Elainella saxicola E1 75.41 60.36 38.78
Kaiparowitsia 72.34 58.94 43.57
implicata GSE-PSE-
MK54-09C
Oculatella sp. 74.05 60.68 43.94
FACHB-28
Pegethrix 72.83 59.77 49.01
bostrychoides GSE-
TBD4-15B
Thermoleptolyngbya 76.44 61.43 49.19
sichuanensis A183
Tildeniella torsiva 73.45 57.84 45.65
UHER_199813D
Timaviella 71.25 59.96 49.57
obliquedivisa GSE-
PSE-MK23-08B
Leptolyngbyaceae Alkalinema sp. 74.39 58.51 49.21
FACHB-956
Leptodesmis 77.66 62.17 49.23
sichuanensis A121
Leptolyngbya boryana 78.97 58.92 44.76
dg5
Leptothermofonsia 81.51 62.07 46.79
sichuanensis E412
Myxacorys 74.17 59.78 49.23
almedinensis A
Neosynechococcus 75.85 59.72 44.28
sphagnicola syl
Pantanalinema sp. 74.03 61.23 48.76
GBBBO05
Phormidesmis 75.61 59.87 46.91
priestleyi BC1401
Stenomitos frigidus 7221 59.95 45.06
ULC18

forming a clade with two genera from family Trichocoleusaceae
(Figure 2). This position of the strain was consistent with the
phylogenomic results reported in previous studies (Tang et al,
2022a,b). Taken together, the discordant two trees suggest that
currently used approaches cannot determine whether the taxonomic
position of syl is accurate. The inconsistent phylogenies imply that
an extensive study of this organism encompassing phenotypical,
chemotaxonomical, physiological and genotypical studies should
be carried out.
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FIGURE 2
ML phylogenomic inference of concatenated protein alignment of 647 single-copy genes shared by all genomes. Strain no. in bold represent the strain
identified in this study. Bootstrap values are indicated at nodes. Scale bar=10% substitutions per site

Classification of CCM in strain B231

The aquatic environments where most thermophilic cyanobacteria
live usually suffer from low availability of CO,, primarily due to
external factors, e.g., temperature, pH and gas exchange. On the other
hand the availability of soluble carbonates is highly variable depending
on the geochemistry of the habitat. Therefore, it was crucial to
investigate the molecular component and organization of CCM of
thermophilic strains in relation to their habitats.

Phylogenetic analysis of the molecular marker, rbcL, was
frequently used to indicate the carboxysome type of cyanobacteria
(Klanchui et al., 2017). Herein, the ML phylogram of rbcL positions
strain B231 within the category of p-cyanobacteria (Figure 3),
indicating the presence of RubisCO 1B form in this thermophile. This
result was in accordance with a previous study that surveyed 17
thermophilic cyanobacteria and allocated them to the B-cyanobacteria
(Tang et al., 2022d). Nevertheless, strain B231 clusters with none of
these thermophilic cyanobacteria but is uniquely positioned among
mesophilic cyanobacteria (Figure 3), suggesting considerable genetic
diversity of rbcL amino acid sequences among these thermophiles.
Furthermore, the evolutionary relationship based on habitats or
morphology cannot be elucidated from the present rbcL phylogram,
suggesting that the phylogenetic inference of rbcL may be unsuitable
for elaborating the relationship between evolution and cyanobacterial
habitat and environments (Komérek, 2016).

Genes encoding Ci uptake systems in strain
B231

In general, the cyanobacterial CCM comprises two primary
components: Ci uptake systems and carboxysomes. Cyanobacteria
have been reported to have up to five different systems to actively
acquire and transport Ci into the cells. Two for the uptake of CO,
and three for the transport of HCO;™ (Pronina et al., 2017). Herein,
three different transport systems (Figure 4) have been identified in
strain B231, including two CO, uptake systems, NDH-1; and
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NDH-1, complex, and one HCO;™ transport system, BicA. Existence
of both CO, uptake systems in strain B231 aligns with the previous
studies indicating that these CO, transporters were present in
fB-cyanobacteria living in freshwater, brackish or eutrophic lakes
(Durall and Lindblad, 2015). This is in sharp contrast to oceanic
a-cyanobacteria (e.g., Prochlorococcus species) and marine
f-cyanobacteria (e.g., Trichodesmium species) that contain only one
or even lack them entirely (Pronina et al., 2017). Taken together, the
presence of NDH-1;, and NDH-1, might be relevant to the
environments where these cyanobacteria inhabit. Indeed, a low-CO,
inducible high-affinity CO, uptake system (NDH-1; complex) and
a constitutive low-affinity CO, uptake system (NDH-1, complex),
may allow the thermophilic cyanobacteria more alternative
strategies to survive in environments with significant CO,
fluctuation, particularly in hot springs. In addition, the protein
sequences of five genes (ndhD4, ndhF4, cupB, ndhD3, ndhF3)
encoding the two CO, uptake systems exhibit different identities
with the sequences of non-thermophilic reference cyanobacteria
(Synechocystis PCC 6803), ranging from 60.4 to 68.6%, but a high
degree of homology (84.4% identity)
NDH-1; complex.

Two homologs of BicA were present in strain B231 (Figure 4).

to cupA gene of

However, the protein sequences of the two homologs show distinct
identities to that of Synechocystis PCC 6803, namely 66.5% and 36.7%.
Such discrepancy in CDS of bicA genes in strain B231 requires future
studies to elucidate the possible evolutionary processes and functional
differences. In addition, the HCO;™ transport systems, sbt regulator
and BCT1, were not present in strain B231. The absence of sbt
regulator in strain B231 was consistent with the previous finding that
the thermophilic cyanobacteria typically have bicA rather than sbt as
suggested by their dominant presence. At the same time, a lack of
BCT1 was observed in several thermophilic cyanobacteria, e.g.,
Thermoleptolyngbya and Thermosynechococcus strains (Tang et al.,
2022d). Meanwhile, thermophiles without both sbt regulator and
BCT1 were rare (Tang et al., 2022d). This result suggests that the BicA
in strain B231 may be sufficient to manage the transport of dissolved
inorganic carbon in its habitat.
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Genes encoding carboxysomes in strain
B231

The cyanobacterial carboxysomes comprise protein shells and two
encapsulated enzymes, RubisCO and carbonic anhydrase (CA; Kerfeld
and Melnicki, 2016). For p-cyanobacteria, shell proteins are normally
encoded by ccemKLMNO operon and ccmP (Melnicki et al., 2021).
Strain B231 contains ccmKI-4 (Figure 4), a typical gene set in the
f-cyanobacterial genome (MacCready et al., 2020). It is known that
cemKI and ccmK2 are the main structural proteins of the carboxysome
shell and share high sequence conservation (Cai et al., 2016).
Phylogenetic analysis suggests that the two homologs of ccmK1/2 in
strain B231 form a separate cluster, and both group into the clade of
cemK2 (Figure 5A). Although 10 amino acid-long C-terminal
extension of ccmK1 can distinguish ccmKI and ccemK2 (Kerfeld et al.,
2005), the remaining part of ccrnK1/2 protein sequences share a
similarity as high as 92.2%, leading to their assembly into one cluster.
The structural and functional specificity of the two ccmK genes
requires future careful investigation. The ccmK3 and ccmK4 of strain
B231 were relatively divergent from other cyanobacteria, as suggested
by long branches and substitution rates (Figures 5B,C). The ccmK3
and ccmK4 of strain B231 show a moderate degree of homology to that
of Synechocystis PCC 6803, 61.5% and 74.5%, respectively. The ccmK3/
K4 present in the strain B231 may function as adjusting the properties
of carboxysome for rapid adaptation to environmental changes in
thermal regions through, e.g., expanding the range of permeability
properties of metabolite channels in carboxysome shells (Sommer
etal., 2019).

Apart from ccmK, other genes encoding carboxysome shell
proteins, ccmL, -M, -N, -0, and -P, were also present in strain B231
(Figure 4). Only ccemM and ccmN show weak homologs (46.2,
32.1%) to that of Synechocystis PCC 6803, while the other three
genes exhibit an identity of 62.2%, 61.4%, and 72.0%, respectively.
Phylogenetic analysis of these genes suggests extensive genetic
divergence between strain B231 and reference cyanobacteria, as
suggested by the assignments of strain B231 into separate branches
(Supplementary Figure 3).

The carboxysomal CA catalyzes the conversion of HCO;™ into
CO,, a substrate for RubisCO. The subunits of RubisCO, rbcL and
rbcS, and RubisCO assembly chaperone, rbcX, were present in strain
B231 (Figure 4). The rbcL of strain B231 shows high sequence
conservation to Synechocystis PCC 6803 (89.7% identity), whereas
moderate conservation (66.4% identity) was observed in rbcS. The
protein sequence of rbcX was more divergent, showing 58% identity
with the reference protein. As for CA, only one type of p-CA,
carboxysomal ccaA (Figure 4), was present in strain B231, with a
similarity of 56.4% to the reference protein. Moreover, Strain B231
shows a similar primary structure (Supplementary Figure 4) of amino
acid residues in y-CA-like domain of ccrmM to that with CA activity
in Thermosynechococcus BP-1 (Pefia et al., 2010) and Nostoc PCC 7120
(de Araujo et al., 2014), indicating that the ccmM protein of strain
B231 may possess CA activity. Thus, the CA activities of ccmM and
ccaA might confer strain B231 with more alternative strategies for
regulating carboxysome function. Intriguingly, previous studies (Pena
etal, 2010; de Araujo et al., 2014; Tang et al., 2022d) suggest that the
CA activity of ccmM (y-CA) was usually present in cyanobacteria
lacking ccaA, while cyanobacteria comprising both ccrmM and ccaA
are likely to have non-functional y-CA domain and only ccaA function
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as CA activity. Future experimental studies should be performed to
elucidate the function and relationship of the two identified proteins
with potential CA activity in strain B231.

Genomic organization of CCM-related
genes in strain B231

Investigation of the genomic organization of CCM-related genes
in strain B231 may provide insights into the function and evolution of
these genes. As shown in Figure 6, genes encoding each NDH-1
complex separately cluster together. The two homologs of bicA genes
are distantly located on the genome (Figure 6). Regarding the gene
organization of the carboxysomal shell proteins, a typical main
carboxysome locus (MCL) was present. It contained ccmK1/2 genes,
followed by ccmL, -M, -N, and -O (Figure 6). The sequential
arrangement of ccmK2 and ccmKI in the MCL may facilitate protein
complex assembly or balancing of the shell protein stoichiometry
during the translation of MCL genes (Cai et al., 2016), while ccmK, -L,
-M, -N, and -O may be co-regulated in an MCL as an operon (Rae
etal., 2013; Billis et al., 2014; Sommer et al., 2017). In addition to the
MCL, the other three shell proteins form two satellite loci, ccmP and
an operon with ccmK3/4 genes. The separated organization of KI/K2
and K3/K4 paralogs may be associated with the structural segregation
of the two groups (Sommer et al., 2019). Moreover, the expression of
ccmK3/4 from a satellite locus may increase the flexibility of
carboxysome shell assembly and permeability (Sommer et al., 2019),
and may provide differing metabolite selectivities (Sommer et al.,
2017). The localization of genes encoding rbcL, rbeS and rbcX for
RubisCO was consistent with the previous findings that the three
genes always cluster in an operon in B-cyanobacteria (Badger et al.,
2002). In addition, the RubisCO gene cluster was remote from the
MCL, suggesting that this gene cluster was a satellite locus to MCL and
may conduct independent expression regulation. The role of rbcX in
thermophilic cyanobacteria is still uncertain and requires
future investigations.

Comparative analysis indicates that strain B231 shows a distinct
molecular component to the phylogenetically closely related neighbor,
Trichocoleus ATA4-8-CV12 (Supplementary Table 2). For the CO,
uptake systems, strain B231 has one set of genes encoding NDH-1,
complex, while Trichocoleus ATA4-8-CV12 has two sets of homologs.
The constitutive low-affinity CO, uptake system (NDH-1, complex)
with an extra set of genes may be indispensable for the strain to survive
in its terrestrial origin (desert) where gaseous CO, is the primary
carbon source (Miihlsteinova et al., 2014) and bicarbonate is less
available, or simply the aftermath of strain evolutionary history. More
studies are needed on the topic of multiple paralogs of carbon uptake
systems in cyanobacteria. Both strains have only one type of HCO;~
transport system, namely BicA in strain B231 and BCT1 in strain
ATA4-8-CV12. A different type of HCO;™ transport system could
be attributed to the distinct traits of the two transporters and the
habitat of the two strains. First, BicA exhibits low affinity and high flux
rate to HCO;™ and the genes encoding BicA were found to be primarily
constitutively expressed (Price et al., 2004). Therefore, the BicA
transport system might be necessary for strain B231 to acclimatize to
the exogenous HCO;™ in its habitat (pH 6.62) where HCO;™ remains
dominant dissolved inorganic specie between pH 6 and 10. Second,
BCT1 encoded by ¢cmpABCD operon shows a high affinity for
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Genomic organization of CCM-related genes for Trichothermofontia sichuanensis B231. Solid arrow boxes refer to genes and the direction of

HCO;™ and was induced under low levels of Ci and enhanced by high
light conditions (Omata et al., 2002). Thus, strain ATA4-8-CV12 may
use BCT1 to compensate for the functions of constitutive genes (e.g.,
BicA) for adaptation to high-light conditions in deserts. In addition,
strain B231 has one type of f-CA (ccaA) and ccmM (y-CA) with CA
activity, whereas Trichocoleus ATA4-8-CV12 contains two types of
B-CA (ccaA and ecaB) and its ccmM appears to have non-functional
y-CA domain (Supplementary Figure 4). The presences of other genes
related to CCM are consistent with the two strains. However, the
phylogenetic analysis suggests that the protein sequences are divergent
(Figures 3, 5; Supplementary Figure 3). Though the genome of
Trichocoleus ATA4-8-CV12 was only assembled as a draft, preliminary
analysis suggests that its clustering pattern of CCM-related genes in the
genome was in accordance with that of strain B231.
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Overall, the molecular component and organization of strain

B231 were similar to that of other reported thermophilic cyanobacteria
(Supplementary Table 2; Tang et al., 2022d). However, distinct
characteristics were evident in strain B231. A relatively low diversity
of bicarbonate transporters distinguishes strain B231 from other
thermophilic strains, each possessing at least two HCO;™ transport
systems (Tang et al., 2022d). The low diversity may be related to the
habitat of strain B231 where a higher variety of transporters with
similar functionalities is not required. In addition, strain B231
contains a higher abundance of different types of carboxysomal CAs,
B-CA (ccaA) and y-CA (ccmM), compared to other thermophilic
strains (B-CA or y-CA), but still below those of other freshwater
cyanobacteria that possess the abundance of CAs, a-/p-/y-CAs (Tang
etal, 2022d). The CA activities of ccmM and ccaA may provide strain
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B231 with alternative strategies to ensure that the RubisCO with low
affinity for CO, was surrounded by high CO, levels and regularly
function regardless of thermal stress in this habitat. Strain B231 with
freshwater origin lacks the BCT1 transporter, which is near-ubiquitous
in freshwater cyanobacteria. Moreover, strain B231 shows a similar
composition of carboxysome shell proteins to mesophilic
cyanobacteria, the diversity of which was higher than many
thermophilic strains lacking at least one of the four ccmK genes (Tang
et al., 2022d).

Morphological and physiological features
of strain B231

The primary physiological characteristics of the B231 strain were
assessed by monitoring its growth at the temperature of 47°C in
derivatives of BG-11 medium; the unmodified medium, supplemented
with bicarbonate up to the concentration of 1.0 M, and nitrogen-free.
The strain could grow in all tested nitrogen conditions, showing
optimal growth with moderate (a third of the regular BG-11 medium
nitrate content) to high nitrogen availability (five times the regular
BG-11 medium nitrate content) and in the presence of 17.65mM
nitrite. Interestingly, despite the lack of heterocytes the strain could
grow in a nitrogen-free medium, which is consistent with the presence
of the nifHDK gene cluster and associated genes required for
molecular nitrogen fixation. The strain grew optimally from ambient
up to the 0.1 M bicarbonate concentration. Higher loads of dissolved
inorganic carbon had a deleterious effect on the strain, concurrent
with its highly restricted bicarbonate transport system revealed earlier.
The results are summarized in Table 5.

Light, scanning, and transmission microscopy were utilized for
the morphological description and delineation of strain B231 as the
representative of a new genus and to illustrate its key characteristics.
The morphology of the strain is presented in Figure 7. The
unicyanobacterial culture consists of blue-green filaments
(Figures 7A,B), sometimes forming clumps or flat mats when grown
in stationary liquid cultures. Trichomes of the cells grown in the liquid
medium are solitary or in colony-like mats, straight or bent,
moderately entangled or curved, and contain elongated cylindrical
barrel-shaped cells terminated with mostly sharply pointed, conical
apical cells (Figures 7A,C). Cells grown on a solid medium had
multiple trichomes in one sheath (Figure 7B).

Cells of the strain were longer than they were wide (2.0-2.4 pm
wide, 3.4-5.0 pm long), with a length-to-width ratio ranging from
1.4-2.0, and with an irregular ratio in apical cells. The trichomes of
this strain were thinner than those of other members of Trichocoleus
(Table 6), which typically have length-to-width below 1.0 and
Pinocchia with very diverse measurements for both cell lengths and
widths. The sheath was not evident in liquid cultures but more
apparent in solidified medium, cells were connected with hyaline
bridges, slightly constricted at poorly visible cross-walls, with the
content mostly homogeneous (Figures 7A,B). The number of
thylakoids (Figures 7E,F) varies from 5 to 8 layers, and peripheral
thylakoids were arrayed layer by layer, parallel to the long axis of the
filament, occasionally with an irregular arrangement. The presence of
large cyanophycin granules, often in the center of the cell,
characterized the cytoplasm (Figures 7D,E). The relevant biosynthetic
genes encoding cyanophycin synthase (cphA) and cyanophycinase
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TABLE 5 Physiological characteristics of Trichothermofontia B231 grown
in 47°C, 150pmolm~2 s~* under varying carbonate and nitrate
concentrations.

Supplemented inorganic

Supplemented nitrogen

carbon

HCO;~ Growth NO;~ Growth
(mol/L) (mmol/L)

0 (ambient) ++ 0 +

0.1 + 0.88 +

0.3 — 5.88 ++

0.5 — 17.65 ++

0.7 - 58.83 ++

1.0 - 88.24 ++

“=”no growth; “+” poor growth; “++” baseline growth in BG-11.

(cphB) were identified in the genome. The carboxysomes were
observed in the cytoplasm in small numbers, similar to related
Pinocchia strains (Dvorak et al., 2015; Kim et al., 2021). Gas vesicles
and polyphosphate granules were also observed in the cytoplasm
(Figure 7D). Gas vesicles were composed of cylindrical structures,
typically two proteins GvpA forming the vesicle core and GvpC
providing structural support and were responsible for the shape of gas
vesicles (Miklaszewska et al., 2012). Analysis of the B231 genome
confirms the presence of the gvpA, gvpC genes. The other genes
involved in gas vesicle formation were also identified.

As shown in Table 6, the overall morphology of strain B231 was
more similar to Pinocchia spp. (Dvorak et al., 2015; Kim et al., 2021)
than to other members of the Trichocoleusaceae family (Lange et al.,
1992; Flechtner et al., 2009; Alwathnani and Johansen, 2011; Komdrek
and Kovacik, 2013; Roncero-Ramos et al., 2019; Mehda et al., 2021).
This difference can be linked to the habitat. The family appears to have
two morphologies, probably driven by environmental conditions. The
primarily terrestrial strains, such as T. desertorum, have a very thick
sheath capable of maintaining multiple trichomes. Meanwhile,
freshwater strains, such as Pinocchia spp. and the B231, exhibit
phenotypic plasticity showing marginal sheath when grown in liquid
cultures and thick sheath when grown on a solid medium.

Conclusion

In this manuscript, the results of 16S rRNA phylogeny, secondary
structures of 16S-23S ITS and strain’s morphology strongly supported
the B231 as a novel genus within Trichocoleusaceae and its delineation
as a representative of this new taxon. Phylogenomic inference and
three genome-based indices (ANI, AAI, and POCP) also support the
delineation at the genus level. Consequently, we have proposed a new
genus Trichothermofontia sichuanensis gen. et sp. nov. Moreover, based
on the results, we suggest family-level revision of Pinocchia from
Leptolyngbyaceae to Trichocoleusaceae. The delineation was strongly
supported at the molecular level, and its morphological distinction
from Trichocoleus sp. can be attributed to the different habitats
(terrestrial vs. freshwater). In addition, the obtained complete genome
of the newly delineated Trichothermofontia B231 facilitates the
elucidation of genetic basis regarding genes related to CCM. The strain
belongs to p-cyanobacteria according to its B-carboxysome shell
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FIGURE 7

Microscopic morphology of Trichothermofontia B231. (A) Light microscopy image of liquid-medium grown cultures; (B) light microscopy image of
solid-medium grown cultures; (C) SEM image; (D—F) TEM images. Cb, carboxysome; Cg, cyanophycin granule; Ld, lipid droplets; Pg, polyphosphate
granule; Sp, septum; Th, thylakoid membrane, Gv, gas vesicles. Magnifications were 1,000x (A,B); 5,000x (C,D); 20,000x (E,F).

protein with 1B form of RubisCO. Compared to other thermophilic
strains, strain B231 contains a relatively low diversity of bicarbonate
transporters (only BicA for HCO;™ transport) but a higher abundance
of different types of carbonic anhydrase (CA), B-CA (ccaA) and y-CA
(ccmM). Strain B231 with freshwater origin lacks the BCT1
transporter, which is consistently possessed by freshwater
cyanobacteria. Furthermore, strain B231 shows a similar composition
of carboxysome shell proteins (ccmKI-4, ccmL, -M, -N, -O, and -P) to
mesophilic cyanobacteria, the diversity of which was higher than
many thermophilic strains lacking at least one of the four ccmK genes.
The genomic distribution of CCM-related genes suggests various
regulations of expression. Overall, the first complete genome of a new
genus representative obtained in this study provides insight into the
genomic features, CCM components, and the fundamental
information for future global taxogenomic, ecogenomic and
geogenomic studies.

Taxonomic treatment and description of
Trichothermofontia sichuanensis Daroch,
Tang, and Zhou et al. gen. et sp. nov.

Phylum: Cyanobacteria

Order: Synechococcales

Family: Trichocoleusaceae

Genus: Trichothermofontia, gen. nov.
Description: Filaments solitary, entangled, lacking false
branching, forming small or short fragments in a nutritional
deficiency state. Sheath colorless, thin. Trichomes straight or
curved, terminated with apical, rounded cells, with invisible
crosswalls that separate each cell. Cells mostly longer than wide,

with multilayer peripheral thylakoids.
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Etymology: Gr. fem. n. thrix (gen. trichos), hair; Gr. masc. Adj.
thermos, hot; L. masc. n. fons (gen. fontis). “Tricho” referring to Greek
word for hair, representing exhibiting typical thin morphology of
trichome, “thermo” referring to Greek word for heat and representing
thermophilic (high temperature tolerant) character of the strain,
“fontia”—a genus epithet derived from the Latin word fons meaning
spring, since all representative of the genus to date were hot
spring isolates.

Type species: Trichothermofontia sichuanensis Daroch, Tang, and
Zhou et al. sp. nov.

Trichothermofontia sichuanensis Daroch,
Tang, and Zhou et al. gen. et. sp. nov.

Diagnosis: Differing from other species of the genus based on the
16S rRNA sequence identity.

Description Colony bright green, flat and tightly packed in a
recognizable interleaved or tangled reticular morphology on agar
plates. Filaments long or short, blue-green, no branching, typically
solitary straight or bent, moderately entangled or curved
(Figures 7A,B). Trichomes contained elongated cylindrical barrel-
shaped cells terminated with conical, sharply pointed apical cells,
mat-forming in stationary liquid culture, yielding solitary filaments
when shaken. Cells rectangular in cross-section, connected with
hyaline bridges. Intracellular connections between vegetative cells not
present. Cells typically longer (3.4-4.0 pm), than wide (2.0-2.4 pm),
with a length-to-width ratio ranging from 1.4 to 2.0 (Figures 7A-D),
with peripheral thylakoids arrayed in 5 to 8 layers (Figures 7E,F). The
sheath minimal in liquid cultures (Figure 7A), and visible in solid-
medium grown cultures (Figure 7B). Carboxysomes observed in small
numbers. Large

centrally positioned cyanophycin granule

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1111809
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tang et al.

10.3389/fmicb.2023.1111809

TABLE 6 Comparison of morphological features of Trichothermofontia and closely related strains.

Species Morphology Cell Sheaths Thylakoids Color References
width \[o}
(um)
Trichothermofontia Straight solitary 2.0-24 2.0-5.0 Thin, colorless 5-7 Blue-green This study
sichuanensis B231 unbranched filaments,
multiple filaments in
one sheath when
grown on solid
medium
Trichocoleus Straight, solitary, 3.9+03 3.0+0.5 Thick, colorless NA Green Mehda et al. (2021)
desertorum LSB90 unbranched filaments,
multiple filaments in
one sheath
Trichocoleus Straight, solitary, 2.8+0.4 2.0+0.5 Colorless NA Green Roncero-Ramos et al.
desertorum CAU7 unbranched filaments, (2019)
multiple filaments in
one sheath
Trichocoleus Entangled, solitary, 2.5-3.8 1.5-5.5 Colorless NA Blue-green Miihlsteinova et al.
desertorum ATA4-8- unbranched filaments, (2014)
Cv2 multiple filaments in
one sheath
Trichocoleus abiscoensis | Solitary, 1-4 to more 1.0-2.0 NA Colorless NA Blue-green Komérek and
trichomes in one Kovacik (2013)
sheath
Trichocoleus sociatus Solitary, unbranched 52+0.2 33+04 Colorless NA Green Mehda et al. (2021)
LSB16 filaments, multiple
filaments in one sheath
Trichocoleus sociatus 30 trichomes in one 2.0-2.8 NA Colorless NA Blue-green Lange et al. (1992)
SAG 26.92 sheath
Trichocoleus cf. Flexuous, spreading, 1.2-1.6 1.6-3.5 Colorless NA Olive Flechtner et al. (2009)
delicatulus (W. et G.S. ropy fascicles,
West) Anag. unbranched filaments
Trichocoleus sp. 1 Slightly flexuous, 2.5-3.0 1.5-3.5 Thin, colorless NA Blue-green Alwathnani and
tapering, unbranched Johansen (2011)
filaments, 1-2
trichomes per sheath
Pinocchia polymorpha Straight solitary 1.09-2.86 1.28-8.63 Thin, colorless NA Blue-green Dvorak et al. (2015)
E5 unbranched filaments
Pinocchia daecheonga Straight or bent 1.04-1.87 1.57-5.99 Thin, colorless NA Blue-green Kim et al. (2021)
FBCC-A230 filaments, constricted
at cross-walls

NA, not available.

(Figures 7D,E), and membrane-delimited vesicles (polyphosphate
granules and gas vesicles) in the cytoplasm. Development of
heterocytes not observed, genetic toolkit for molecular nitrogen
fixation detected.

Etymology: “sichuanensis” species epithet derives from the name
of the collection province is B231 (=FACHB-3573).

Type locality: Thermal spring, Zhonggu village in Ganzi
Prefecture of Sichuan Province, China.

Ecology of type locality: the sample occurred as a macroscopic
dark green mat attached to the rock.

Frontiers in Microbiology

Habitat: Thermal springs in Ganzi Prefecture of Sichuan Province,
China (30°36'39” N, 101°41’9” E; Supplementary Figure 5).

Holotype here designated: The dried inactive holotype was deposited
in the Herbarium of North Minzu University with the voucher number:
NMU00231 (contact: Lei Zhang, zhangsanshi-0319@163.com).

Reference strain: The culture of Trichothermofontia sichuanensis
Daroch, Tang, and Zhou et al. gen. et sp. nov. was initially denoted and
deposited in Peking University Algae Collection as PRUAC-SCTB231
has also been deposited in the Freshwater Algae Culture Collection at
the Institute of Hydrobiology (FACHB-collection) with accession

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1111809
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
mailto:zhangsanshi-0319@163.com

Tang et al.

number FACHB-3573 as Trichocoleusaceae sp. species after
identification and authentication based on the full-length sequencing
of the 16S rRNA gene along with folding of the secondary structures
of the 16S-23S ITS region. After proper identification and
authentication, the culture is maintained in the FACHB under the
accession number FACHB-3573.
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Hypersaline soils are a source of prokaryotic diversity that has been overlooked
until very recently. The phylum Bacillota, which includes the genus Aquibacillus,
is one of the 26 phyla that inhabit the heavy metal contaminated soils of the Odiel
Saltmarshers Natural Area (Southwest Spain), according to previous research. In
this study, we isolated a total of 32 strains closely related to the genus Aquibacillus
by the traditional dilution-plating technique. Phylogenetic studies clustered them
into two groups, and comparative genomic analyses revealed that one of them
represents a new species within the genus Aquibacillus, whereas the other cluster
constitutes a novel genus of the family Bacillaceae. We propose the designations
Aquibacillus salsiterrae sp. nov. and Terrihalobacillus insolitus gen. nov., sp.
nov., respectively, for these two new taxa. Genome mining analysis revealed
dissimilitude in the metabolic traits of the isolates and their closest related genera,
remarkably the distinctive presence of the well-conserved pathway for the
biosynthesis of molybdenum cofactor in the species of the genera Aquibacillus and
Terrihalobacillus, along with genes that encode molybdoenzymes and molybdate
transporters, scarcely found in metagenomic dataset from this area. In-silico
studies of the osmoregulatory strategy revealed a salt-out mechanism in the new
species, which harbor the genes for biosynthesis and transport of the compatible
solutes ectoine and glycine betaine. Comparative genomics showed genes
related to heavy metal resistance, which seem required due to the contamination
in the sampling area. The low values in the genome recruitment analysis indicate
that the new species of the two genera, Terrihalobacillus and Aquibacillus, belong
to the rare biosphere of representative hypersaline environments.

Terrihalobacillus, Aquibacillus, Bacillota, hypersaline soils, osmoregulation mechanism,
phylogenomics, genome mining, rare biosphere

1. Introduction

The genus Aquibacillus, first described in 2014, is one of the more than 100 genera of the
family Bacillaceae within the phylum Bacillota. At the time of writing, it comprises a total of seven
species (Parte et al., 2020), two of them being a reclassification of previously described
Virgibacillus species (Amoozegar et al., 2014): Aquibacillus halophilus (Amoozegar et al., 2014),
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Aquibacillus koreensis (Lee et al., 2006; Amoozegar et al., 2014),
Aquibacillus albus (Zhang et al., 2012; Amoozegar et al., 2014),
Aquibacillus salifodinae (Zhang et al., 2015), Aquibacillus sediminis
(Lee and Whang, 2019), Aquibacillus kalidii (Wang et al., 2021), and
Aquibacillus saliphilus (Cho and Whang, 2022). These species have
been isolated from hypersaline environments, such as salt mine (Zhang
etal,, 2015), saltern soils (Lee et al., 2006; Lee and Whang, 2019), salt
lakes (Zhang et al., 2012; Amoozegar et al., 2014), grey salterns (Cho
and Whang, 2022), and Kalidium cuspidatum plants from saltern lands
(Wang et al., 2021). The moderately halophilic species of the genus
Aquibacillus are Gram-stain-positive endospore-forming rods with
optimum growth between 4 and 10% (w/v) NaCl, at pH 7-8, and
25-37°C. They are motile and strictly aerobic, although the species
A. saliphilus presents a facultatively anaerobic metabolism (Cho and
Whang, 2022). The pigmentation of the colonies is cream to white
color, their major fatty acid is anteiso-Cs, and their most predominant
polar lipids are phosphatidylglycerol and diphosphatidylglycerol (Lee
et al,, 2006; Zhang et al., 2012, 2015; Amoozegar et al., 2014; Lee and
Whang, 2019; Wang et al., 2021; Cho and Whang, 2022). In 2019, a
new species with a very close relationship with the genus Aquibacillus
was described as a new genus, Radiobacillus, based on its lack of
motility and the presence of an aminophospholipid as one of the major
polar lipids, among other characteristics (Li et al., 2020).

The Odiel Saltmarshes Natural Area represents a saline
environment in Huelva, Southwest Spain, specifically between the
Odiel and Tinto rivers. The area has suffered from industrial and
mining activity for years, and some studies have determined it as
contaminated by heavy metals (i.e., arsenic, cadmium, copper, lead,
and zinc) (Sainz et al., 2002, 2004). The prokaryotic diversity of its
hypersaline soils has been previously studied by metagenomic
techniques (Vera-Gargallo and Ventosa, 2018; Vera-Gargallo et al.,
2019), which detected the phylum Bacillota as a minor fraction among
the 26 different retrieved phyla. To our best knowledge, there are no
reference studies on the ecological distribution of Aquibacillus other
than its presence in table salt, determined by metataxonomic and
culturomic approaches (Satari et al., 2021).

The present study reports the isolation and characterization of 32
novel strains closely related to the genus Aquibacillus, within the
family Bacillaceae. In order to determine their taxonomic position, an
in-depth phylogenomic analysis of three selected strains was carried
out along with supporting phylogenetic, chemotaxonomic, and
phenotypic comparative studies. Additionally, we investigated the
functional annotation of the genomes to perceive similarities and
differences between the isolates and several genera of the family
Bacillaceae, in vparticular, Aquibacillus, Radiobacillus, and
Sediminibacillus. Besides, we further dug into the genome sequences
to unveil possible mechanisms of adaptation of the isolates to the
extreme habitat where they inhabit (i.e., osmoregulation and heavy
metal resistance strategies).

2. Materials and methods

2.1. Odiel Saltmarshes Natural Area
sampling and isolation of strains

Sampling on the hypersaline soils located at the saltmarshes of the
Odiel Natural Area, in Huelva, Southwest Spain (37°12"26.6"N
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6°57'52.5"W), was carried out in Whirl-Pak bags as indicated by Vera-
Gargallo et al. (2019). The pH, electrical conductivity, and the
concentration of arsenic, cadmium, copper, lead, and zinc were
measured as described by Galisteo et al. (2023). Dilution-plating
technique was used for the isolation of the strains on R2A medium
supplemented with 7.5% (w/v) salts, after 3 months of incubation at
28°C, and then the colonies were subcultured on the same medium
until pure cultures were obtained. The composition of the R2A
medium is (gL™"): yeast extract, 0.5; proteose peptone no. 3, 0.5;
casamino acids, 0.5; dextrose, 0.5; starch, 0.5; sodium pyruvate, 0.3;
K,HPO,, 0.3; MgSO,, 0.05. This medium was supplemented with a
concentrated seawater (SW) stock diluted to a final salt concentration
of 7.5% (w/v), and the pH was adjusted to 7.5. For solid medium,
commercial R2A agar (Difco) was prepared with the aforementioned
pH and salt concentration and supplemented with 2.0% (w/v) agar.
The composition of the SW stock was the following: (gL™"): NaCl,
234.0; MgCl,-6H,0, 39.0; MgSO,-7H,0, 61.0; CaCl,, 1.0; KCl, 6.0;
NaHCO;, 0.2; NaBr, 0.7. For long-term preservation, the liquid culture
was mixed with 40% (v/v) glycerol and stored at -80°C. Besides,
Marine Agar (MA, Difco 2216) supplemented with 6% (w/v) NaCl
was prepared for better comparative purposes of the fatty acid
composition with species of the genera Aquibacillus and Radiobacillus.
The following type strains of the genus Aquibacillus were obtained
from culture collections and used as reference strains for
phenotypic comparative analysis: A. albus JCM 173647, A. koreensis
JCM 123877, and A. salifodinae JCM 19761". The same medium and
conditions stated above were used for their routinary growth. The
genomic material of strain A. koreensis JCM 12387" was extracted,
purified, and sequenced, as explained below, for phylogenomic
comparative purposes.

2.2. Phylogenetic analyses

The method of Marmur (1961) modified for small volumes was
used for genomic DNA extraction of the isolates. The universal
primers used for 16S rRNA gene amplification were 27F (5-AGA
GTT TGA TCM TGG CTC AG-3) and 1492R (5’-GGT TAC CTT
GTT ACG ACT T-3") (Lane, 1991). The PCR product was sequenced
using Sanger methodology by StabVida (Caparica, Portugal). Library
preparation of genomic material from strains 3ASR75-54", 3ASR75-
117, and 3ASR75-286 was performed using Novogene NGS DNA
Library Prep Set (Cat. No. PT004), followed by whole shotgun
sequencing of the genomes on an Illumina NovaSeq PE150 platform
by Novogene Europe (Cambridge, United Kingdom). The same
protocol was carried out for A. koreensis JCM 123877, whose genome
was not previously available.

Identification of the new isolates was achieved by comparing their
partial or almost complete 16S rRNA gene sequences against the
EzBioCloud database for prokaryotes' (Yoon et al., 2017). The identity
shared among the strains isolated in this study was calculated by
BLASTn v2.2.28+.% For phylogenetic tree reconstructions, the 16S
rRNA gene sequences from the closest related species to the new

1 https://www.ezbiocloud.net
2 https://blast.ncbi.nlm.nih.gov
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strains were obtained from SILVA (Quast et al., 2013) and GenBank
databases (Clark et al., 2016). The fast aligner tool integrated in the
ARB package (Ludwig et al, 2004) was employed to align the
sequences at the primary and secondary structure level. Maximum-
likelihood (Felsenstein, 1981), maximum-parsimony (Felsenstein,
1983), and neighbor-joining (Saitou and Nei, 1987) algorithms,
implemented in the ARB package software (Ludwig et al., 2004), were
used for tree inferences, and the Jukes-Cantor was selected as the
nucleotide substitution model (Jukes and Cantor, 1969) to correct the
distance matrix. Bootstrap analysis with 1,000 pseudoreplicates was
carried out in order to validate the robustness of the branches. The
script “gitana™ performed the visual editing of the tree.

2.3. Comparative genome analyses and
ecological distribution

SPAdes v3.15.2 (Prjibelski et al., 2020) was utilized to assemble the
quality filtered paired-end reads (options “--careful -k 21, 33, 55, 77,
99, 1277). Contigs shorter than 500 bp or SPAdes coverage below 20
were removed. QUAST v2.3 (Gurevich et al., 2013) allowed us to
calculate the assembly statistics and CheckM v1.0.5 (Parks et al., 2015)
to evaluate the completeness and contamination of the assembled
genomes. In order to sort the contigs of the draft genomes, they were
aligned against the closest related strain with available complete
genome, i.e., Radiobacillus deserti TKL69", by using nucmer, integrated
in MUMmer v4.0.0rc1 compilation of utilities and scripts (Marcais
et al,, 2018). Coding sequences (CDS) were extracted with Prodigal
v2.60 (Hyatt et al., 2010) and annotated with Prokka v1.12 (Seemann,
2014) to generate the standard GenBank files. The online tool
BlastKOALA (Kanehisa et al., 2016) was employed to perform a
detailed functional annotation of the predicted translated CDS, by
assigning KEGG Orthology (KO) identifiers and KEGG pathways.
The “iep” program from EMBOSS package v6.5.7.0 (Rice et al., 2000)
was utilized to determine the isoelectric point of the predicted proteins.

In-depth placement of the three sequenced isolates (strains
3ASR75-54", 3ASR75-11", and 3ASR75-286) within the family
Bacillaceae was carried out by phylogenomic reconstruction based on
the concatenation of the translated single-copy core genes from 79
members of this family whose genome sequence was available in
RefSeq database. BLASTp v2.2.28+ and Markov Cluster Algorithm,
implemented in the Enveomics toolbox (Rodriguez-R and
Konstantinidis, 2016), were used to search and to extract the translated
orthologous genes, which were further aligned with Muscle v3.8.31
(Edgar, 2004). FastTreeMP v2.1.8 (Price et al., 2010) was employed to
infer the approximately maximum-likelihood phylogeny based on 739
concatenated protein sequences, considering the Jones-Taylor-
Thornton model of amino acid evolution (Jones et al., 1992). The
robustness of the obtained nodes was checked by the Shimodaira-
Hasegawa test (Shimodaira and Hasegawa, 1999). Tree image was
edited and visualized with the script “gitana” (see text footnote 3).
“UpSetR” v1.4.0 package for R (Conway et al., 2017) allowed us to
visualize the intersection of the 18,524 orthologous genes identified
after BLASTp search of their translated sequences. The proposed

3 https://github.com/cristinagalisteo/gitana
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minimal standards for prokaryotic taxonomy (Chun et al., 2018)
suggest the use of Overall Genome Relatedness Indexes (OGRIs) for
a reliable determination of the taxonomic status of new taxa, such as
the digital DNA-DNA hybridization (dDDH), the Average Amino
acid Identity (AAI), and the Average Nucleotide Identity for
orthologous sequences (orthoANI). The Genome-to-Genome
Distance Calculator (GGDC v3.0) from the Leibniz Institute DSMZ
(Meier-Kolthoff et al., 2021) was utilized to obtain the dDDH
relatedness values, whereas the Enveomics toolbox (Rodriguez-R and
Konstantinidis, 2016) and OAU software v1.2 (Lee et al., 2016) were
selected for AAT and orthoANT calculations, respectively.

Metagenomic dataset SMO1 (Supplementary Table S1) from a
hypersaline soil of the Odiel Saltmarshes Natural Area (Vera-Gargallo
et al.,, 2018) was selected for the screening of functional genes in the
environment under study. Raw reads with length>30bp were
assembled with Megahit v1.2.9 (Li et al,, 2015, 2016). Contigs were
examined to extract translated CDS by Prodigal v2.60 (Hyatt et al.,
2010), and KO identifiers were assigned to them by GhostKOALA
(Kanehisa et al., 2016). Then, functions of interest were
manually selected.

The ecological distribution of the new strains in hypersaline
environments was determined by fragment recruitment analysis against
16 environmental metagenomic datasets (Supplementary Table S1). The
16S rRNA gene sequences from the genomes were masked due to their
highly conserved nature. Metagenomic reads above >30bp were
BLASTn v2.2.28+ searched, independently, against each genome.
BLASTn results with identity values <95%, alignment length <50bp, and
e-value >10° were filtered out, as recommended by Mehrshad et al.
(2018). In order to normalize the relative abundance values, we computed
the RPKG (reads recruited per kilobase of genome per gigabase of
metagenome), proposed by Nayfach and Pollard (2015). Besides, the
genomes of Haloquadratum walsbyi C23" (GCF_000237865.1),
Salinibacter ruber DSM 13855" (GCF_000013045.1), and Spiribacter
salinus M19-40" (GCF_000319575.2) were included in the analysis as
references for comparison.

Plots generated in this study were created with the following R
packages: “aplot” v0.1.8 (Guangchuang et al., 2022), “gghighlight”
v0.3.2 (Yutani, 2021), “ggplot2” v3.3.3 (Wickham, 2009), “ggpubr”
v0.4.0 (Kassambara, 2020), “ggtext” v0.1.2 (Wilke and Wiernik, 2022),
“gridExtra” v2.3 (Auguie, 2017), and “paletteer” v1.4.0 (Hvitfeldt,
2021). R packages “phytools” v1.2-0 (Revell, 2012), “reshape2” v1.4.4
(Wickham, 2007), “scale” v.1.1.1 (Wickham and Seidel, 2020), and
“seqinr” v4.2-16 (Charif and Lobry, 2007) were requested to reformat
input data. DNAplotter application (Carver et al., 2009) was used to
generate the circular representation of the genomes.

2.4. Fatty acids composition and
phenotypic features

The fatty acid profile of the type strains of the two proposed species,
3ASR75-54" and 3ASR75-117, was determined by gas chromatography
with an Agilent 6850 system at the Spanish Type Culture Collection
(CECT), Valencia, Spain. For that purpose, strains 3ASR75-54" and
3ASR75-11" were grown in MA medium supplemented with 6% (w/v)
NaCl at 35°C for 3 days. TSBAG library (MIDI, 2008) was used for the
determination of fatty acids following the protocol suggested by MIDI
Microbial Identification System (Sasser, 1990).
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Colonial morphology and pigmentation of strains 3ASR75-54",
3ASR75-11%, and 3ASR75-286 were observed after 3 days of growth on
R2A medium supplemented with 7.5% (w/v) salts and the pH adjusted
to 7.5, at 37°C. Cell morphology and motility were determined by phase
contrast microscopy (Olympus CX41). To detect their ability to grow
anaerobically, strains 3ASR75-54", 3ASR75-11", and 3ASR75-286 were
incubated using the AnaeroGen™ system (Oxoid) under the
aforementioned conditions. Optical density measures allowed us to
determine the range and optimum salt concentration and pH values
supporting growth for type strains 3ASR75-54" and 3ASR75-11" Infinite
M Nano microplate reader (Tecan, Grodig, Austria) adjusted at 37°C,
with linear shaking, was utilized to measure the absorbance at 600 nm
every 2h for 3days. R2A broth was supplemented with SW stock to
obtain a final salt concentration of 0.5, 2, 4, 5, 6, 7, 7.5, 8, 9, 10, 12, 15,
17, 20, 22, and 25% (w/v) in order to determine the salinity range and
optimum. R2A liquid medium supplemented with optimum salt
concentration was also employed to test growth at pH values of 3.0, 4.0,
5.0,6.0,7.0,7.5, 8.0, 9.0, and 10.0, using a buffered system to maintain
pH conditions (Sanchez-Porro et al., 2009). The temperature range for
growth was measured in R2A broth adjusted to the optimal salinity and
pH, and incubated at 2, 3, 4, 5, 6, 8,9, 10, 11, 12, 13, 14, 15, 28, 37, 40,
42,43, 44, 45, 46, and 48°C, and the optical density was assessed in a
Spectronic 20D+ (ThermoSpectronics, Cambridge, United Kingdom).

The proposed minimal standards for describing new taxa of
aerobic endospore-forming bacteria (Logan et al., 2009) were followed
for the phenotypic characterization of strains 3ASR75-54", 3ASR75-
117, and 3ASR75-286. R2A medium supplemented with 7.5% (w/v)
salts, and pH adjusted at 7.5 was used for routine growth with an
incubation period of 3 days at 37°C. The same methodology was used
for reference strains A. albus JCM 17364, A. koreensis JCM 12387,
and A. salifodinae JCM 19761". These incubation conditions were used
for all the biochemical tests. The protocols for determination of
catalase, hydrolysis of gelatin, starch, Tween 80, DNA, casein, and
aesculin, production of indole, methyl red and Voges—Proskauer tests,
Simmons’ citrate, nitrate and nitrite reduction, H,S production, urease,
and phenylalanine deaminase are described by Cowan and Steel
(1965). A drop of 1% (v/v) tetramethyl-p-phenylenediamine (Kovacs,
1956) was employed to test the oxidase activity in young cultures.
Modified phenol red base medium with 0.05% (w/v) yeast extract and
supplemented with 7.5% (w/v) salts allowed the determination of acid
production. Carbohydrates were filter-sterilized and added to a final
concentration of 1% (Cowan and Steel, 1965; Ventosa et al., 1982). In
order to test the use of a wide variety of substrates as sole carbon and
energy source, or as sole carbon, nitrogen and energy sources, strains
were inoculated in the medium described by Koser (1923), as modified
by Ventosa et al. (1982). Amino acids, alcohols, and organic acids were
supplied to give a final concentration of 1 gL™, and carbohydrates of
2gL7". All the substrates were added after filter-sterilization.

3. Results and discussion

3.1. Saline soils sampled from Odiel
Saltmarshes Natural Area are heavily
contaminated

The heavy metals concentration of the Odiel river waters and
sediments have been previously studied due to the past industrial and
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mining activities in its surroundings, showing high concentrations of
arsenic, cadmium, copper, lead, and zinc (Sainz et al., 2002, 2004). The
Government of the region of Andalucia, where the area under study
is located, sets the following reference criteria for noncontaminated
soils (mgkg™): arsenic, 2-5; cadmium, 0.4-0.8; copper, 17-100; lead,
10-50; and zinc, 10-70 (Consejerfa de Medio Ambiente, 1999). The
soils of the Odiel Saltmarshes Natural Area studied here presented
values substantially above those ranges (mgkg™): arsenic, 124.3;
cadmium, 2.0; copper, 1,853.0; lead, 257.5; and zinc, 443.8, which
indicate heavy metal contamination in the sampled soils. This
sampling area represents the most contaminated region among the
hypersaline soils in the Odiel Saltmarshes Natural Area studied so far
(Vera-Gargallo et al., 2019; Galisteo et al., 2023), probably related to
its close location to the mouth of the Canal del Burro Grande into the
Odiel river. The pH of the sample was 7.04 whereas the electrical
conductivity (EC) was 18.49 mS cm™ at 25°C, which is above the
4 mS cm™ at 25°C threshold for defining saline soils (Richards, 1954).

3.2. Isolated strains can be split into two
groups

In a previous study, more than 4,000 strains were isolated in an
extensive screening carried out in the hypersaline soils located in the
Odiel Saltmarshes Natural Area (Huelva, Southwest Spain) (Galisteo
etal,, 2023). Out of them, 32 strains showed a close relationship with
the genus Aquibacillus, according to their partial or almost complete
16S rRNA gene sequence comparison. All the isolates presented a
percentage of identity below the 98.65% cutoff for species delineation
(Figure 1). Their top hits were either A. koreensis BH30097" (97.84-
95.51%) for 24 strains or A. albus YIM 93624" (97.63-95.51%) for the
other eight strains, which seem to indicate that they might be clustered
into two groups, denoted as group 1 and group 2. The identity values
among themselves exhibited the same pattern for clustering (Figure 2).
Within the groups, the identity varied from 100 to 99%, except for the
strains 3ASR75-118 and 3ASR75-2, sharing 96.45-96.39% identity
with strains of the group 1. In any case, these two strains exhibited
higher identity values with respect to members of the group 1 than to
members of the group 2, and thus, they both were initially affiliated to
the A. koreensis-like group 1. Between clusters, the percentage of
identity dropped below 97%, indicating that they may constitute two
different species. Strains 3ASR75-54" and 3ASR75-11" were selected
as type strain of groups 1 and 2, respectively, as they grew well under
laboratory conditions and their 16S rRNA genes were sequenced at
high quality and long length (1,432bp and 1,479 bp, respectively).

The phylogenetic tree based on the 16S rRNA gene sequences
(Figure 3) provides an enhanced view of the proposed clusters,
considering the most discriminative power of phylogenetic methods
over identity matrixes. Members of the genus Aquibacillus and of the
closely related genera Amphibacillus, Radiobacillus, and Sediminibacillus,
as well as some representative species of the genus Virgibacillus, were
included in the phylogenetic analysis. The 24 strains most closely related
to A. koreensis BH30097" (group 1) clustered together once again,
including strains 3ASR75-118 and 3ASR75-2. The eight strains that
showed their highest 16S rRNA sequence identity with A. albus YIM
93624 also conformed a clear single cluster (group 2). In this latter case,
the closest neighbor was not A. albus YIM 93624" as expected, but
A. sediminis BH258". In addition, the branch supporting group 2
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Dashed line indicates the 98.7% identity cutoff for species delineation.
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displayed a close relationship with species of the genus Amphibacillus,
turning the genus into polyphyletic. Further incongruences were
observed in the tree reconstruction, such as the clustering of the only
member of the genus Radiobacillus, R. deserti, together with four species
of the genus Aquibacillus, giving rise to an Aquibacillus-Radiobacillus
group. Moreover, the species of the genus Sediminibacillus formed a
monophyletic group neighbor to the Aquibacillus-Radiobacillus cluster,
constituting a branch separated from other members of the genus
Aquibacillus and from strains of the groups 1 and 2. Only the genus
Virgibacillus formed a clearly independent monophyletic branch
including all the species within this genus. Clearly, the 16S rRNA gene
sequence analysis demonstrated unstable tree topologies since only a
few nodes were conserved for all the three tree-constructing algorithms
(maximum-likelihood, maximum-parsimony, and neighbor-joining)
and bootstrap values were, in general, below 70%. Further analyses
considering the whole genome sequences are indispensable to elucidate
the correct taxonomic position of the new isolates.

3.3. Comparative genomic analyses shed
light on the taxonomic status of the new
isolates

The draft genome sequence of the selected type strains 3ASR75-
54T (GCF_028416595.1) and 3ASR75-11" (GCF_028416575.1) were
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de novo obtained. Moreover, we sequenced an additional reference
strain from group 2 (i.e., strain 3ASR75-286, GCF_028416555.1),
given the placement of this group next to the genus Amphibacillus,
which made us suspicious of group 2 forming a new separated genus.
The genomes of the mentioned strains were assembled in 70, 71, and
67 contigs, respectively. Their total genome size and G+ C content
ranged 3.59-3.70Mb and 38.0-38.1mol%, although the first
3ASR75-54"
(Supplementary Table S2). Comparisons with closely related genera

parameter was slightly higher for strain
showed that genome size (Figure 4A) and G+ C content (Figure 4B)
of the new strains were more similar to those of the genus
Radiobacillus. On the contrary, the species of the genus Aquibacillus
possessed larger genomes, 4.22-4.41 Mb, and a lower G + C content,
35.7-37.4mol%, which reinforces the idea of the new isolates not
belonging to the previously described species of this genus
(Supplementary Table S2; Figures 4A,B). The genome of strain
3ASR75-54" encoded 3,535 CDS, 100 tRNA, and 15 rRNA, whereas
the genomes of strains 3ASR75-11" and 3ASR75-286 encoded 3,590
and 3,617 CDS, respectively, and harbored less RNA sequences than
strain 3ASR75-54T (66 tRNA and 9 rRNA) (Supplementary Table S2).
The DNA of the reference species A. koreeensis JCM 123877 was
likewise sequenced (GCF_028416535.1) as it was not available at the
beginning of this study. This genome sequence was assembled into 56
contigs with a total size of 4.33Mb and a G+ C content of 36.8 mol%
(Supplementary Table S2), in agreement with the other six genomes
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BLASTn identity matrix among the partial or almost complete 16S rRNA gene sequences of the 32 strains isolated in this study.

of type strains available for the genus Aquibacillus. Further genomic
features are shown in Supplementary Table S2.

The genus Aquibacillus belongs to a large family, Bacillaceae, along
with other 116 genera with validly published names (Parte et al., 2020;
last consulted on 10/02/2023). Considering the weak robustness of the
16S rRNA gene-based phylogenetic tree as stated above, a more
reliable phylogenomic tree was constructed based on a large set of
genomes from the genus Aquibacillus and neighbor genera. The 739
protein-based approximately maximum-likelihood inference included
a total of 76 species from nine genera, as well as the three new strains
and A. koreensis JCM 12387", whose genomes were sequenced in this
study (Figure 5). Unlike the single 16S rRNA gene phylogeny
(Figure 3), most branches were now supported by a 100% bootstrap
value, providing a consistent topology to elucidate the evolutionary
relationship between the new isolates and the closely related taxa. All
the described species of the genus Aquibacillus clustered together in a
monophyletic group, including the recently sequenced genomes
of A. koreensis JCM 12387" and the new strain 3ASR75-
54", Phylogenomic analysis displayed the closest relationship of strain
3ASR75-54" with A. albus, even if its 16S rRNA gene sequence showed
a higher percentage of identity with A. koreensis (Figures 1, 3). On the
other hand, strains 3ASR75-11" and 3ASR75-286, whose BLASTn top
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hit was A. albus (Figure 1) and the closest neighbor according to the
16S rRNA gene sequence phylogeny was A. sediminis (Figure 3), now
constitute a single branch related to the single species of the genus
Radiobacillus. A first glimpse might affiliate strains 3ASR75-11" and
3ASR75-286 with a novel species of the genus Radiobacillus. However,
the length of branch connecting both strains to the node shared with
R. deserti is sufficiently large to consider strains 3ASR75-11" and
3ASR75-286 as members of a different genus. Further analyses are
needed in order to confirm this hypothesis.

Concerning OGRIs analyses, dDDH and orthoANI values were
estimated between the three new isolates and the species of the genera
Aquibacillus, Amphibacillus, Radiobacillus, and Sediminibacillus,
which are the closest related genera within the family Bacillaceae
(Figure 6A). The highest dDDH percentage obtained was 24.2%,
which is far below the 70% cutoft for species delineation (Stackebrandt
and Goebel, 1994; Auch et al., 2010). Similarly, orthoANI results were
all equal or lower than 72%, again lower that the 95% threshold
established for species differentiation (Goris et al., 2007; Richter and
Rossello-Mora, 2009; Chun and Rainey, 2014). Nevertheless, the
outcome between strains 3ASR75-11" and 3ASR75-286 exceeded both
limits, with values of 96.5 and 100% for dDDH and orthoANI,
respectively. Thus, we can conclude that our isolates constitute two
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novel species, one represented by strain 3ASR75-54" and the other
comprising strains 3ASR75-11" and 3ASR75-286.

Another widely used OGRI is AAI, which considers that pairs
of genomes with values lower than 72-65% belong to species of
different genera (Konstantinidis and Tiedje, 2007; Konstantinidis
et al., 2017). In particular, we can observe that species within the
genus Aquibacillus shared AAI percentages between 67.6 and 69.7%
(Figure 6B). The new species represented by strain 3ASR75-54"
exhibited an AAI range of 71.3-67.1% with species of Aquibacillus,
while the values were fairly distant with other closely related genera
(the highest being 66.2% with Sediminibacillus albus). These data,
along with the robust topology of the phylogenomic tree, clearly
indicate that the strain 3ASR75-54" belongs to a non-yet described
species of the genus Aquibacillus. On the other hand, the AAI values
of strains 3ASR75-11" and 3ASR75-286 with respect to the species
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of the genus Aquibacillus varied between 65.9-64.2%, lower than
the current intrageneric range for Aquibacillus and in the lower
bound or below the accepted 72-65% cutoff for genus delineation.
The AAI comparisons between strains 3ASR75-11" and 3ASR75-
286 and the other closely related genera within the Bacillaceae
showed the highest values for the genus Sediminibacillus (66.6—
65.8%), which might suggest their affiliation to this genus. However,
the phylogenomic tree (Figure 5) allows us to discard this thesis
considering their polyphyly. As stated before, genomic-based
inference groups strains 3ASR75-117 and 3ASR75-286 with
R. deserti, supporting their placement into the genus Radiobacillus.
This assumption is not well supported because AAI values between
the two taxa (64.9-64.8%) contravenes the AAI threshold for genus
delineation. Nevertheless, it must be noted that only one species of
the genus Radiobacillus is described to date, turning impossible to
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FIGURE 4
Genome size (A) and G+C content (B) boxplots of the genome sequences belonging to the family Bacillaceae included into this study. The three new
isolates exhibited a very similar value among them and with respect to the single species of the genus Radiobacillus.

predict if future descriptions of Radiobacillus species will entail the
rise in the upper bound AAI range, making feasible the grouping of
strains 3ASR75-11" and 3ASR75-286 as members of the genus
Radiobacillus. Therefore, we do not have a sound scientific evidence
to assert whether those two strains are part of the genus
Radiobacillus or, on the contrary, they constitute a novel genus
within the family Bacillaceae. In order to elucidate this issue,
we plotted the AAI-orthoANI pairs of values for the studied
genomes within and between genera (Figure 7). When strains
3ASR75-11" and 3ASR75-286 were considered as a separated genus,
the inter-and intra-genus results do not overlap (Figure 7A).
However, the clustering of strains 3ASR75-11" and 3ASR75-286
with the genus Radiobacillus gave rise to an intra-genus spot located
within the inter-genus point cloud (Figure 7B). Consequently, our
results suggest that the species constituted by strains 3ASR75-11"
and 3ASR75-286 does not belong to any of the currently described
genera within the Bacillaceae and should be accommodated in a
novel genus.

The genomes of strains 3ASR75-547, 3ASR75-11", and 3ASR75-
286, together to those of the type strains of the species of the genera
Aquibacillus, Radiobacillus, and Sediminibacillus shared a total of
1,451 core genes. Part of the accessory genome is also common for
some of the studied species; however, a great number of strain-
specific genes were detected. Excluding the core genome, the larger
cluster of genes (458) was that shared by the isolated strains
3ASR75-11" and 3ASR75-286. The former harbored 153 strain-
exclusive genes while the latter 112. Out of our three isolates, strain
3ASR75-54" was the one containing the higher number of
singletons (197). Furthermore, those three strains shared more
orthologous genes between them (82) than with any of the other
genomes under study. Remarkably, strains 3ASR75-117 and
3ASR75-286 did not display a significant number of common genes
with any particular genus, even with their closest relative, the genus
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Radiobacillus (Figure 8). A further insight about the functions
encoded in the accessory genome is described in section 3.5.
Besides, the observed variability between species and between
strains of the same species may indicate their specialization either
for adaptation to a specific habitat or to carry out an ecological role
in the community.

3.4. Chemotaxonomic and phenotypic
analyses support the new taxa descriptions
as members of the family Bacillaceae

Strain 3ASR75-54" exhibited a chemotaxonomic profile similar
to that of the other members of the genus Aquibacillus
(Supplementary Table S3), with anteiso-C,s, as the most abundant
fatty acid (47.9%), followed by iso-C;s, (11.6%), and anteiso-C,,
(10.7%). Strain 3ASR75-11" showed a high predominance of
anteiso-C,s (66.4%), whereas other minor fatty acids present were
anteiso-C,7, (9.9%) and iso-C4, (6.8%). This fatty acid composition
of strain 3ASR75-11" was comparable to that of the species of the
closely related genera Aquibacillus, Radiobacillus, and Sediminibacillus
(Lee et al., 2006; Carrasco et al., 2008; Zhang et al., 2012, 2015;
Amoozegar et al.,, 2014; Lee and Whang, 2019; Li et al., 2020; Wang
etal, 2021; Cho and Whang, 2022).

Major morphological and physiological characteristics of the new
strains (Table 1) were consistent with those described for members of
the family Bacillaceae. Cells were rod-shaped, endospore-forming,
and motile. Colonies were circular and white pigmented. Strain
3ASR75-54" displayed an optimal NaCl concentration supporting
growth similar to other members of the genus Aquibacillus. On the
other hand, strain 3ASR75-117 grew optimally at lower NaCl
concentrations than species of the genera Aquibacillus and
Radiobacillus. Further biochemical characteristics are detailed in the
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FIGURE 5

Approximately maximum-likelihood phylogenomic tree based on 739 concatenated core protein sequences showing the relationships between the
novel isolates and 79 closely related species of the family Bacillaceae. Bootstrap values >70% are indicated above the respective branch. Bar, 0.1

substitutions per nucleotide position.

Virgibacillus halodenitrificans PDB-F2 (GCF_001878675.1)

new species descriptions and in Supplementary Table S4. The
phenotypic similarities found between the strains 3ASR75-547,
3ASR75-11", and 3ASR75-286 and the studied members of the family
Bacillaceae reinforce the proposal for their placement within this
family. At the same time, features such as motility and optimal NaCl
concentration for growth allow their differentiation from the closely
related species.
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3.5. Functional genomic analysis correlates
with the phenotype and reveals the
existence of a variety of cell membrane
transporters

A total of 1,584 KO were identified for strain 3ASR75-54". Out of
them, 21 were exclusive of this strain, that is, not present in the genome
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OrthoANI (upper triangle)/GGDC (lower triangle) (A) and AAI (B) values (%) among strains 3ASR75-54", 3ASR75-11", 3ASR75-286, and the closest related
members of the genera Aquibacillus, Radiobacillus, and Sediminibacillus. OrthoANI/GGDC results confirmed that strains 3ASR75-54, 3ASR75-11", and
3ASR75-286 cannot be affiliated to any of the currently described species of these genera and also proved that strains 3ASR75-11" and 3ASR75-286
constituted a single species. AAl data unequivocally assigned strain 3ASR75-54" to the genus Aquibacillus and suggested the placement of strains
3ASR75-11" and 3ASR75-286 into a new genus within the family Bacillaceae.
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Scatter plot displaying AAl-orthoANI pairs of values for the studied genomes within and between genera assuming the placement of strains 3ASR75-11"
and 3ASR75-286 into the new genus Terrihalobacillus (A) and into the genus Radiobacillus (B). Dotted lines denote the 65-72% AAIl cutoff for genus
delineation. Strain 3ASR75-54" has been included among the species of the genus Aquibacillus. Circles and crosses indicate intra-and inter-genus

of any of the studied species of the genera Aquibacillus, Radiobacillus,
and Sediminibacillus, nor in that of the strains 3ASR75-11" and 3ASR75-
286. Among these functions, strain 3ASR75-54" exhibited a putative
zinc/manganese transport system (K02074, K02075, and K02077); the
large (nirB gene) and small (nirD gene) subunits of the nitrite reductase
enzyme turning nitrite into ammonia (K00362 and K00363); and
CRISPR-associated protein-coding genes, such as cas3, cas4, csdl, csd2,
and cas5d (K07012, K07464, K19117, K19118, and K19119).
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The genomes of strains 3ASR75-11" and 3ASR75-286 were
annotated with 1,604 and 1,573 KO, respectively. Strain 3ASR75-11"
possessed 61 KO that were not present in strain 3ASR75-286, while
3ASR75-286 only presented 30 KO not detected in strain 3ASR75-
11", Those 61 strain-specific functions encoded mostly saccharide
transporters (multisugar, ribose/autoinducer 2/D-xylose, and
rhamnose), as well as the ability to transform sorbitol into sorbitol

6-phosphate (K02781, K02782, and K02783) in strain 3ASR75-11". On
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FIGURE 8
Upset plot showing the intersecting orthologous genes of the isolated strains 3ASR75-54", 3ASR75-11", and 3ASR75-286, and the species of the closely
related genera Aquibacillus, Radiobacillus, and Sediminibacillus. The core genome encoded a total of 1,451 genes out of a pangenome of 18,524
genes. Isolated strains 3ASR75-54T, 3ASR75-11", and 3ASR75-286 harbored an accessory genome with 197, 112, and 153 exclusive genes, respectively.
A total of 458 genes were solely present in strains 3ASR75-11" and 3ASR75-286, while 82 genes where exclusively shared between the three isolates.

the other hand, strain 3ASR75-286 harbored singular metal related
functions, such as copper efflux regulator (K19591), cadmium/lead
responsive transcriptional repressor (K21885), and iron-siderophore
transporter system permease protein (K25111). Besides their
differences, both strains displayed 35 common functions that were not
present in any other of the studied genomes of the closest related
genera. Among them, we could identify transporters, such as those for
arginine/lysine/histidine (artPQM genes; K17077, K23059, and
K23060), chitobiose (chiEFG operon; K17244, K17245, and K17246),
and zinc and cadmium (ZIPB; K16267), which passively uptakes these
ions into the cytoplasm (Lin et al., 2010); and Ca**/H* antiporter (chaA;
K07300), working as a K* extrusion system to maintain K* homeostasis
under salt stress conditions (Radchenko et al., 2006). Enzyme-coding
genes were also identified among the 35 shared KO, such as those for
N-methylhydrantoinase (hyuAB; K01473 and K01474), glutaconate
CoA-transferase subunits A and B (gctAB; K01039 and K01040), and
ferritin (K02217). Additionally, the genome of strain 3ASR75-11" was
annotated with 10 KO not present in any of the other analyzed
genomes, although these functions do not seem to provide any relevant
feature. On the other hand, strain 3ASR75-286 harbored two KO
related to heavy metal resistance among its 10 exclusive KEGG
Orthology identifiers, one being the abovementioned copper efflux
regulator (K19591) and the second an alkylmercury lyase (K00221).
Further heavy metal tolerance mechanisms are discussed in section 3.8.

All the three strains under study, 3ASR75-547, 3ASR75-11%, and
3ASR75-286, contained between 39 and 41 KO related to the
sporulation process, like the species of the genera Aquibacillus,
Radiobacillus, and Sediminibacillus (Supplementary Figure S1). This
in-silico analysis agrees with the morphological observation revealing
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the formation of terminal endospores at the poles of cells after
incubation at 37°C for 7 days. Additionally, the three strains harbored
the response regulator for oxygen limitation (K07651, K07775, and
K02259), which correlates with their anaerobic growth in laboratory
conditions (Table 1). Moreover, although the information encoded
into their genome sequences suggests the existence of mechanisms for
low-temperature tolerance, the strains 3ASR75-54", 3ASR75-11%, and
3ASR75-286, as well as the other closely related species of the genera
Aquibacillus and Radiobacillus have only shown growth above
10°C. On the contrary, the high-temperature tolerance deducted from
the genome sequence has also been tested in vitro, with the bacteria
being able to survive up to 50°C.

3.6. A putatively functional molybdenum
cofactor biosynthetic pathway identified in
the new isolates and species of the genus
Aquibacillus

Since the closest described evolutionary relative of strains
3ASR75-11" and 3ASR75-286 was the sole species of the genus
Radiobacillus (Figure 5), an in-depth comparison of their genome-
inferred metabolisms was explored in order to unveil their main
similarities and differences. BlastKOALA annotation yielded 1,601 KO
for the genome sequence of R. deserti, of which 284 were absent in the
genomes of strains 3ASR75-11" and 3ASR75-286, whereas 248 KO
identified for the new isolated strains were missing in R. deserti. The
single species of the genus Radiobacillus harbored metal transporters,
such as those for iron (III) (K02010, K02011, and K02012),
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TABLE 1 Differential features of the new isolated strains and closely related species.

Characteristics 1 2 3 4 50 6° 7¢ 8¢ of 109 11°
0.7- 0.7- 0.5- 0.3- 0.5- 0.5- 0.3- 0.4- 0.7- 0.7- 0.2—-
Cell size 1.0x2.8- | 1.0x3.0- 0.7x3.0- 0.5x2.0- | 0.7x2.0- 0.7x2.0- 0.5x4.0- 0.6x5.0- | 0.8x1.2- 12x3.5- | 0.6x1.4-
3.0 5.0 5.0 6.0 4.0 4.0 6.0 8.1 2.9 5.0 5.6
Colony pigmentation White White White White White Milk White Cream White Cream White
Motility + + + NA + + + + + + -
NaCl range (%, w/v) 0.5-17 0.5-20 NA 1-17 0-14 0-14 0.5-20 0-10 1-20 0.5-20 0-12
NaCl optimum (%, w/v) 7 2 NA 5-10 5-8 5-8 10 4 10 7-10 0-8
pH range 6-8 4-9 NA 4-9 5-12 6-9 6.5-9 6-9 6-10 5.5-9 6-9
pH optimum 6 5 NA 7 7 7 7 7 8 7 6-8.5
Temperature range (° C) 11-45 10-45 NA 15-45 10-40 10-40 20-40 25-45 10-45 15-45 20-50
Temperature optimum (° C) 37 37 NA 25-30 30 30 35 37 37 35 35
Anaerobic growth + + + - - - - - + NA -
Aesculin hydrolysis + - - +% + + +% +% + + NA
Urease - - - +* - + +* +* NA + -
Nitrite reduction + - - +% - + —* —* NA + NA
G+ C content (mol%,
genome) 38.0 38.0 38.1 36.7 359 36.0 36.8 36.9%%* 357 37.4 385

1.

Strain 3ASR75-54"; 2. Strain 3ASR75-117; 3. Strain 3ASR75-286; 4. Aquibacillus albus YIM 93624" (G + C content from A. albus DSM 237117); 5. Aquibacillus halophilus B6B"; 6. Aquibacillus

kalidii HU2P27%; 7. Aquibacillus koreensis BH30097" (G + C content from A. koreensis JCM 12387"); 8. Aquibacillus salifodinae WSY08-1"; 9. Aquibacillus saliphilus KHM2"; 10. Aquibacillus
sediminis BH258"; 11. Radiobacillus deserti TKL69". NA, not available. *, data from this study. **, determined by HPLC. *Zhang et al. (2012); "Amoozegar et al. (2014); “Wang et al. (2021); ‘Lee
et al. (2006); *Zhang et al. (2015); fCho and Whang (2022); 8Lee and Whang (2019); "Li et al. (2020).

iron-siderophore (K23185, K23186, K23187, and K23188), manganese
(K19975, K19976, and K19973), and zinc (K09815, K09816, and
K09817). Besides, we found a mechanism for acid tolerance and Na*
transporters encoded in the genome of R. deserti, but not in those of
strains 3ASR75-11" and 3ASR75-286. Conversely, strains 3ASR75-11"
and 3ASR75-286 possessed heme transporters (K02193, K02194, and
K02195), as well as iron (III) citrate transport systems (K23181,
K23182, K23183, and K23184). More significantly, strains 3ASR75-11"
and 3ASR75-286 presented ABC-type molybdate transporters
(modABC genes; K02020, K02018, and K02017) and the biosynthetic
pathway for the molybdenum cofactor (Moco), a relevant molecule in
all domains of life (Hille, 1996; Leimkiihler, 2020). Molybdoenzymes,
or enzymes in which the active metal is molybdenum (Mo), are
widespread in prokaryotes and eukaryotes, and more than 60 different
molecules have been described to date (Hille et al., 2014; Peng et al.,
2018). Organisms encoding them also harbors Moco biosynthetic and
transport pathways in their genome (Peng et al., 2018). Those enzymes
are mostly involved in redox reactions (Hille, 1996), with a key role in
the metabolism of nitrogen, sulfur, and carbon compounds (Schoepp-
Cothenet et al., 2012; Hille et al., 2014; Magalon and Mendel, 2015),
and are related to anaerobic respiration in bacteria (Zupok et al.,
2019). According to their Mo centers, they are divided into the
xanthine oxidase (XO) family, the sulfite oxidase (SO) family, and the
DMSO reductase family (Hille, 1996).

Several genes organized into five operons (moaABCDE, mobAB,
mocA, moeAB, and mogA) (Shanmugam et al., 1992) had been related
to the biosynthesis of Moco and one operon (modABCD) to the
molybdate uptake system (Walkenhorst et al., 1995). Most of them
were identified in the genomes of strains 3ASR75-547, 3ASR75-117,
3ASR75-286, and all the species of the genus Aquibacillus, but
not in those of the genera Sediminibacillus and Radiobacillus
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(Supplementary Table S5). Moco biosynthetic pathway is highly
conserved and there is evidence that it was once encoded by the last
universal common ancestor (Schoepp-Cothenet et al., 2012; Magalon
and Mendel, 2015). Though complex, Moco biosynthesis is well
understood in prokaryotes (Zupok et al., 2019; Leimkiihler, 2020) and
it can be divided into four steps: (a) 5-GTP (5’-guanosine
triphosphate) is transformed into cPMP (cyclic pyranopterin
monophosphate) by MoaA [a two (4Fe-4S)-cluster-containing
enzyme] and MoaC (Wuebbens and Rajagopalan, 1993); (b) two
sulfur atoms are inserted into cPMP by MoaD and MoaE (Pitterle
et al., 1993), with IscS and TusA proteins involved in the sulfur-
transfer process (Leimkiihler, 2020), leading to molybdopterin (MPT);
(c) MogA and MoeA add Mo to the molecule obtaining Mo-MTP
(=Moco) (Joshi et al., 1996); (d) Mo-MTP can now be used as a
cofactor by proteins of the SO family (Brokx et al., 2005; Havelius
et al, 2011) or can be further modified to MCD (MPT cytosine
dinucleotide) or bis-MGD (MPT guanosine dinucleotide) by MocA
and MobA, respectively (Neumann et al., 2011; Reschke et al., 2013)
(Figure 9). None of the studied genomes encoded the mogA gene,
involved in step 3 of Moco biosynthesis. Nevertheless, when the
surrounding medium possesses a high concentration of molybdate
(>1mM), the reaction catalyzed by the ATP-dependent MogA has
been demonstrated not to be essential (Neumann and Leimkiihler,
2008). Furthermore, the moeB gene, whose function is not-yet known,
was only detected in strain 3ASR75-54T and some species of
Aquibacillus. However, considering that this study was based on draft
(not complete) genomes (Supplementary Table 52) and that Moco
biosynthetic pathway is highly conserved in organisms with
Mo-dependent enzymes (Zhang et al., 2011; Hille et al, 2014),
we could safely assume that the new isolates and all the species of the
genus Aquibacillus possess a putatively functional biosynthetic route
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for this cofactor. No molybdoenzymes were found in the proteomes
of species of Radiobacillus and Sediminibacillus, in agreement with the
lack of Moco biosynthetic pathway, but some Mo-requiring enzymes
were encoded by strains 3ASR75-54", 3ASR75-117, and 3ASR75-286,
especially from the DMSO reductase family, the most prevalent family
of molybdoenzymes in both bacteria and archaea (Zhang et al., 2011).
Among them, we could highlight the presence of nitrate reductase
narGHI (K00370, K00371, K00374) in strains 3ASR75-11", 3ASR75-
286, A. kalidii and A. sediminis, and arsenite oxidase aoxA (K08355)
in strain 3ASR75-54" and the studied species of Aquibacillus, except
for A. sediminis, in both cases with activities in the respiratory chain
(Hille et al., 2014; Miralles-Robledillo et al., 2019).

The biosynthesis of Moco is positively regulated by ModE
(Anderson et al., 2000), although this protein was not encoded in any
of the studied genomes. However, the carbon storage regulator CsrA
has been proved to enhance the Moco synthesis under conditions of
high demand (Zupok et al., 2019), and its coding gene was present in
all the analyzed genomes, including those from the genera
Sediminibacillus and Radiobacillus.

The functional annotation of the metagenomic dataset SMO1
showed the presence of KO identifiers involved in the Moco
biosynthesis among the 317,837 total assigned KO numbers. However,
only 4 to 6 copies have been annotated for the proteins constituting
the ModABC molybdate transporter. Therefore, the uptake of Mo
from the media is not a widespread feature among the prokaryotic
inhabitants of the hypersaline soils from the Odiel Saltmarshes
Natural Area. The presence of this transporter in the genome of our
isolates may indicate that their metabolisms highly rely on
molybdenum related proteins and ensure the Mo uptake by specific
transporters, whereas other molybdenum-requiring microorganisms
acquiree Mo using other more unspecific mechanisms. Besides,
molybdoenzyme aoxA, present in the genomes of 3ASR75-54T and
most members of the genus Aquibacillus, was not found in the
SMOL1 proteome.

To sum up, Moco biosynthesis is a well conserved pathway in
prokaryotes. Its absence usually involves the lack of Mo-dependent
proteins. Our genome analysis revealed the presence of a

Molybdenum Cofactor Biosynthesis
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FIGURE 9

Conserved biosynthesis pathway for molybdenum cofactor in
prokaryotes. Enzymes catalyzing each reaction are indicated next to
the arrow. 5’-GTP, 5’-guanosine triphosphate; cPMP, cyclic
pyranopterin monophosphate; MPT, molybdopterin; Mo-MTP,
molybdenum inserted in MTP; MCD, MPT cytosine dinucleotide;
bis-MGD, MPT guanosine dinucleotide.
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supposedly operational route for Moco synthesis, as well as of
molybdate transporters and molybdoenzymes in the species of the
genus Aquibacillus and the strains 3ASR75-54", 3ASR75-117, and
3ASR75-286, whereas they were missing for the genera
Radiobacillus and Sediminibacillus. Besides, strains 3ASR75-54",
3ASR75-11%, and 3ASR75-286, and possible other members of their
genera, are among the few prokaryotes that harbor the molybdate
transporter ModABC in the hypersaline soils from Odiel
Saltmarshes Natural Area, according to the low genomic
information annotated for this transporter in the SMOI
metagenomic dataset.

3.7. Mechanisms detected for survival in
hypersaline environments

Salt-in and salt-out strategies are the two main mechanisms in
prokaryotes for osmoregulation under salt stress conditions.
Haloarchaea (Youssef et al., 2014) and other extremely halophilic
bacteria, such as species of the well-known genus Salinibacter (Anton
et al.,, 2002), use the salt-in mechanism. These organisms commonly
present an acidic proteome to avoid the denaturalization of their
proteins under high salt concentrations inside the cell (Oren, 2008),
but this adaptation can also be found in microorganisms with salt-out
strategy (Elevi Bardavid and Oren, 2012; Oren, 2013), which is the
most extended mechanism in prokaryotes as it allows survival under
a wider range of osmotic conditions (Oren, 2008).

The isoelectric profile of strains 3ASR75-54", 3ASR75-117, and
3ASR75-286 (Figure 10A) is similar to that of the species of the genera
Aquibacillus, Radiobacillus, Sediminibacillus, and Amphibacillus, and
differs from the proteome of the extremely halophilic archaeon
Haloarcula vallismortis and the bacterium Salinibacter ruber. This
result can be seen as the first evidence that the new isolates could have
adopted the salt-out mechanism. An insight into the functional
annotation of the analyzed genomes of the family Bacillaceae pointed
out that a sudden increase in the osmotic pressure can be balanced
with a cellular uptake of K* through Ktr potassium importers (K03498
and K03499), as it has been previously observed in Bacillus subtilis and
Synechocystis sp. (Holtmann et al., 2003; Zulkifli et al., 2010; Hoffmann
and Bremer, 2016). Efflux of Na* is crucial for cell survival due to the
toxicity produced by high cytoplasmatic concentration of this ion
(Patino-Ruiz et al., 2022). Mrp multisubunit Na*/H* exchangers
(K05565, K05566, K05567, K05568, K05569, K05570, and K05571),
encoded by the mrpABCDEFG operon and detected in our genome
dataset, have been shown to provide salt tolerance in Bacillus subtilis
(Ito et al., 1999), the slight halophile Halomonas zhaodongensis (Meng
etal, 2014), and the cyanobacteria Anabaena sp. and Synechococcus
elongatus (Blanco-Rivero et al., 2005; Cui et al., 2020), among others.
Besides, Mrp antiporters (also known as Sha/Mnh/Pha) seem to
contribute to the sporulation process (Kosono et al., 2000; Sun and
Shi, 2001; Yoshinaka et al., 2003), which has been observed in the
morphology of seven-day-old cells of strains 3ASR75-54", 3ASR75-
117, 3ASR75-286, and the species of the genus Aquibacillus and
Radiobacillus (Lee et al., 2006; Zhang et al., 2012, 2015; Amoozegar
et al,, 2014; Lee and Whang, 2019; Li et al., 2020; Wang et al., 2021;
Cho and Whang, 2022). Additionally, the ChaA antiporter (K07300),
which has a relevant role in the extrusion of Na* in Escherichia coli
(Ohyama et al., 1994), has been found in the annotated genome of
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strains 3ASR75-11" and 3ASR75-286, but not in any of the other
studied strains.

Although ion exchange is useful as a first barrier of defense against
osmotic pressure, it is more convenient to store compatible solutes
into the cytoplasm for prolonged periods of stress (Hoffmann and
Bremer, 2016, 2017). There is a diverse spectrum of compatible
solutes, but a common characteristic of all of them is their low
molecular weight, which allows their accumulation resulting in an
increased cytoplasmatic water content without altering the
biochemical processes of the prokaryotic cells (Gregory and Boyd,
2021). All the analyzed genomes, except that of strain 3ASR75-547,
harbored the osmoprotectant uptake (Opu) system (opuABC genes;
K05845, K05846, K05847), an ABC transporter for acquisition of
different compatible solutes (especially choline) from the environment
(Hoffmann and Bremer, 2017; Teichmann et al., 2018) (Figures 10B,C).
Besides, all the studied strains presented OpuD from the BCCT
(betaine-choline-carnitine-transporter) family, with high affinity for
glycine betaine (Kappes et al., 1996), but only 3ASR75-11" together
with the species of Sediminibacillus and some species of Aquibacillus
exhibited OpuE from the SSS (sodium-solute-symporter) family of
transporters (von Blohn et al., 1997). Another ABC-type transporter,
namely ProVWX (K02000, K02001, and K02002), for glycine betaine
uptake (Gregory and Boyd, 2021) was present in all genomes under
study (Figure 10B).

TeaABC transporter (encoded by teaABC genes) (Figure 10C) is a
member of the TRAP transporters family with high affinity for ectoine
and, to a lesser extent, for its derivative 5-hydroxyectoine (Grammann
etal, 2002; Kuhlmann et al., 2008b). It allows the reuptake of secreted
ectoine in Halomonas elongata and, additionally, plays a role as an
effective salvage system for ectoine leaking through the membrane
(Kuhlmann et al., 2008b). Previous studies have demonstrated that the
presence of the three genes (teaABC) is mandatory for the correct
function of this ectoine-specific transporter (Grammann et al., 2002).
Whereas teaC was present in all the studied genomes, teaA and teaB
were only detected in some of them, so, theoretically only the species
A. albus, A. kalidii, A. saliphilus, R. deserti, S. halophilus, and S. terrae
might have this transporter available. None of the three new isolates
encoded the complete set of teaABC genes (Figure 10C). UehABCis a
second TRAP transporter, previously studied in Silicibacter pomeroyi
DSS-3, that imports ectoine and hydroxyectoine (Figure 10B). One
main difference with TeaABC is that the uehABC genes are coregulated
with other genes for ectoine degradation. It must be noted that
S. pomeroyi uses ectoine as sole carbon and nitrogen source, whereas
H. elongata mainly utilizes it for osmoprotection purposes (Lecher
etal., 2009). Only A. sediminis harbored the three uehABC genes, while
they were quite scarce in the other studied genomes (Figure 10C). The
higher abundance of TeaABC-related genes over UehABC-related ones
might indicate a prevalence of the osmoprotective activity of ectoine
over its carbon and nitrogen source utilization in the analyzed strains
of the family Bacillaceae.

Transportation of ions and compatible solutes into the cytoplasm
to balance osmotic pressure must be paired with the ability of the cell
to secrete them when a drop in the environmental salt concentration
occurs. Msc mechanosensitive channels, which were identified in our
genome dataset (K16053, for strain 3ASR75-54"; K03282, for the
remaining strains), play an important role in releasing ions and
organic molecules under osmotic down shock stress (Booth and
Blount, 2012; Booth, 2014).
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In addition to the compatible solute uptake, de novo
biosynthetic potential for the osmolytes glycine betaine and
ectoine has been detected in the analyzed genome sequences
(Figure 10C). Choline is transformed into glycine betaine in two
oxidative steps carried out by BetA (K00108) and BetB (K00130)
(Boch et al.,, 1994), under aerobic conditions (Czech and Bremer,
2018) (Figure 10B). This reaction is widely present in halophilic
bacteria and archaea (Gregory and Boyd, 2021) as well as in
eukaryotic cells. On the contrary, biosynthesis of ectoine and its
derivative is specific to prokaryotes (Czech and Bremer, 2018).
Ectoine is obtained from L-aspartate in five steps mediated by
(lysC;  K00928),
dehydrogenase (asd; K00133), diaminobutyrate-2-oxoglutarate
(ectB; K00836),
acetyltransferase (ectA; K06718), and L-ectoine synthase (ectC;
K06720) (Ono et al., 1999; Figure 10B). All the analyzed genomes
possessed the machinery to de novo synthesize ectoine. The ectABC

aspartate kinase aspartate semialdehyde

transaminase L-2,4-diaminobutyric acid

genes are usually arranged into a single operon (Louis and Galinski,
1997; Kuhlmann et al., 2008a; van Thuoc et al., 2020), as is the case
with the studied strains (Figure 11), whereas in other bacterial
genomes the synteny and chromosomal placement of the genes is
not conserved (Leon et al., 2018). Some bacteria possess the ectD
gene that enable the conversion of ectoine into 5-hydroxyectoine,
but among the analyzed strains only A. albus and A. halophilus
harbored that gene (Figure 10C). Both osmolytes, ectoine and
5-hydroxyectoine, can be catabolized to be used as carbon and
energy sources, albeit this mechanism has not been completely
understood. Regardless, DoeA and DoeB proteins seem to
be relevant in the degradation (Schwibbert et al., 2011; Reshetnikov
etal., 2020). Ectoine producers do not usually catabolize it (Schulz
et al,, 2017), although some microorganisms can synthesize and
consume ectoine, such as Halomonas elongata (Schwibbert et al.,
2011) and Sinobaca sp. (Chen et al,, 2022). All the studied genome
sequences encoded the ectoine hydrolase gene (doeA) and,
additionally, doeB gene was present in the genome of strains
3ASR75-11T and 3ASR75-286. Thus, organisms that are, at the
same time, ectoine producers and consumers may not be as
uncommon as previously thought.

After having carried out a comparative genomic analysis we could
assert that ectoine plays a significant role in the physiology of strains
3ASR75-54", 3ASR75-11", and 3ASR75-286, as well as in that of their
closely related species. Ectoine biosynthetic pathway was completely
conserved in the 14 studied genomes. Moreover, two ectoine-targeted
transporters were found, one of them (TeaABC) present entirely or
with only one gene missing in 11 strains, and the other (UehABC)
mostly incomplete for the vast majority of genomes. Besides, only one
gene involved in ectoine degradation (doeA) was found across all taxa
(Figure 10C). Thus, it seems likely that ectoine is mainly utilized as an
osmolyte rather than as a source of carbon and nitrogen in our
new isolates.

Ectoine is a valuable molecule for biotechnological purposes
due to its ability to protect cell components under stressful
conditions, such as freezing, high temperature, and drying (Ma
et al., 2020; Vandrich et al., 2020). The moderately halophilic
bacterium “Halomonas bluephagenesis” TDO01 has been
demonstrated to yield 28 gL' of ectoine during a 28-h fed-batch
growth process (Ma et al., 2020). Besides, ectoine biosynthetic
pathway shares the first two steps with the synthesis of one of the
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FIGURE 10

(A) Distribution of the isoelectric point of the proteomes under study. Haloarcula vallismortis DSM 3756" (GCF_900106715.1) and Salinibacter ruber DSM
13855" (GCF_000013045.1) were also included as representatives of extreme halophiles with salt-in osmoregulation strategy. The proteomes of members
of the family Bacillaceae were less acidic than those of the extreme halophiles, suggesting a salt-out mechanism. (B) Reconstruction of the different
strategies employed for the studied strains to cope with osmotic stress. Purple filled arrows indicate uptake, green filled arrows indicate extrusion, purple
empty arrows indicate biosynthesis, and green empty arrows indicate degradation. Enzymes and transporters are colored key as follows: K+ uptake (dark
blue), Na+ extrusion (red), unspecific osmoprotectant uptake (green), unspecific extrusion (light purple), glycine betaine biosynthesis and uptake (light
blue), ectoine metabolism and uptake (orange). (C) Heatmap of presence (light blue)/absence (light yellow) of osmoregulation-related genes in the new
strains 3ASR75-547, 3ASR75-11", and 3ASR75-286, and the closely related species of the genera Aquibacillus, Radiobacillus, and Sediminibacillus.
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most industrially produced amino acids, threonine (Dong et al.,
2012). Actually, the aforementioned strain “H. bluephagenesis”
TDO1 is able to produce 33 gL~ of threonine in a 7-liter bioreactor
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(Du et al.,, 2020). Strains 3ASR75-54T, 3ASR75-11%, and 3ASR75-
286, as well as the species of the genera Aquibacillus, Radiobacillus,
and Sediminibacillus, also harbored the remaining genes that
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FIGURE 11

Circular genomic DNA map of strains 3ASR75-117, 3ASR75-286, and 3ASR75-54". Circles indicate, from the inside outward: G+C content; location of
the ectABC operon (orange) and lysC and asd genes (blue); coding sequences in the lagging strand (green); coding sequence in the leading strand
(red). A closer insight of the ectABC operon context is displayed below each genome map.

encode the last three steps of threonine biosynthesis: homoserine
dehydrogenase (hom; K00003), homoserine kinase (thrB; K00872),
and threonine synthase (thrC; K01733). Due to the slow growth rate
of the novel isolates, they might not be the preferred source for the
biotechnological production of those two molecules. However, they
could be of importance to increase their yield after an in-depth
study of their ectoine and threonine pathways.

3.8. Strategies to thrive in heavy metal
contaminated soils

Considering the high concentration of heavy metals detected in
the sampled soils, we decided to explore the exporting mechanisms
that might be present in the genomes of the new strains and their
closest relatives (Supplementary Table S6). The ars operon (K03325,
K03741, and K03892) can accomplish the reduction of arsenate to
arsenite and its posterior expulsion from the cytoplasm (Chauhan
et al., 2019; Islam et al,, 2022). The presence of those genes in our
dataset was expected due to its wide spreading among prokaryotes
(Chen etal., 2020). The zntA gene (K01534) encoding Zn**/Cd**/Pb**
pumping out coupled to ATP hydrolysis (Rensing et al., 1997; Noll and
Lutsenko, 2000) was also identified, but the efficient CzcCBA efflux
system for zinc and cadmium was not found (Legatzki et al., 2003).
CopA and CopB proteins (K17686 and K01533) are P-type copper
efflux transporters that confers resistance to this metal (Rensing et al.,
2000; Mana-Capelli et al., 2003) and they were encoded in most of the
studied genomes, including the strains 3ASR75-54", 3ASR75-11", and
3ASR75-286. Furthermore, MerB alkylmercury lyase (K00221) was
solely found in strain 3ASR75-286. Bacteria can cope with
methylmercury contamination thanks to the sequential activity of
MerB and MerA proteins, whose expression is controlled by the
regulatory protein MerR (Schaefer et al., 2004). However, neither
MerA nor MerR were identified in the genome of this strain, which is
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consistent with the fact that disturbingly high concentrations of
methylmercury have not been perceived in the sampled area before
(Sainz et al., 2002, 2004).

Multiple copies of copA, copB, and zntA genes have been
annotated for the translated CDS of the SMO1 reference metagenomic
dataset from a hypersaline soil of Odiel Saltmarshes Natural Area
(Supplementary Table S6). Those three genes are among the five more
identified KO in the SMO1 dataset, along with a putative transposase
(K07496) and a putative ABC transport system permease protein
(K02004). The frequency of these genes in the SMO1 metagenome are
2,106, 1,642, and 1,729 copies from a total of 317,837 KO annotated
CDS. Therefore, we can assume the importance of the activities of
those divalent cation transporters in the metabolism of the prokaryotic
population of Odiel soils, including the novel isolates 3ASR75-547,
3ASR75-11", and 3ASR75-286. On the other hand, the arsenic
resistant activities seem to be less spread among the prokaryotes
inhabiting the soils under study, and none of the annotated functions
in the reference SMO1 dataset corresponded to merB gene
(Supplementary Table S6) which is present exclusively in isolate
3ASR75-286.

3.9. Overlooked inhabitants in sampled
soils

Since the ecological distribution of species of Aquibacillus and
related genera has not been investigated in depth, a fragment
recruitment analysis of the new isolated strains was performed
from a total of 16 metagenomic libraries originated from
hypersaline environments (i.e., saltern ponds with different salt
concentrations, hypersaline lakes, saline soils, desert soils, salt
crust, microbialites and arctic spring sediments). In order to
compare the recruitment results, three representative halophilic
microorganisms known to be significantly abundant in saline
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habitats (Haloquadratum walsbyi, Salinibacter ruber, and Spiribacter
salinus) were also included into the analysis. Reads recruitment
normalized against the size of the genomes and the database,
denoted as RPKG, was low for all the three isolates in the studied
metagenomic datasets (Figure 12A). Their abundance was especially
rare in environments with (almost-)saturated salt concentration,
such as the salterns ponds from Chile (Céhuil) (Plominsky et al.,
2014), Isla Cristina (IC21) (Ferndndez et al., 2014b), and Santa Pola
(SS33 and SS37) (Ghai et al., 2011; Fernandez et al., 2014a) in Spain,
and Puerto Rico (Cabo Rojo) (Couto-Rodriguez and Montalvo-
Rodriguez, 2019), the hypersaline lakes from Australia (Tyrrell 0.1
and Tyrrell 0.8) (Podell et al., 2014) and Iran (Urmia) (Kheiri et al.,
2023), and the salt crust from the Qi Jiao Jing Lake in China
(Xinjiang) (Xie et al., 2022), and slightly higher at intermediate
salinities [SS13 and SS19 from Santa Pola salterns (Ghai et al., 2011;
Fernandez et al., 2014a), and microbialites from Campo Naranja in
Argentina (Perez et al., 2020)]. Recruitment plot from SMO1 and
SMO2 metagenomes (Vera-Gargallo et al., 2018), corresponding to
samples collected a few years ago from the same hypersaline soils
(Odiel) than those analyzed in the present study, displayed similar
abundance of the new isolates to that found for intermediate
salterns ponds (SS13 and SS19). Furthermore, previous taxonomic
annotation of SMO1 and SMO2 databases registered that the
phylum Bacillota (to which the new strains belong) represented a
small fraction of the microbial population (Vera-Gargallo et al.,
2019). Indeed, relative abundances for strains 3ASR75-11" and
3ASR75-286 varied between 0.02-0.0182% whereas strain 3ASR75-
54" was even less abundant, with 0.0163-0.0157%. Soils from
Gujarat desert, which are mostly dominated by Pseudomonadota
(Patel etal., 2015), and hypersaline Arctic Spring sediments, whose
microbial life has been hypothesized as survival organisms on Mars
(Magnuson et al., 2022), harbored the highest abundance for our
isolates (Figure 12A), but with values ranging from 0.0416-0.0364%
and 0.048-0.042%, respectively. In all cases, these values were lower
than the 0.1% threshold commonly used to label the so-called “rare
biosphere” (Pedrds-Alio, 2012). Therefore, strains 3ASR75-547,
3ASR75-117, and 3ASR75-286 could be considered part of the
low-abundant prokaryotic fraction inhabiting soils from Odiel
Saltmarshes Natural Area. A closer look at the recruitments to
visualize up to what extent the genome of the new strains is covered
in SMOI and Gujarat metagenomes showed many coverage gaps
over the 95% identity, a widely accepted cutoff for species
delineation (Figure 12B). Again, this finding suggests that the new
species represented by strain 3ASR75-54" and by strains 3ASR75-
117 and 3ASR75-286, respectively, are scarce inhabitants of the
studied soils, although they have demonstrated to be relatively easy
to cultivate and manipulate in laboratory conditions. Our work
emphasizes the relevance of the traditional isolation and
characterization methodology to explore the rare biosphere.
Previous research to uncover the culturable diversity of the sampled
environment succeeded to isolate a new member of the phylum
Balneolota (Galisteo et al., 2023), which has been listed as one of
the major phyla in the hypersaline soils of Odiel Saltmarhes Natural
Area (Vera-Gargallo et al., 2019). In the authors’ opinion, culture-
dependent studies are indispensable for a better knowledge of the
microbial diversity unveiled by metagenomic approaches but also
for discovering taxa that cannot be detected by high
throughput sequencing.
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4. Conclusion

A large set of strains affiliated to the family Bacillaceae was isolated
in this study after a long incubation period and further divided into
two separate groups. Representative strains of these groups were
selected for phylogenomic, comparative genomic, phenotypic, and
chemotaxonomic analyses, which confirmed their placement as new
bacterial species. Besides, AAI values between one of these taxa and
the species of the closely related genera Aquibacillus, Radiobacillus,
and Sediminibacillus acknowledged its description as a new genus.
Thus, we propose the classification of strain 3ASR75-54" within the
genus Aquibacillus, as a new species, for which the name Aquibacillus
salsiterrae sp. nov. is proposed, and the placement of strains 3ASR75-
11" and 3ASR75-286 into a new separate genus and species, for which
the new name Terrihalobacillus insolitus gen. nov., sp. nov. is proposed.
The descriptions of these new taxa are shown below.

The new species of the genus Aquibacillus and the new genus
Terrihalobacillus encoded the well-conserved molybdenum cofactor
biosynthetic pathway and the molybdenum-dependent enzymes,
differentiating them from other closely related member of the family
Bacillaceae, such as the genera Radiobacillus and Sediminibacillus.
Besides, in-depth in-silico analysis of their genome sequences revealed
strategies to deal with high salt concentration and heavy metal
contamination of the soils from Odiel Saltmarshes Natural Area. The
salt-out mechanism of osmoregulation seems to be prevailing in the
three new isolates, harboring proteins for uptake and de novo
biosynthesis of ectoine and glycine betaine, two of the most frequent
compatible solutes in prokaryotes. The genes arsC, arsR, arsB, zntA,
copA, and copB, among others, have been identified in the genomes of
the isolates, pointing at their tolerance to heavy metals, such as
arsenic, zinc, cadmium, lead, and copper. The abundance of the new
described species from the genera Aquibacillus and Terrihalobacillus
is extremely low in all the studied hypersaline environments, including
the isolation area, with a relative abundance under 0.1%, the threshold
for the so-called “rare-biosphere”

Description of Aquibacillus salsiterrae sp.
nov.

Aquibacillus salsiterrae sp. nov. (sal.si.ter’rae. L. masc. adj. salsus
salty; L. fem. n. terra earth, soil; N.L. gen. n. salsiterrae of salty soil).

Cells are Gram-stain-positive, motile rods with a size of
0.7-1.0x2.8-3.0pm. Endospores are formed at terminal position.
Colonies are semi-translucent and white-colored, with a size of
2.0-2.5mm when grown in R2A medium supplemented with 7.5%
(w/v) salts after 24 h of incubation at 37°C. Facultative anaerobe. The
temperature range for growth is 11-45°C (optimum at 37°C). The pH
values supporting growth are 6.0-8.0 (optimum at pH 6.0) and the
NaCl concentration for growth is 0.5-17% (w/v) [optimum at 7%
(w/v)]. Catalase and oxidase positive. Hydrolyzes aesculin but not
casein, DNA, gelatin, starch, and Tween 80. Reduces nitrate and
nitrite. Positive for methyl red test but negative for Voges-Proskauer
test, meaning that it uses the mixed-acid pathway for glucose
fermentation. Indole production, Simmons’ citrate test, phenylalanine
deaminase, urease, and H,S production are negative. Acids are
produced from D-arabinose, D-fructose, glycerol, D-glucose, lactose,
maltose, mannitol, sucrose, D-trehalose, and D-xylose, but not from
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Haloquadratum walsbyi C23T

Utilizes
D-mannose, melibiose, D-trehalose, D-xylose, butanol, dulcitol,

D-galactose. L-arabinose, D-cellobiose, D-maltose,
ethanol, glycerol, mannitol, methanol, propranolol, D-sorbitol, xylitol,
benzoate, formate, fumarate, hippurate, malate, and propionate as sole
source of carbon and energy, but not aesculin, amygdalin,
D-melezitose, ribose, starch, acetate, butyrate, glutamate, pyruvate,
and valerate. Utilizes L-alanine, L-asparagine, aspartic acid, L-cysteine,
glycine, L-glutamine, L-methionine, ornithine, L-phenylalanine,
L-serine, L-threonine, tryptophane, and valine as sole source of
carbon, nitrogen, and energy, but not arginine. Major fatty acids are
anteiso-C;s,, followed by iso-C, s, and anteiso-C,,. The genome of the
type strain has a G+ C content of 38.0mol% and its approximate size
is 3.70 Mb.

The type strain, 3ASR75-54" (=CCM 9168" = CECT 30368"), was
isolated from a hypersaline soil at the Odiel Saltmarshes Natural Area
in Huelva (Southwest Spain). The accession number for the 16S rRNA
gene sequence is ON652841 and that for the genome sequence is
GCF_028416595.1.

Description of Terrihalobacillus gen. nov.

Terrihalobacillus gen. nov. (Ter.riha.lo.ba.cil'lus. L. fem. n. terra,
land; Gr. masc. n. hals, salt; L. masc. dim. n. bacillus, a small rod;
N.L. masc. n. Terrihalobacillus, a small rod from salty land).

Cells are Gram-stain-positive, motile, and endospore-forming
rods that form white-pigmented colonies. Endospores are formed at
terminal position. Moderately halophilic, growing in a wide range of
NaCl concentrations. Mesophile and facultative anaerobe. Catalase
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and oxidase positive. Genome mining reveals the biosynthetic
pathway for the molybdenum cofactor and genes encoding for
molybdoenzymes. Major fatty acid is anteiso-C,s,. It belongs to the
family Bacillaceae, order Caryophanales, class Bacilli, and phylum
Bacillota. The DNA G+ C content is 38.0-38.1 mol% (genome). The
type species is Terrihalobacillus insolitus.

Description of Terrihalobacillus insolitus sp.
nov.

Terrihalobacillus insolitus sp. nov. (in.so’li.tus. L. masc. adj.
insolitus, unusual or uncommon).

Cell are Gram-stain-positive, motile rods with a size of
0.5-1.0 x 3.0-5.0 pm. Endospores are formed at terminal position.
Colonies are circular, convex, opaque, and white-colored, with a
size of 1 mm when growing in R2A medium supplemented with
7.5% (w/v) salts after 24h of incubation at 37°C. Facultative
anaerobe. The temperature range for growth is 10-45°C (optimum
at 37°C). The pH values supporting growth are 4.0-9.0 (optimum
at pH 5.0) and the NaCl concentration for growth is 0.5-20% (w/v)
[optimum at 2% (w/v)]. Catalase and oxidase positive. Does not
hydrolyze aesculin, casein, DNA, gelatin, starch, and Tween 80.
Reduces nitrate, but not nitrite. Positive for the methyl red test but
negative for the Voges-Proskauer test, meaning that it uses the
mixed-acid pathway for glucose fermentation. Indole production,
Simmons’ citrate test, phenylalanine deaminase, urease, and H,S
production are negative. Acids are produced from D-fructose,
D-galactose, D-glucose, glycerol, lactose, maltose, mannitol,
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sucrose, and D-trehalose, but not from D-arabinose. Utilizes
D-fructose, D-maltose, D-mannose, D-melezitose, salicin, sucrose,
D-trehalose, D-xylose, mannitol, xylitol, benzoate, butyrate,
fumarate, hippurate, malate, and pyruvate as sole source of carbon
and energy, but not aesculin, amygdalin, D-cellobiose, D-galactose,
D-glucose, D-lactose, D-raffinose, starch, butanol, acetate,
glutamate, and valerate. Utilizes glycine as sole source of carbon,
nitrogen, and energy source, but not L-asparagine, aspartic acid,
and L-threonine. Major fatty acid is anteiso-Cs,. The genome of
the type strain has a G + C content of 38.0 mol% and its approximate
size is 3.66 Mb.

The type strain, 3ASR75-117 (=CCM 91677 = CECT 303677), was
isolated from a hypersaline soil at the Odiel Saltmarshes Natural Area
in Huelva (Southwest Spain). The accession number for the 16S rRNA
gene sequence is ON652838 and that for the genome sequence is
GCF_028416575.1. Strain 3ASR75-286 is an additional strain of this
species. Its DNA G+C content is 38.1mol% (genome) and its
approximate genome size is 3.59 Mb. The accession number for its 16S
rRNA gene sequence is ON653021 and that for its genome sequence
is GCF_028416555.1.
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Haloalkaliphilic microorganisms are double extremophiles functioning optimally
at high salinity and pH. Their typical habitats are soda lakes, geologically ancient
yet widespread ecosystems supposed to harbor relict microbial communities.
We compared metabolic features and their determinants in two strains of the
natronophilic species Dethiobacter alkaliphilus, the only cultured representative of
the class "Dethiobacteria” (Bacillota). The strains of D. alkaliphilus were previously
isolated from geographically remote Mongolian and Kenyan soda lakes. The type
strain AHT1™ was described as a facultative chemolithoautotrophic sulfidogen
reducing or disproportionating sulfur or thiosulfate, while strain Z-1002 was
isolated as a chemolithoautotrophic iron reducer. Here, we uncovered the iron
reducing ability of strain AHT1T and the ability of strain Z-1002 for thiosulfate
reduction and anaerobic Fe(ll) oxidation. Key catabolic processes sustaining the
growth of both D. alkaliphilus strains appeared to fit the geochemical settings
of two contrasting natural alkaline environments, sulfur-enriched soda lakes and
iron-enriched serpentinites. This hypothesis was supported by a meta-analysis
of Dethiobacterial genomes and by the enrichment of a novel phylotype from a
subsurface alkaline aquifer under Fe(lll)-reducing conditions. Genome analysis
revealed multiheme c-type cytochromes to be the most probable determinants of
iron and sulfur redox transformations in D. alkaliphilus. Phylogeny reconstruction
showed that all the respiratory processes in this organism are likely provided by
evolutionarily related early forms of unconventional octaheme tetrathionate and
sulfite reductases and their structural analogs, OmhA/OcwA Fe(lll)-reductases.
Several phylogenetically related determinants of anaerobic Fe(ll) oxidation were
identified in the Z-1002 genome, and the oxidation process was experimentally
demonstrated. Proteomic profiling revealed two distinct sets of multiheme
cytochromes upregulated in iron(lll)- or thiosulfate-respiring cells and the
cytochromes peculiar for Fe(ll) oxidizing cells. We suggest that maintaining high
variation in multiheme cytochromes is an effective adaptive strategy to occupy
geochemically contrasting alkaline environments. We propose that sulfur-
enriched soda lakes could be secondary habitats for D. alkaliphilus compared to
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Fe-rich serpentinites, and that the ongoing evolution of Dethiobacterales could
retrace the evolutionary path that may have occurred in prokaryotes at a turning
point in the biosphere’s history, when the intensification of the sulfur cycle
outweighed the global significance of the iron cycle.

Dethiobacter alkaliphilus, soda lakes, serpentinites, multiheme cytochromes, sulfur/
thiosulfate reduction, microbial iron cycling

Introduction

Modern soda lakes, defined by high salinity and pH, occur
worldwide and are thought to harbor relict microbial communities
(Zavarzin, 1993; Zhilina and Zavarzin, 1994). Despite several
extreme parameters, soda lakes are characterized by high
productivity and contain fully functional and diverse haloalkaliphilic
microbial communities that drive the biogeochemical cycles of
carbon, nitrogen, and sulfur (Jones et al., 1998; Zavarzin et al., 1999;
Sorokin et al,, 2011, 2014a). In modern soda lakes, the sulfur cycle
is one of the most active biogeochemical processes. Redox
transformations of inorganic sulfur compounds are energetically
efficient enough for microorganisms to cope with costly life under
polyextreme conditions. An important phenomenon observed in
the sediments of Kulunda soda lakes (Altai region, Russia) is that
sulfidogens using elemental sulfur and thiosulfate as electron
acceptors are more active there than sulfate reducers despite the
higher abundance of sulfates in the ecosystem (Sorokin et al., 2011).
Inspite of the predominance of the sulfur cycle, several species and
genera of iron reducers have been isolated from soda lakes and their
wide distribution in these ecosystems has been further reported
(Zavarzina et al., 2016). Importantly, most dissimilatory alkaliphilic
iron reducers are capable of using sulfur as an alternative electron
acceptor, just as many alkaliphilic sulfidogens have been shown to
reduce Fe(III) (Zavarzina et al., 2018).

Dethiobacter alkaliphilus, the only cultured representative of the
genus Dethiobacter, was isolated from mixed anaerobic sediments of
northeastern Mongolian soda lakes, and was described as a sulfur- and
thiosulfate-reducing, facultatively chemolithoautotrophic sulfidogen
utilizing H, and a range of organic electron donors, strain AHT1"
(Sorokin et al., 2008). The organism is also capable of sulfur or
thiosulfate disproportionation (Poser et al., 2013, 2016). The 16S
rRNA gene-based phylogenetic reconstruction placed the first isolate
of D. alkaliphilus within a deep lineage of Firmicutes (now Bacillota)
related to the order Syntrophomonadales and syntrophic acetate-
oxidizing haloalkaliphiles from soda lakes, with Ca. Contubernalis
alkalaceticus (Zhilina et al., 2005) and Ca. Synthrophonatronum
acetioxidans (Sorokin et al., 2014b) as the closest relatives. Further
phylogenomic reconstruction based on 120 single-copy conservative
markers (Parks et al., 2018) rooted D. alkaliphilus as a separate class
“Dethiobacteria; order “Dethiobacterales, and family
“Dethiobacteraceae” (Sorokin and Merkel, 2019). Strain Z-1002
belonging to the same species, was isolated from the sediments of a
hypersaline soda lake Magadi in Kenya (Zavarzina et al., 2018) on the
selective medium containing synthesized ferrihydrite (SF) as the sole
electron acceptor and formate or molecular hydrogen as the energy

Frontiers in Microbiology

149

source. Thus, the two cultured strains AHT1" and Z-1002 of the single
species of the class “Dethiobacteria” were isolated as sulfur/thiosulfate-
and iron-reducers, respectively, from the sediments of soda lakes
located on two different continents.

Interestingly, Dethiobacter-related phylotypes have been
previously detected exclusively in alkaline environments (pH > 7.5) of
two different types, the sediments of soda or meromictic lakes, and
subsurface ecosystems affected by serpentinization processes.
Representatives of Dethiobacter genus were detected in the sediments
of a meromictic Mahoney lake, in soda lakes Mono, Van and those of
the Kulunda Steppe (Hamilton et al, 2016; Edwardson and
Hollibaugh, 2017, 2018; Vavourakis et al., 2018; Ersoy Omeroglu et al.,
2021), as well as in several serpentinizing ophiolites, serpentinization-
based subseafloor ecosystems, and terrestrial subsurface environments
(Brazelton et al., 2013; Suko et al., 2013; Suzuki et al., 2013; Tiago and
Verissimo, 2013; Crespo-Medina et al., 2014; Glaring et al., 2015;
Lopez-Lopez et al., 2015; Postec et al., 2015; Woycheese et al., 2015;
Purkamo et al., 2016, 2017; Pisapia et al., 2017; Sabuda et al., 2020,
2021). Furthermore, Dethiobacter was highly enriched in microcosms
with serpentinizing groundwater in the absence of any external
nutrients (Crespo-Medina et al., 2014; Purkamo et al., 2017).
Serpentinization is a widespread geochemical phenomenon involving
the aqueous alteration of ultramafic rocks, containing the Fe-rich
[(Mg,Fe),SiO,], to serpentine [(Mg,Fe,),.
3(Si,Fe),05(OH),]. The process results in the formation of a highly
alkaline (pH > 10) and strongly reducing, H,-rich fluid, which creates

mineral olivine

thermodynamically favorable environmental conditions for abiotic
organic synthesis from slab-derived inorganic carbon (McCollom and
Bach, 2009). Serpentinization occurs in numerous settings on Earth,
including subduction zones, mid-ocean ridges, and ophiolites and is
rooted far back in the Earth’s geologic history, potentially contributing
to the origin and early evolution of life (Russell et al., 2010; Schrenk
et al., 2013). In this view, the ecological fitness of Dethiobacter
correlates with the putative conditions of some early Earths
ecosystems. Accordingly, deeper understanding of the phenotype and
genotype of these bacteria would broaden our knowledge about the
metabolic pathways that might play a crucial role in the
biogeochemical cycling of elements on the early Earth, in the period
of the Great Oxidation Event (2.4-1.8 Ga).

The aim of our work was to fill the knowledge gap on the metabolic
pathways driving the respiration of sulfur and iron compounds in
D. alkaliphilus strains. We also aimed to propose how the interrelations
between the redox transformations of iron and sulfur compounds within
a single species might affect its adaptation to geochemically contrasting
extreme environments. To achieve our goals, we used a combination of
classical microbiological methods with multi-omics analysis. We also
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collected the data on the geology of the Lake Magadi and the Fe-depleted
subsurface Yessentuki aquifer to assess the significance of geochemical
factors in the evolution of D. alkaliphilus energy metabolism.

Materials and methods
Strains and cultivation conditions

The strain AHT1" isolated from a mixed anaerobic sediments of
northeastern Mongolian soda lakes (Sorokin et al., 2008) was kindly
provided for the study by Dr. D. Yu. Sorokin. The ability of strain
AHT1" for dissimilatory iron-reduction was tested in an optimal liquid
medium of the following composition (per liter distilled water): NH,Cl
0.5g; KH,PO,, 0.2 g; MgCl, x 6H,0 0.1 g; CaCl, x2H,0 0.02g; KC1 0.2 g;
NaCl 3.0g; Na,CO; 15.0g; NaHCO; 20.0g; Na,Sx9H,0 0.1g; 1mL
trace element solution (Kevbrin and Zavarzin, 1992); 1 mL vitamin
solution (Wolin et al., 1963); yeast extract 0.2g. Molecular hydrogen
(10% v/v in the gas phase) was used as the electron donor, and SF
prepared as previously described (Zavarzina et al., 2006) was used as
the electron acceptor. SF was added to the culture medium prior to
sterilization to achieve a final Fe(III) content of 50 mM. The medium
was prepared under pure N, flow. Afterwards, NaHCO;, vitamins,
Na,S x 9H,0, and SF were added. The medium was dispensed in 20 mL
aliquots into 50 mL flasks and the headspace was filled with pure N,.
The medium was autoclaved at 1atm, 121°C for 20 min. The pH of the
sterile medium was 9.5. After three successful transfers to the optimal
medium, sodium sulfide and yeast extract were omitted for further
cultivation steps in order to test the ability of strain AHT1" to reduce
SF lithoautotrophically in the absence of any reducing agents.

Strain Z-1002 was isolated in 2010 from the sediments of a
hypersaline soda lake Magadi (Kenya). Anaerobic sediment samples
were collected by Prof. G.A. Zavarzin in 1996 in pre-sterilized flasks,
sealed on-site and stored since then at +4°C. The ability of strain
Z-1002 to reduce SF during autotrophic growth with molecular
hydrogen or formate in the presence of vitamin solution was
previously reported (Zavarzina et al., 2018). Here we focused on
determining its optimal growth conditions, the ability to reduce sulfur
compounds and capacity for chemoorganotrophic growth.

The basal medium (BM) used for physiological tests of both
strains contained (per liter of distilled water): NH,Cl 0.5 g; KH,PO,
0.2 g; MgCl, x 6H,0 0.1 g; CaCl,x 2H,0 0.02g; KCl 0.2 g; Na,S-9H,0
0.1g, 1 mL trace elements solution (Kevbrin and Zavarzin, 1992), I mL
vitamins solution (Wolin et al., 1963). Sodium formate (1gl™") and SF
[final Fe(IIT) content of 50 mM] were added to test the Fe(III) reducing
activity under optimal growth conditions. The pH growth range of
strain Z-1002 was determined on BM medium supplemented with
60g1™" NaCl and 10gL™"' NaHCO;. pH lower than 8.0 was adjusted
with 6 M HC], in the range between 8.0 and 9.5—by titrating with 10%
Na,CO; solution, in the range between 9.5 and 10.3—with 12M
NaOH solution. In this experiment, three tubes with culture media
were prepared for each pH value: two tubes for cultivation and one for
measuring the initial pH value of a medium after autoclaving. The pH
stability of the cultures was checked at the end of the incubation.

The carbonate/bicarbonate growth optimum was determined on BM
medium supplemented with 20gL™" NaCl, 55gL~"' NaHCO;, and 95gL™"
Na,COs. This modified medium was gradually diluted with another
one—BM containing 20 gL' NaCl but without carbonate/bicarbonate.
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In the latter medium, the optimal pH value for growth was maintained
by the addition of 20 mM N-cyclohexyl-2-aminoethanesulfonic acid
(CHES) buffer (Merck). Three subsequent transfers were performed to
confirm the ability of strain Z-1002 to grow without carbonates.

The sodium chloride dependence of strain Z-1002 was determined
on BM medium supplemented with 20gL™" NaHCO; and 40gL"™"
Na,CO;. NaCl was added to this medium at the concentrations of
(gL™):0, 3,5, 10, and up to 140 in increments of 10. Three subsequent
transfers were performed to confirm the ability of strain Z-1002 to
grow without chloride.

In all the experiments, soluble electron donors and acceptors were
added from sterile anaerobic stock solutions prior to inoculation. All
the organic substrates (peptides, carbohydrates, alcohols and organic
acids) were filter-sterilized using 0.2pm pore size syringe filters
(Millipore) and added to a final concentration of 3gL™". The capability
for dissimilatory reduction of sulfur compounds (S° (1% w/v); S,05*~
(10mM); SO,*~ (20mM)) was tested with formate (1gL™"), H, (10%
v/v in the gas phase), ethanol or organic acids (10mM in each case)
added as the electron donors. The ability to disproportionate sulfur or
thiosulfate was tested without the addition of any of the electron donors.

The ability to oxidize a natural siderite-based mineral mixture
(Fe,CO; as the major component) under anaerobic conditions was
tested using an optimized medium without sodium sulfide with the
following composition (per liter distilled water): NH,CI 0.5 g; KH,PO,
0.2 g; MgCl, x 6H,0 0.1 g; CaCl, x2H,0 0.02 g; KC1 0.2 g; NaCl 50.0 g;
Na,CO; 40.0 g; NaHCO; 20.0 g; 1 mL trace mineral solution (Kevbrin
and Zavarzin, 1992); 1 mL vitamin solution (Wolin et al., 1963). This
medium was dispensed under N, flow in 10 mL aliquots into Hungate
tubes containing 0.1 g dry mineral powder each. Uniform grains of the
siderite-based mineral mixture of hydrothermal origin (Bakal deposit,
the Urals, Russia) were preliminarily selected and ground to powder
(<100 pm particle size) in an agate mortar. The presence of the Fe(III)-
containing green rust (10.6%) and iron oxides (13%) in the mineral
mixture was detected by Mossbauer spectroscopy (Table 1). The
siderite-containing medium was autoclaved at latm, 121°C for
20 min. Three subsequent transfers were performed to confirm the
ability of strain Z-1002 to grow with siderite by Fe(II) oxidation.

All the cultivation experiments were performed in duplicate using
Hungate tubes.

Sampling of Yessentuki mineral water and
enrichment of a novel Dethiobacter

phylotype

Subsurface water from the Yessentuki Mineral Water Deposit
(YMWD, Stavropol Krai, Russia) was sampled in September, 2020,
from Well 9 extracting Na-Ca-HCO;-SO,-type mineral water from the
Lower Cretaceous (K,s-m) aquifer. This well (E 42°48'10” N 44°230")
is 600 m deep and has open boreholes in the interval of 485-556 m. The
temperature, pH value, and salinity of the mineral water at the wellhead
during the sampling were 21.9°C, 7.9, and 0.4 gL', respectively. One
hundred liter of water was filtered through a 0.2pm pore size track
membrane filters (JINR, Dubna, Russia) under the natural overpressure
of the well, as described previously (Gavrilov et al., 2022). The filter was
cut in half and one of its parts was used for DNA extraction and
phylogenetic profiling of the natural water microbial community
according to a previously described procedure (Gavrilov et al., 2022).
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TABLE 1 Hyperfine parameters of room temperature ’Fe Mdssbauer spectra of the siderite-based mineral mixture incubated with the growing culture
of strain Z-1002 and in a sterile control medium.

Subspectrum  Phase I, % 8, mm/s e mm/s T, mm/s
‘ Siderite-based mixture from uninoculated control
_ Siderite 76.3+2.0 1.229+0.001 0.884+0.001 0.241+0.002
D, Green rust (Fe*) 8.4+2.1 1.17+0.03 1.02+0.05 0.64+0.09
Green rust (Fe*) 22+0.5 0.37+0.04 0.34+0.03 0.39+0.06
L% Bna MM/ Ema MM/S Bhao T 8, mm/s € ., mm/s B, T T, mm/s
S Iron oxides 13.0+£0.4 0.379+0.016 | —0.092+0.017 49.0+0.2 0.385+£0.012  —0.073+0.011 46.0+£0.3 0.21+0.06
Siderite-based mixture from the grown culture of strain Z-1002
Subspectrum Phase I, % 5, mm/s €, mm/s I', mm/s
Siderite 76.1+£0.7 1.228£0.001 0.883+0.003 0.267+0.001
D, Green rust (Fe*) 2.1+0.6 1.226+0.130 1.209+0.120 0.43+0.09
_ Green rust (Fe*') 4.6+0.4 0.36+0.08 0.34+0.09 0.50+0.05
L% Onay MM/S Ema MM/S B T d,,, mm/s £ ,, mm/s B,,T I', mm/s
8 Iron oxides 17.2+0.4 0.369+0.012 | —0.097+0.012 49.3+£0.1 0.374+0.008  —0.092+0.008 46.5+£0.2 0.23+0.03

I, relative intensity of a subspectrum; 8, Mossbauer line shift relatively a-Fe; &, quadrupole shift; T', line width; 8., 8, maximum and average values of Méssbauer line shift; &, &, maximum
and average values of a quadrupole shift; B,,.,, B,,, maximum and average values of hyperfine magnetic field.

Another part of the filter was placed in a pre-sterilized 100 mL flask,
filled with mineral water (80 mL) and CO, gas headspace (20mL), and
was stored at +4°C for 1.5-years. After storage, the flask was
supplemented with SF [final Fe(III) content of 10 mM], sodium sulfate,
sodium acetate, and sodium formate (10mM each), and used as a
primary enrichment of sulfate and iron reducing microorganisms
inhabiting the mineral water. It was incubated in the dark at 35°C for
3 weeks. Subsamples for DNA extraction and phylogenetic profiling
were taken from this culture at the beginning and after the end of the
incubation. Further transfers from this primary enrichment were made
to the medium with the following composition (per liter distilled
water): NH,Cl 0.015g; KH,PO, 0.115g MgCl,x6H,0 0.6g;
CaCl,x2H,0 0.1g; NaHCO; 0.3 g; Na,S-9H,0 0.1 g, 1 mL trace element
solution (Kevbrin and Zavarzin, 1992); 1 mL vitamin solution (Wolin
etal, 1963). Sodium formate (1gL™") or sodium acetate (1gL™") were
used as the electron donors and SF (final Fe(III) content of 50 mM) as
the electron acceptor. The medium for the enrichments was prepared
by boiling and cooling it under pure N, flow, then NaHCO;, vitamins,
Na,S-9H,0, and SF were added, and the pH was adjusted to 8.0 with
2.5M NaOH solution. The medium was dispensed in 10 mL aliquots
into 16 mL Hungate tubes and autoclaved at 1atm, 121°C for 20 min.

Phenotypic characterization of the strains

Growth of D. alkaliphilus strains was monitored by direct cell
counting using an Axio Lab.Al phase-contrast and fluorescent
microscope (Zeiss, Germany). Subsamples of SF-grown cultures were
pre-stained with acridine orange dye for DNA.

Molecular hydrogen consumption, the formation of gaseous
metabolites, sulfide concentration, and Fe(II) production were
monitored as previously described (Khomyakova et al., 2022). Acetate
was analyzed using the same chromatograph with FID detector and
an Optima FFAPplus 0.25pmx0.32mmx30m capillary column
(Macherey-Nagel) with argon as the carrier gas. Separation was
carried out with temperature programming. Samples for gas-liquid
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chromatography (0.2mL each) were pre-treated by centrifugation at
12,600¢g for 2min, followed by stepwise acidification of the clear
supernatants with H;PO, and 5 M formic acid to the pH of 2.0. The
detection limit of the method was 0.2 mM.

Méssbauer spectroscopy

The Fe?*/Fe** ratio of minerals was determined by ¥’Fe Méssbauer
spectroscopy. This method allows for the determination and
quantification of different atomic environments, magnetic states,
chemical states and transformations of iron-containing compounds
(Kamnev and Tugarova, 2021). All Méssbauer measurements were
performed at room temperature using the MS-1101 Em spectrometer,
operating in the constant acceleration mode, with a *’Co source in the
Rh matrix. The calibration was carried out relating to «-Fe, and the
spectra were fitted using SpectrRelax software. To process the spectra,
a model fitting was carried out simultaneously with the extraction of
the hyperfine magnetic field distribution.

DNA extraction and amplicon sequencing

The composition of the microbial community of Yessentuki
mineral water and of the enrichments was determined by amplification
of the hypervariable V4 region of the 16S rRNA genes, followed by
sequencing and bioinformatic data processing. Total DNA was isolated
with the FastDNA™ Spin Kit for Soil DNA Extraction (MP
Biomedicals, United States) according to the manufacturer’s
instructions using the FastPrep-24™ 5G Bead Beating System (MP
Bio, United States). Amplicon libraries were prepared as described by
Gohl et al. (2016) using the following primers: 515F (5-GTG BCA
GCM GCC GCG GTA A-3’) and 806R (5-GAC TAC NVG GGT
MTC TAA TCC-3’) (Hugerth et al., 2014; Merkel et al, 2019)
including Illumina technical sequences (Fadrosh et al., 2014). High-
throughput sequencing of the libraries was performed using MiSeq
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Reagent Micro Kit v2 (300-cycles) MS-103-1,002 (Illumina,
United States) on a MiSeq sequencer (Illumina, United States)
according to the manufacturer’s instructions. Libraries were prepared
and sequenced in two replicates for each sample. Amplicon sequence
variants (ASV) were obtained using the Dada2 script (Callahan et al.,
2016) and the SILVA 138.1 database (Quast et al., 2013). Analysis of
the ASV tables was performed using Rhea (Lagkouvardos et al., 2017).
All sequencing data were deposited in SRA (NCBI) under BioProject
ID PRJNA945437.

Genome sequencing and analysis

A WGS library preparation and sequencing of Dethiobacter
alkaliphilus Z-1002 was performed in BioSpark Ltd., Moscow, Russia,
using KAPA HyperPlus Library Preparation Kit (KAPA Biosystems,
United Kingdom) according to the manufacturers protocol and
NovaSeq 6,000 system (Illumina, San Diego, CA, United States) with
a reagent kit capable of read 100 nucleotides from each end. This
Whole Genome Shotgun project has been deposited at DDBJ/ENA/
GenBank under the accession JAPDNOO000000000. Gene search,
annotation, and genome-based phylogenetic reconstructions were
performed as previously described (Khomyakova et al., 2022) with an
additional use of PGAP service (Li et al., 2021).

Screening of the genomes of both D. alkaliphilus strains for
multiheme cytochromes and their sequence analysis was performed
as previously described (Toshchakov et al., 2018) using reported
cytochromes, involved in extracellular electron transfer (EET) in
Geobacter sulfurreducens, Shewanella oneidensis, “Thermincola potens,
Carboxydothermus ferrireducens (Gavrilov et al., 2021 and references
therein), the dataset of cytochrome query sequences was supplemented
with multiheme proteins reported to be involved in Fe(III) respiration
or other EET processes in the thermophilic Fe(III) reducers
Carboxydocella thermautotrophica (Toshchakov et al, 2018) and
Melioribacter roseus (Gavrilov et al., 2017), anaerobic Fe(II) oxidizing
bacteria Sideroxydans lithotrophicus, Gallionella capsiferriformans, and
Dechloromonas aromatica (Chakraborty et al., 2005; Emerson et al.,
2007; Liu et al, 2012), Fe(Ill) reducing and syntrophic archaea
(Mardanov et al., 2015; Smith et al., 2015; Krukenberg et al., 2018;
Kashyap and Holden, 2021). Heme-binding motifs in D. alkaliphilus
multihemes were predicted as previously described (Mardanov et al.,
2015). Conservative domains, transmembrane helices and signal
peptides were predicted using the hmmscan' web-service (Potter
etal,, 2018) with default parameters and all databases included.

Phylogenetic analysis of cytochromes

The cytochrome ¢ protein sequences of SirA octaheme sulfite
reductase from S. oneidensis and the MtoA Fe(II)-oxidizing decaheme
of D. aromatica were retrieved from the non-redundant NCBI protein
database on November 2022. Homologs for each of these sequences
were separately screened for using the BLASTp algorithm and the
obtained sets of sequences were manually curated and processed as

1 https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
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described previously (Gavrilov et al., 2021). The resulting sets of 48
amino acid sequences for the SirA query and 342 sequences for MtoA
query were amended with the sequences of SirA, or the MtoA
of D. alkaliphilus
(Supplementary Table S1). The immunoglobulin-like domains were

homologs from the genomes strains
omitted from the sequences of D. alkaliphilus to decrease non-specific
alignments within the protein sets. The sets were then aligned using
MAFFT 7.490 with default parameters, with 1,000 iterations of the
FFT-NS-i refinement method (Katoh et al, 2019). Two final
alignments (for SirA and MtoA hits) were subjected to a Bayesian
inference and used to construct unrooted phylogenetic consensus

trees as described previously (Gavrilov et al., 2021).

Shotgun proteomic analysis

For proteomic analysis, biomass of D. alkaliphilus strain AHT1"
grown with H, and thiosulfate or SF as the electron acceptors was
harvested from 100 mL cultures by centrifugation at 16,000 g for 15min.
Both cultures were grown in triplicate. Before harvesting, the SF-grown
culture was separated into liquid and mineral phases using low speed
centrifugation (5min, 1,000g). The mineral phase was ultrasonicated
inside the centrifuge bags in an ultrasonic bath (Sapphire, Russia) at
99% power, 5min, to separate adherent cells from the minerals. The
ultrasonicated mineral phase was then combined with the liquid phase,
mixed thoroughly, the bulk of the minerals were held in the bags with
a hand magnet and the remaining suspension was transferred to
another centrifuge bag to harvest the biomass at 13,000 g for 20 min.

Cell lysis, reduction, alkylation and digestion of the proteins, as
well as the processing and LC-MS/MS analysis of the obtained peptide
sets were performed as previously described (Gavrilov et al., 2021).
Label-free protein quantification was made by MaxQuant software
version 1.5.6.5 using D. alkaliphilus strain AHT' amino acid FASTA
dataset and a common contaminant database through the Andromeda
search engine according to the previously described protocol (Gavrilov
et al, 2021). The iBAQ algorithm (Schwanhdusser et al, 2011)
implemented in MaxQuant software was used to quantify proteins in
each sample. Normalization of each protein’s iBAQ value to the sum of
all iBAQ values generated a relative iBAQ (riBAQ) values corresponding
to the molar percentage of each protein in the sample, with the entire
set of proteins in the sample taken as 100% (Shin et al., 2013).

The mass spectrometry proteomics data were deposited at the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2022) partner repository with the dataset identifier PXD040929.

Analysis of environmental distribution of
Dethiobacter genus and Dethiobacteraceae
family

We used 16S rRNA gene sequences and related metadata to
analyze the relative abundance of Dethiobacters in different
environments. For this purpose, we took all sequences assigned to the
Dethiobacter genus in the SILVA database 138.1 (Quast et al., 2013).
Next, we analyzed the similarity of these sequences to the 16S rRNA
gene sequences of D. alkaliphilus strains AHT1" and Z-1002 using
BLASTN (Altschul et al., 1990), discarding all sequences with less than
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94.5% similarity to these cultured strains of the genus. Finally, to
analyze the distribution of the genus Dethiobacter in different types of
ecotopes, we obtained 108 sequences of 16S rRNA genes. Next,
we analyzed the metadata related to the detection sources of
these sequences.

To analyze the distribution of the representatives of the
Dethiobacteraceae family (Sorokin and Merkel, 2019), we used the
metadata on MAGs from the GTDB 207 database (Parks et al., 2022),
i.e., the information on isolation sources, description of sampling
sites, geological or geochemical information on them if
publicly available.

Results

General phenotypic characteristics of
strain Z-1002

The Fe(Ill)-reducing strain of D. alkaliphilus, Z-1002, was
previously isolated in a pure culture with SF and formate under highly
alkaline conditions (Zavarzina et al., 2018). Here, we describe its
metabolic characteristics in detail. Strain Z-1002 appeared to be an
obligate alkaliphile with the pH growth range from 7.8 to 10.1 and an
optimum at pH 9.2. It is an obligate natronophile growing in the range
of carbonate/bicarbonate concentration ratios from 13.5/7.5 to
82.0/45.0gL™" with an optimum at 40.0/20.0gL™". It could not grow
without carbonates in the presence of CHES buffer after the second
transfer from a carbonaceous medium. It was halotolerant and grew
in the range of NaCl concentrations from 0 to 120gL™" with an
optimum at 50-60 g L™". Strain Z-1002 grew chemoorganotrophically
with lactate, succinate, butyrate, pyruvate, propionate, or ethanol as
the electron donors and SF or thiosulfate as the electron acceptors.
Slow growth with a low cell yield of 5x 10° cells mL™", accompanied
by the production of 2.5 mM sulfide, was observed on thiosulfate with
the addition of formate or H, as electron donor. The most intense
thiosulfate reduction accompanied by the formation of 15 mM sulfide
was observed with ethanol as the electron donor. Strain Z-1002 was
unable to use elemental sulfur and sulfate as the electron acceptors, as
well as it was unable to disproportionate sulfur or thiosulfate. Strain
7Z-1002 was unable to grow by fermentation of carbohydrates,
peptides, and amino acids.

Fe(lll) reducing ability of the type strain
AHT1T

Considering the metabolic features of D. alkaliphilus isolate from
the lake Magadi, we tested the ability of the type strain AHT1" for
dissimilatory iron reduction. After three sequential transfers on the
medium supplemented with SF and H, in the absence of yeast extract
and sodium sulfide, strain AHT1" produced 4.1 + 0.5 mM Fe(II) from
ferrihydrite with concomitant oxidation of 1.6+ 0.2 mM molecular
hydrogen (Figure 1). The mineral phase changed from brownish to
dark brown color during the growth, indicating the formation of
Fe(II)-containing minerals (Supplementary Figures S1). The cell yield
under these conditions was 3.5+ 2% 107 cell mL™". Ferrihydrite-grown
cells of both D. alkaliphilus strains were strongly associated with iron
minerals (Figure 2).

Frontiers in Microbiology

10.3389/fmicb.2023.1108245

Experimental verification of the ability of
strain Z-1002 for anaerobic Fe(ll) oxidation

Cultures of the strain Z-1002 appeared to oxidize Fe(II) from a
natural mixture of hydrothermal siderite (76%), green rust (11%),
and iron oxides (13%) under anaerobic conditions in the absence of
any organic compounds. The maximum cell yield under these
growth conditions was 107 cells mL™" and was observed by the 34th
hour of incubation (Supplementary Figure S2). Growth was
accompanied by the changes in the mineral phase as no soluble
Fe(III) or Fe(Il) species were detected in the culture during the
incubation. Mdssbauer analysis of the minerals from the grown
cultures (stationary growth phase) and uninoculated controls
revealed a decrease in the relative total intensity of the spectra
corresponding to ferrous iron atoms from 87.7 £2.9% to 78.2+0.9%
in the grown cultures (Table 1). No such changes were observed in
the controls. The relative intensity of siderite subspectrum of the
microbially impacted mineral sample remained virtually unchanged,
but the intensity of the doublet corresponding to Fe’* atoms in the
green rust structure decreased from 8.4+2.1% to 2.1 +0.6%, while
the intensity of the doublet corresponding to Fe** atoms in this phase
increased from 2.2+0.5% to 4.6+0.4% (Table 1
Supplementary Figure S3). This means that 75% of the bivalent iron

and

atoms contained in the green rust were oxidized. At the end of the
incubation, we also observed an increase of 4.2% in the magnetically
ordered phase content of the mineral mixture. Thus, on the one
hand, we have observed a rearrangement of the bivalent and trivalent
iron atoms in the green rust, and on the other hand, an increase in
the amount of iron oxides in the mixture.

Genome analysis of Dethiobacter
alkaliphilus strains

Genomes statistics

The genome of the type strain AHT1" was previously sequenced
and annotated (Melton et al., 2017). Here we have sequenced and
analyzed the genome of strain Z-1002 and compared its genomic
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FIGURE 1

Kinetics of hydrogenotrophic growth of strain AHT1" with ferrihydrite
as the electron acceptor, hydrogen consumption and Fe(ll)
production in the absence of yeast extract and sodium sulfide.
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FIGURE 2

Cellular morphology of Dethiobacter alkaliphilus strains. (A) Fluorescent micrograph of acridine orange stained culture of strain Z-1002 colonizing a
synthesized ferrihydrite particle during the growth with molecular hydrogen, white arrow indicates a newly formed magnetite crystal. (B) Phase
contrast micrograph of the same culture (same spot), white arrow indicates a newly formed magnetite crystal. (C) Fluorescent micrograph of acridine
orange stained culture of strain AHT1' colonizing a synthesized ferrihydrite particle during the growth with molecular hydrogen. (D) Phase contrast
micrograph of the same culture and the same spot, white arrows indicate newly formed siderite crystal. Each bar = 10 pm.

determinants of central carbon and energy metabolism with the type
strain, as well as clarified the phylogenomic position of the genus
Dethiobacter. Detailed statistics of both D. alkaliphilus genomes can
be found in Supplementary Table S2.

Phylogenomic position of the genus
Dethiobacter

Initially, the description of the phylogenetic position of the
genus Dethiobacter was based only on the analysis of the 16S rRNA
gene, which showed that this genus represents a deep phylogenetic
lineage within the Firmicutes (Bacillota) phylum. Based on a
modern phylogenomic reconstruction approach using 120 single-
copy conserved marker genes (Parks et al., 2022), D. alkaliphilus has
been classified as an individual class of “Dethiobacteria” (Sorokin
and Merkel, 2022). Apart from D. alkaliphilus, this class includes
only metagenome-assembled genomes (MAGs). According to the
results of our phylogenomic analysis based on the same method, the
MAGs of the Dethiobacteraceae family appeared to form two
distinct phylogenetic clusters: one containing D. alkaliphilus and
the MAGs from serpentinizing environments, and another
containing MAGs from anaerobic digestion facilities and organic
wastes (Figure 3).

Frontiers in Microbiology

Central metabolism of Dethiobacter alkaliphilus
As expected, both strains of D. alkaliphilus possess similar gene
sets determining central metabolic processes. These are identical
clusters of genes encoding [NiFe] uptake hydrogenase (HydABC) and
its assembly proteins HypDEF, complete gene sets of V-type Na*-ATP
synthetase, and the Wood-Ljungdahl pathway for autotrophic CO,
fixation, which includes an operon comprising a CODH gene cooS
followed by acsABCDE genes of acetyl-CoA-synthetase and separately
located genes encoding the methylTHF branch of the pathway and a
formate dehydrogenase. Interestingly, both strains possess duplicates
of the cooS genes, which are encoded separately by the CODH operons
(DealDRAFT_0192 in strain AHT1" and OMD50_RS09960 in Z-1002
strain). No genes of energy-converting hydrogenases have been
identified in D. alkaliphilus. The genomes of both strains encode
electrogenic membrane Na*/H* Mrp antiporters, which are essential
for natronophiles to expel sodium from the cell. Also, both genomes
contain similar gene sets determining the processes of osmotic
balancing, namely those, encoding sucrose-phosphate phosphatases
and sucrose synthases, as well as ABC transporters specific for betaine
and choline. Oxidation of short chain organic acids is determined in
both strains by highly similar genes of tetrameric pyruvate
oxidoreductases, succinate dehydrogenases/fumarate reductases
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FIGURE 3

Phylogenomic placement of Dethiobacter alkaliphilus strains and MAGs of the Dethiobacteraceae family based on concatenated partial amino acid
sequences of 120 bacterial single copy conserved marker genes with taxonomic designations according to the GTDB (Release 07-RS207). Bootstrap
consensus tree is shown with values above 85% placed at the nodes. Bar, 0.1 changes per position.

(OMD50_RS06125-30 and Deal DRAFT_0594-96 loci, respectively),
and acetyl-CoA-synthetases encoded adjacently to CODH subunits.

Reduction and oxidation of iron minerals

Strain AHT1" has been previously reported to possess a wide
repertoire of multiheme c-type cytochromes including those thought
to be involved in nitrate reduction, redox transformation of sulfur and
Fe(IIT) compounds (Melton et al., 2017; Zavarzina et al., 2018; Sorokin
and Merkel, 2019). Here we have revisited previous annotations of
multiheme genes predicted in AHT1" and compared them with
cytochrome-encoding genes from strain Z-1002. A comprehensive
analysis revealed 31 proteins with c¢-type multiheme conserved
domains encoded in the AHT1" genome and 27 multiheme proteins
encoded in the Z-1002 genome. All the multihemes of the latter strain
share homology with those of the type strain (31-100% amino acid
sequence identity, Supplementary Table S1), whereas the AHT1"
genome encodes 7 multihemes that have no homology to the proteins
of the strain Z-1002. The majority of multihemes from both
D. alkaliphilus strains share similarity with the proteins previously
reported to be involved in EET to Fe(III) minerals in Geobacter,
Shewanella, Thermincola, Carboxydothermus species, or in Fe(III)-
reducing archaea (Supplementary Table S1). In addition, 2 multihemes
from AHT1" and 3 multihemes from Z-1002 share similarities
(22-27% identity) with MtoA-type outer surface cytochromes that
perform the reverse EET process of Fe(II) oxidation within MtoABC
porin-cytochrome complexes (Shi et al, 2012). The majority of
EET-related multihemes, whether putative Fe(III) reductases or Fe(II)
oxidases, are encoded by clustered genes in both strains of
D. alkaliphilus. However, the structure of these gene clusters differs in
the two strains (Figure 4). In total, 6 such clusters were identified and
numbered according to their genomic coordinates in strain AHT1"
and 5—in strain Z-1002. The clusters determining the EET processes
are likely to encode not only the terminal oxidoreductases, interacting
with extracellular electron acceptors or donors, but also the proteins
linking these oxidoreductases with the membrane-bound electron
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transfer chain, quinol oxidizing cytochromes and auxiliary proteins
involved in the secretion and proper spatial localization of the
components of the EET chain within the cell envelope and on the cell
surface (Shi et al., 2012). The strain AHT1" possesses four such
clusters. The cluster 1-Fe-T (of the type strain AHT1") contains 3
multiheme genes homologous to those of SmhB cytochrome (38%
identity) specific for soluble Fe(III) complexes in C. ferrireducens
(Gavrilov et al,, 2021), the key multiheme MtrA (22% identity) of the
EET pathway in S. oneidensis which transfers electrons across the
outer membrane to extracellular acceptors (Campbell et al., 2022), and
a homolog of a quinol-oxidizing multiheme CymA (34% identity) that
initiates the metal-reducing pathway in S. oneidensis (Shi et al., 2016).
Cluster 1-Fe-T also encodes NHL- and TPR-repeat-containing
proteins and includes a regulatory region downstream of the
cytochrome genes. All the proteins encoded within this cluster have
no homologs in the genome of strain Z-1002. Cluster 2-Fe-T in strain
AHT1" encodes two homologs (25 and 30% identity) of secreted
c-type cytochromes from Gram-positive thermophilic Fe(III)-
reducers “T. potens” and C. ferrireducens together with NHL- and
TPR-repeat-containing proteins and electron transfer flavoproteins.
The cluster is flanked with two regulatory genes (Figure 4). Only one
protein from this cluster, DealDRAFT_1428, has a homolog in Z-1002
strain (Supplementary Table S1). The largest cluster 3-Fe-T of AHT17,
which was previously mispredicted to include the locus
DealDRAFT_1428-35 (Zavarzina et al, 2018), encodes nine
multiheme cytochromes. Two of these proteins (namely,
Deal DRAFT_1439 and 1457) are homologous (22 and 27% identity)
to MtoA-type cytochromes, while the others are similar to CymA and
various auxiliary multihemes of EET pathways in C. ferrireducens and
an ANME-2 group archaeon (Gavrilov et al., 2021; Kashyap and
Holden, 2021). Interestingly, the MtoA homologs of strain AHT1”
share varying similarity (from complete to 37% identity) with six
different multihemes of strain Z-1002 (OMD50_RS14355, 14365,
14375, 09855, 13505, 13520, Supplementary Table S1). In total, seven
multihemes of the 3-Fe-T cluster have homologs in strain Z-1002
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FIGURE 4

Clusters of EET-related genes and their close genomic neighborhood in D. alkaliphilus strains AHT1" (marked with bold text) and Z-1002. Clusters are
numbered according to their genomic coordinates. Gene mapping is performed with Gene Graphics web application (Harrison et al., 2018). Genes are
marked with the numbers of corresponding locus tags with their prefixes omitted (DealDRAFT_ for the strain AHT1" and OMD50_RS for the strain
7-1002). Genes are colored according to their predicted products: green—flavoproteins, blue—transport system proteins, light blue—NHL- and TPR-
repeat-containing proteins, pink—rhodanese domain-containing proteins, red—homologs of putative terminal Fe(lll) reductases, olive—homologs of

genes are given in Supplementary Table S2.

various EET-related secreted multihemes, light brown—homologs of MtoA-type Fe(ll) oxidases, dark orange—homologs of octaheme SirA sulfite
reductases and Otr tetrathionate reductases, yellow—putative quinol oxidases, gray—other proteins including hypothetical ones. Similar genes of
multiheme cytochromes in the clusters 3-Fe-T, 2-Fe, and 3-Fe are marked with differentially colored rectangles. Clusters 4-Fe-T and 1-Fe, 5-T and 4,
as well as 6-T and 5 are almost identical to each other, that is not specially marked on the scheme. Homology values for all the mentioned similar

(Figure 4). In addition to cytochromes, the 3-Fe-T cluster of strain
AHTI1" contains the genes of several NHL- and TPR-repeat-
containing proteins and a component of an ABC-type
transport system.

In strain Z-1002, the majority of EET-related genes are organized
in two clusters (Figure 4). The largest cluster 2-Fe encodes three
homologs of the DealDRAFT_1,439 protein mentioned above
(38-87% identity, Supplementary Table S1). Two of these homologs
share similarity with the MtoA Fe(II)-oxidizing cytochrome (23 and
29% identity), and one—with phylogenetically related MtrD Fe(III)-
reducing cytochrome (24% identity). Other multihemes encoded
within the 2-Fe cluster of strain Z-1002 share homology with the
CymA quinol-oxidizing cytochrome (35% identity) and auxiliary
EET-related proteins of C. ferrireducens and S. oneidensis (29-31%
identity). In addition, this cluster encodes electron transfer-related
flavoproteins, NHL- and TPR-repeat-containing proteins, and an ABC
transporter all of which might be involved to the secretion and proper
orientation of EET-driving multihemes on the cell surface. Another
large cluster of EET-related multiheme genes in strain Z-1002 is 3-Fe
which also encodes an MtoA homolog (27% identity) OMD50_

RS13520, completely identical to Deal DRAFT_1,457, as well as the
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homologs (26-28% identity) of the periplasmic DmsE and outer cell
surface OmcX cytochromes involved in the EET pathways of
S. oneidensis and G. sulfurreducens, respectively.

Both strains of D. alkaliphilus possess three more EET-related
gene clusters identical to each other (Figure 4). These small clusters
encode the homologs of putative Fe(III) reducing multihemes
(31-33% identity, clusters 4-Fe-T and 1-Fe), putative quinol-oxidizing
cytochromes (29-32% identity, clusters 6-T and 5), and the
cytochromes homologous to SirA/MccA-like sulfite reductases and
rhodanese domain proteins (clusters 5-T and 4, see below).

Considering a rare case of the appearance of both Fe(III)
reduction, and Fe(II) oxidation determinants in a single organism,
we have analyzed the homologs of MtoA proteins from D. alkaliphilus
strains in more detail. The protein Deal DRAFT_1439 and all its four
homologs from strain Z-1002 appeared to possess large
immunoglobulin-like conserved domains at their C-terminal regions.
The same domain was identified in the protein OMD50_RS09855
homologous to the MtrD Fe(III)-reducing cytochrome of S. oneidensis
(22% identity), as well as to DealDRAFT_1457 MtoA-like protein
which only possesses multiheme conserved domains (29% identity,
Supplementary Table S1). Phylogenetic reconstruction of the
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multiheme domains of all the MtoA-like proteins from both
D. alkaliphilus strains (Deal DRAFT_1439, 1454, 1457, and OMD50_
RS14355, 14365, 13520), together with related MtrA/D homologs
from this species (DealDRAFT_1094, OMD50_RS14375, 09855),
revealed separate clustering and deep phylogenetic branching of all
D. alkaliphilus proteins from previously described DmsE-family
decahemes involved in Fe(II) oxidation or Fe(III) reduction (MtoA
proteins or MtrA/D proteins, respectively, Supplementary Figure S4).
The protein Deal DRAFT 1,439 clustered with its three homologs
(OMD50_RS14355, 14365, and 14375) irrespectively of their own
similarity to MtoA or MtrD proteins. Comparatively deep branching
of Z-1002 multihemes from those of AHT1" strain was observed for
OMD50_RS14375 and OMD50_RS09855 MtrD-like proteins.

Dissimilatory reduction of sulfur and thiosulfate

It was previously noted that the sulfur- and thiosulfate reducing
type strain of D. alkaliphilus does not possess any canonical
determinants of sulfate, sulfur, or thiosulfate respiration—neither
DsrAB complexes, nor molybdopterin oxidoreductases. Instead, only
c-type multiheme oxidoreductases have been identified in its genome
(Melton et al,, 2017; Sorokin and Merkel, 2019). Our analysis
supported previous assumptions and revealed in both strains the
genes of c-type cytochromes that are homologous to the Otr class of
octaheme tetrathionate reductases (Simon et al., 2011) or SirA/MccA-
like sulfite reductases (Kern et al., 2011; Shirodkar et al., 2011) (20 and
22-23% identity, respectively, Supplementary Table S1). In addition,
we have identified the clusters encoding [NiFe] hydrogenases of the
Group 3b together with beta and gamma sulfur reductase subunits of
sulfhydrogenase complexes in both strains. Such enzyme complexes
are proposed to harbor the activity, reducing elemental sulfur with
molecular hydrogen (Ma et al., 1993). However, strain Z-1002,
incapable of sulfur reduction, possesses a sulthydrogenase cluster too,
that raises doubts about the involvement of sulfhydrogenases in sulfur
respiration of D. alkaliphilus. The difference between the two strains
was observed in putative octaheme determinants of sulfur reduction.
Each of the strains possesses two cytochromes. These are
DealDRAFT 1917 similar to OMD50_RS07060, encoded within
identical gene clusters 5-T and 4, respectively, and Deal DRAFT_2033
homologous to OMD50_RS05590 as well as to the SirA sulfite
reductase of S. oneidensis. The clusters 5-T and 4 also encode
rhodanese (Cipollone et al, 2007) domain-containing proteins
(Figure 4 and Supplementary Table SI). Notably, the protein
DealDRAFT_1917 was previously misidentified as a thiosulfate
sulfurtransferase (Melton et al., 2017). The sulfur reducing type strain
AHT1" possesses an additional homolog of Otr, DealDRAFT-1,454,
which is encoded in the cluster 3-Fe-T (Figure 4) and has no homologs
among the proteins of strain Z-1002. All these D. alkaliphilus
multihemes also share homology with previously described
EET-related cytochromes (Supplementary Table S1). This fact
correlates with recently revealed structural similarity between SirA/
MccA octaheme sulfite reductases and OcwA/OmhA terminal Fe(III)
reductases (Soares et al., 2022). Phylogenetic reconstruction of all the
SirA and Otr homologs from D. alkaliphilus, together with its OmhA
and OcwA homologs taken as an outgroup, revealed a deep branching
of the octahemes from a common ancestor of both Otr- and SirA-like
proteins. Interestingly, the homologous proteins Deal DRAFT_2033
and OMD50_RS05590 clustered together with the OcwA and OmhA
Fe(III) reductases and branched off all the other analyzed cytochromes
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(Figure 5). The evolutionary history of the octahemes from
D. alkaliphilus is likely to include their early branching off the common
ancestor of Otr- and SirA-like proteins with rather rapid further
separation of the Deal DRAFT_1,454 protein and the ancestor of
highly similar DealDRAFT_1917 and OMD50_RS07060 cytochromes.

Proteomic profiling of Dethiobacter
alkaliphilus cells

To assess the relevance of the identified multihemes for EET and
to detect any accessory proteins involved in electron transfer to Fe(III)
or sulfur compounds, as well as from Fe(II) minerals, the results of a
shotgun proteomic analysis of cells, harvested at late logarithmic
growth phase, were compared across two different cultivation
conditions for each strain. The strain AHT1" was cultured with
ferrihydrite or thiosulfate, and the strain Z-1002 was cultured with
ferrihydrite or the mixture of Fe(II) minerals (siderite, green rust, and
iron oxides). In each case, the triplicate samples were taken from three
different cultures (in three biological replicas).

In the case of the AHTI1" strain, tandem MS revealed 1910
different proteins identified with a least of two unique peptides. The
number of proteins identified for each sample is provided in
Supplementary Table S3. Profiling of individual multiheme proteins
revealed 17 EET-related multihemes that were differentially expressed
under different growth conditions. A clear difference in multiheme
cytochrome profiles was observed between ferrihydrite- and
thiosulfate-grown cells. However, several proteins, such as
DealDRAFT_1449 homologous to a CymA-like quinol oxidase
(Supplementary Table S1), were expressed at the same level at both
(Figure 6A).
DealDRAFT_1,457 appeared to be the only one exclusively expressed

culture conditions In contrast, the protein
in thiosulfate reducing cells (Figure 6A). In ferrihydrite-grown cells
of strain AHT1", the highest relative abundance was observed for
DealDRAFT-1,087 which is homologous to the SmhC (23% identity)
Fe(III)-specific
(Supplementary Table S1). In thiosulfate-grown AHT1" cells, the

secreted multiheme of C. ferrireducens
highest expression level was detected for the multiheme
DealDRAFT_2,539 (Figure 6A) but in this case, the difference in the
expression level was not statistically supported by the imputation
procedure due to the absence of Deal DRAFT_2,539 protein in one of
the three preparations of the thiosulfate-grown biomass. Statistically
relevant upregulation was observed for the proteins
Deal DRAFT_0324, 1087, 1093, 1435, 1439, and 1441 under
ferrihydrite reduction and for the proteins Deal DRAFT_1443, 1451,
1670, and 1917 (Figure 6B) under thiosulfate reduction. In addition,
the cytochrome Deal DRAFT_2033 was overexpressed in thiosulfate-
grown cells (Figure 6A) but the absence of this protein in two of three
preparations of ferrihydrite-grown biomass did not statistically
support the differences in its expression level. The majority of the
proteins with positive response to ferrihydrite provided as an electron
acceptor are encoded in the clusters 1-Fe-T, 2-Fe-T, 3_Fe-T (Figure 4)
and share homology with putative terminal Fe(III) reductases,
secreted multihemes, and MtoA putative Fe(II) oxidase which is
phylogenetically related to MtrA/MtrD Fe(III) oxidases (Shi et al.,
2012). Interestingly, four of the six multihemes upregulated in
thiosulfate-grown cells (Deal DRAFT_1443, 1451, 1670, and 2539)
were also homologous to various cytochromes related to Fe(III)

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1108245
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zavarzina et al.

10.3389/fmicb.2023.1108245

0,57

—{ 0,48

0.2

FIGURE 5

reductase from S. oneidensis and black for the other proteins.

Group1 - OmhA and OcwA multiheme cytochromes

Group 2 - 2 sequences - DealDRAFT_2033_SirA-like_multiheme_(Dethiobacter_alkaliphilus) and its homolog
Group 3 - 2 sequences - MccA (Wolinella succinogenes)
MCD8212556.1_cytochrome_C_(Campylobacter_sp.)
WP_212139650.1_cytochrome_C_(Campylobacter_anatolicus)
WP_024954783.1_multiheme_c-type_cytochrome_(Sulfurospirillum_arcachonense)
WP_128989181.1_multiheme_c-type_cytochrome_(Arcobacter_sp._CECT_8986)

Group 4 - 8 sequences - SirA octaheme sulfite reductase and homologs (Shewanella spp.)
WP_095497783.1_multiheme_c-type_cytochrome_(Paraferrimonas_haliotis)
MBY6016340.1_cytochrome_C_(Halomonas_denitrificans)
WP_168663039.1_multiheme_c-type_cytochrome_(Ferrimonas_lipolytica)
WP_252010440.1_cytochrome_C_(Ferrimonas_sp._SCSIO_43195)
MBO5659173.1_cytochrome_C_(Duodenibacillus_sp.)
WP_008542914.1_cytochrome_c_(Sutterella_parvirubra)
WP_118274617.1_multiheme_c-type_cytochrome_(Sutterella_sp._AM11-39)
WP_074009849.1_cytochrome_C_(Duodenibacillus_massiliensis)
WP_066593872.1_multiheme_c-type_cytochrome_(Turicimonas_muris)
ASM36184.1_cytochrome_c_family_protein_(Campylobacter_sputorum_bv._faecalis_CCUG_20703)
MCI6988471.1_cytochrome_C_(Campylobacter_sp.)
WP_025803811.1_cytochrome_c_(Campylobacter_corcagiensis)
PSM51880.1_cytochrome_C_(Campylobacter_blaseri)
WP_018713329.1_multiheme_c-type_cytochrome_(Campylobacter_ureolyticus)
WP_154570936.1_multiheme_c-type_cytochrome_(Campylobacter_portucalensis)
CZE47025.1_Cytochrome_c_putative_(Campylobacter_geochelonis)
MCI6641260.1_cytochrome_C_(Campylobacter_sp.)
WP_082019368.1_multiheme_c-type_cytochrome_(Campylobacter_subantarcticus)
WP_134264705.1_cytochrome_C_(Campylobacter_sp._US25a)
WP_115569022.1_multiheme_c-type_cytochrome_(Helicobacter_brantae)
WP_242347255.1_multiheme_c-type_cytochrome_(Mucispirillum_schaedleri)
BCX79845.1_dissimilatory_sulfite_reductase_SirA_(Campylobacter_sp._19-13652)
WP_172230718.1_ammonia-forming_Cyt._c_nitrite_reductase_subunit_c552_(Campylobacter_canadensis)
CAD7289393.1_Dissimilatory_sulfite_reductase_SirA_(Campylobacter_sp._LMG_7974)
WP_078423515.1_multiheme_c-type_cytochrome_(Campylobacter_pinnipediorum)
WP_169752666.1_multiheme_c-type_cytochrome_(Campylobacter_mucosalis)
WP_260951837.1_multiheme_c-type_cytochrome_(Campylobacter_sp._RM16187)
MBS5292165.1_cytochrome_C_ (Sutterella_wadsworthensis)
WP_227059233.1_cytochrome_C_(Sutterella_wadsworthensis)
WP_082766776.1_multiheme_c-type_cytochrome_(Ferrimonas_marina)
VFS59248.1_decaheme_c-type_cytochrome__DmsE_family_(Leminorella_grimontii)
WP_035370197.1_cytochrome_c_(Edwardsiella_hoshinae)
WP_011422015.1_cytochrome_c_(Anaeromyxobacter_dehalogenans)
WP_176062852.1_cytochrome_C_(Anaeromyxobacter_diazotrophicus)
WP_192905593.1_cytochrome_C_(Geobacter_anodireducens)
tr|Q8EOW8|Q8EOW8_SHEON_OTR_Octaheme_tetrathionate_reductase_Shewanella_oneidensis

r [EEG77164.1_DealDRAFT_1917_SirA-like_hypothetical_protein_(Dethiobacter_alkaliphilus_AHT_1)
L OMD50_RS07060_OTR-like_hypothetical_protein_(Dethiobacter_alkaliphilus)
WP_008516214.1_DealDRAFT_1454_OTR-like_cytochrome_c_family_protein_(Dethiobacter_alkaliphilus)

The consensus trees constructed after Bayesian inference of phylogeny from the MAFFT alignment of SirA and Otr cytochromes of S. oneidensis, their
homologs from D. alkaliphilus strains, and best blast hits from public databases. Refer to "Materials and Methods” section for the detailed description of
protein selection for the analysis. Homologs of SirA and Otr proteins from D. alkaliphilus genomes are summarized in Supplementary Table S2. The
unrooted 50% majority rule consensus phylogram is displayed as a rectangular tree, for which posterior probability values are shown. Mean branch
lengths are characterized by scale bars indicating the evolutionary distance between the proteins (changes per amino acid position). The branches are
annotated with labels indicating the protein sequence accession number, the protein name as retrieved from the database and the source organism.
Labels of the proteins are colored red for the proteins retrieved from D. alkaliphilus strains, cyan for the manually added Otr octaheme tetrathionate

reduction (Supplementary Table SI). Only a single protein
homologous to SirA sulfite reductase (22% identity),
DealDRAFT_1917, was reliably upregulated during D. alkaliphilus
growth on thiosulfate.

In the strain Z-1002, tandem MS identified 1,390 different
proteins identified with at least two unique peptides. The number of
proteins identified per each sample is provided in
Supplementary Table S4. Profiling of individual multiheme proteins
uncovered nine EET-related multihemes that were differentially
expressed under ferrihydrite reduction or Fe(II) oxidation. The

cytochromes OMD50_RS14355, 14365, 14415, and 14880,

Frontiers in Microbiology

homologous to MtoA Fe(II) oxidases, CymA-like quinol oxidase and
OmhA Fe(III)
(Supplementary Table S1), had almost similar expression levels under
ferrihydrite reduction or Fe(II) oxidation (Figure 6C). The highest
expression levels under both Fe(III)-reducing and Fe(II)-oxidizing
conditions were observed for the OMD50_RS14385 and OMD50_
RS14880 proteins (Supplementary Table S4) which are homologous to

terminal reductase, respectively

cell surface-associated cytochromes of C. ferrireducens (30 and 26%
identity, respectively, Supplementary Table S1). These proteins are
likely to comprise the core part of the EET pathway driving the redox
transformation of Fe minerals in D. alkaliphilus. Interestingly, the
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FIGURE 6

Differential expression profiles of multiheme cytochromes of D.
alkaliphilus strains. For the strain AHT1", (A,B) ferrihydrite- and
thiosulfate-grown cells are compared. For the strain Z-1002, Fe(lll)
reducing and Fe(ll) oxidizing cells are compared. (A) Molar
proportions (riBAQs) of individual multiheme cytochrome proteins of
AHT1T strain cultures, (B) statistically supported upregulation of
individual multihemes in ferrihydrite-grown vs. thiosulfate-grown
cells of the strain AHT1", (C) statistically supported upregulation of
individual multihemes in ferrinydrite-reducing vs. Fe(ll)-oxidizing
cells of the strain Z-1002. (A) Presents the data for all the EET-related
cytochromes of the strain AHT1", which were identified in protein
profiles. Brown plus signs on (A) mark the cytochromes which
upregulation in AHT1 ferrinydrite-grown cells was statistically
supported (B), yellow plus signs mark reproducibly upregulated
proteins in thiosulfate-grown cells (B), gray plus signs indicate the
proteins which differential expression was not statistically supported.
On panel (B), upregulation in thiosulfate grown cells is visualized by
negative values of log,(fold changes). On panel (C), upregulation in
Fe(ll)-oxidizing cells of Z-1002 strain is visualized by negative values
of log,(fold changes). The cytochromes on all the panels are marked
with locus tags and their close homologs among reported EET-
related proteins (refer to Supplementary Table S1 for details). All the
proteomic data were obtained for three biological replicates, mean
values and mean deviation are presented on A and in the
Supplementary Table S3, S4.

cytochromes OMD50_RS02905 and 7,060, homologous to OmhA
Fe(III) reductase and SirA sulfite reductase (25 and 23% identity,
respectively) were exclusively expressed under Fe(II) oxidation,
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whereas a putative quinol oxidase OMD50_RS09530 showed the
strongest upregulation under the same growth conditions (Figure 6C).

Enrichment of Dethiobacter
representatives from subsurface mineral
waters of YMWD

We have detected a phylotype belonging to the genus
Dethiobacter in a subsurface mineral water sample collected from
the Lower Cretaceous aquifer of YMWD through well 9. The
phylotype comprised less than 0.1% of the microbial diversity of
this sample (Figure 7, 1st column). The sample was then stored at
+4°C for 1.5years and then used for the enrichment of prokaryotes
inhabiting the deep subsurface aquifer using a mixture of electron
donors and acceptors available in this environment. This primary
enrichment containing both sulfate and ferrihydrite (as SF) and
incubated at +30°C for 3 weeks was dominated by typical sulfate
reducing taxa but carried out the reduction of SF to a black
precipitate. No Dethiobacter representatives were detected in the
water sample after its long-term storage (1.5 years) or in the primary
enrichment at the end of its 3-weeks incubation (Figure 7, 2nd and
3rd columns). To check the presence of iron reducers in the
obtained enrichment, it was transferred to selective media
containing formate (10 mM) or acetate (10 mM) with SF (50 mM
final Fe(III) content) as the only electron acceptor. After 2 weeks of
incubation, the color of the Fe mineral changed from reddish to
dark-brown, which is characteristic of ferrihydrite reduction.
Fluorescence microscopy of mineral samples taken from these
cultures revealed that mineral particles were densely settled with
rod-shaped cells of different length. 16S rRNA gene profiling of the
Fe(III) reducing enrichments revealed the predominance of
Dethiobacter phylotypes (96% identity with D. alkaliphilus) in the
culture with SF and formate (33.2% relative abundance) and their
complete absence in the culture with SF and acetate (Figure 7, 4th
and 5th columns, respectively).

Environmental distribution of
Dethiobacter-related phylotypes

The survey of the environmental distribution of 16S rRNA gene
sequences of the genus Dethiobacter available in public databases
shows that about 25% of the sequences are retrieved from sediments
of soda lakes and alkaline soils, 35% of the sequences are retrieved
from Fe-enriched serpentinites, about 30%—from anaerobic
bioreactors and digesters (Supplementary Figure S5). The remaining
small fraction of sequences was found in microbial mats, ground
and urban waters. Thus, Dethiobacter is the most abundant in
sulfur- or iron-enriched alkaline natural habitats. However, the
representatives of the genus have also been detected in
anthropogenic  organics-rich  neutrophilic ~ environments.
Unfortunately, the lack of publicly available data on the physico-
these

environments, and on the sources of wastewaters treated there do

chemical conditions sustained in anthropogenic
not allow us to discuss the phylogenetic group of Dethiobacteraceae
detected in bioreactors in the context of the evolution of their

metabolic capacities.
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Discussion
Currently, Dethiobacter alkaliphilus, the only cultured

representative of the class “Dethiobacteria,” harbors two strains with
contrasting adaptation to the conditions favoring iron or sulfur
cycling. The type strain is a sulfidogen capable of elemental sulfur
reduction (Sorokin et al., 2008), as well as of chemolithoautotrophic
sulfur disproportionation (Poser et al., 2013, 2016), while strain
Z-1002 appears to be incapable of sulfur reduction at all. However,
both strains are capable of thiosulfate reduction (Table 2). Comparative
revealed the background of these

genome  analysis

physiological differences.

Non-canonical multiheme determinants of
thiosulfate reduction in Dethiobacter
alkaliphilus

Both D. alkaliphilus strains appeared to lack canonical genomic

determinants of sulfur, sulfate or thiosulfate reduction, such as
DsrAB or molybdopterin-containing complexes. Instead, each of
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the strains possessed two octaheme c-type cytochromes homologous
to the SirA sulfite reductase or Otr tetrathionate reductase of
S. oneidensis (Supplementary Table S1). The sulfur-reducing type
strain possesses an additional weak homolog of Otr proteins,
DealDRAFT_1454 (20% identity). Phylogenetic reconstruction of
these putative determinants of sulfur compounds reduction
revealed deep branching of three of them from the common
ancestor of SirA and Otr proteins, and association of two
D. alkaliphilus proteins with OcwA/OmhA Fe(III) reductases
(Figure 5), which are structurally similar to, but phylogenetically
distant from octaheme sulfite or tetrathionate reductases (Soares
etal., 2022).

Multiheme cytochrome profiling revealed upregulation of the
protein Deal DRAFT_1917, homologous to SirA, in the cells of the
strain AHT1" grown with thiosulfate (Figure 6). Interestingly, the
protein Deal DRAFT_1457 homologous to MtoA Fe(II) oxidase was
only detected in thiosulfate-grown cells. Furthermore, the most
pronounced upregulation in thiosulfate-reducing cells was observed
for DealDRAFT_1451 and 1670 (Figure 6) homologous to the putative
Fe(III) reductases SmhB and SmhC (21 and 32% identity, respectively,
Supplementary Table S1). The highest expression level in these cells
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TABLE 2 Phenotypic and genotypic differences between the two strains
of Dethiobacter alkaliphilus.

Characteristics \ Strain AHT1T \ Strain Z-1002

pH range (optimum) 8.5-10.3 (9.5)" 7.8-10.1 (9.2)
Na* range (optimum), M 0.2-1.8 (0.4)" 0.35-2.5 (1.0)
S° disproportionation +2 -
$,0,*" disproportionation +2 -
S reduction +! -
$,0,’" reduction +! +
Fe(III) reduction + +2
Fe(II) oxidation - +
Genome size (bp) 3,116,746 3,235,311
Protein—coding genes 3,097 3,225
Multiheme cytochrome genes 31 27
Putative gene clusters involved in 4 3
Fe cycling*
Homologs of MtoA Fe(II) 3 4
oxidases®
Homologs of SirA- and Otr-like 3 2
octaheme cytochromes®

Sorokin et al. (2008), 2Poser et al. (2013), Poser et al. (2016), *Zavarzina et al. (2018), *refer

to Supplementary Table S1 for details; “refer to Figure 5 for details.

was detected for the protein Deal DRAFT_2539 homologous (24%
identity) to OmcN Fe(III)-reducing outer surface cytochrome of
G. sulfurreducens (Aklujkar et al., 2013). All these facts emphasize that
the reduction of sulfur compounds in D. alkaliphilus is most likely
driven by multiheme cytochromes homologous to Fe-cycling proteins.

Multiheme determinants of redox
transformations of iron in Dethiobacter
alkaliphilus

We have experimentally demonstrated the ability of the sulfur-
reducing strain AHT1" to reduce Fe(I1I) from SF and the ability of the
Fe(III)-reducing strain Z-1002 to oxidize Fe(II) from green rust
supplied as a mixture with siderite. The result of Fe(II) oxidation by
strain Z-1002 was indicated by a 6.4% increase in the relative intensity
of the Mdssbauer spectra of Fe’* atoms compared to that of
uninoculated controls (Table 1).

Genomic analysis revealed that each of the D. alkaliphilus strains
contained a large set of genes encoding multiheme c-type cytochromes,
including those homologous to quinol-oxidases, membrane-
associated Fe(III) reductases, such as OcwA or MtrA/D, and soluble
electron shuttling cytochromes, previously identified in the model
Fe(III)-respiring bacteria of the genera Shewanella and Geobacter or
in Gram-positive thermophilic Fe(III) reducers (Figure 4 and
Supplementary Table S1). Taken together, these cytochromes could
be combined in an electron transfer chain linking the membrane-
bound respiratory complexes with extracellular electron acceptors,
such as Fe(IIT)-containing minerals, or electron donors, such as Fe(II)-
bearing mineral mixtures. Proteomic profiling of strain AHT1" for
multihemes revealed strong upregulation of six different cytochromes,
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including the cytochrome Deal DRAFT_1439 (Figure 6), encoded in
three gene clusters of putative Fe(III) reductases (clusters 1-Fe-T,
2-Fe-T, 3-Fe-T, Figure 4). These cytochromes contain the homologs of
all the necessary components of an extracellular electron transfer
chain to Fe(Ill) oxides. Interestingly, the Fe(II)-oxidizing strain
7Z-1002 possesses four different homologs of the protein
DealDRAFT 1,439 which are encoded in the 2-Fe and 3-Fe clusters.
Of these, the proteins OMD50_RS14355 and OMD50_RS14365 share
similarity with MtoA-type Fe(II)-oxidases (Shi et al., 2012). Phylogeny
reconstruction of these and other MtoA homologs of D. alkaliphilus
(DealDRAFT_1454, 1457, OMD50_RS14520)
separation of these proteins from DmsE-family decahemes of other

revealed clear
organisms that perform Fe(III) reduction or Fe(II) oxidation
(Supplementary Figure S4). Branching most deeply from the common
ancestor of all the D. alkaliphilus decahemes is the phylogenetic cluster
of MtoA-like cytochromes Deal DRAFT_1439, OMD50_RS14355, and
OMDS50_RS14365 (Supplementary Figure S4), as well as the protein
OMD50_RS14375 with closer homology (24% identity) to the MtrD
Fe(III)-reducing cytochrome of S. oneidensis (Shi et al., 2012).
We propose that three of the four proteins in this phylogenetic cluster
might appear in strain Z-1002 by several duplication events with
further minor changes occurred under the evolutionary pressure of
the conditions favoring Fe-cycling, such as increased abundance of
mixed Fe(III)/Fe(I)-containing minerals. Such an assumption
correlates with the similarity of expression levels of two MtoA-like
cytochromes in strain Z-1002 cells grown under ferrihydrite reducing
or Fe(Il) oxidizing conditions (Supplementary Table S4 and
Figure 6C). In general, multi-omics analysis revealed that the
biochemical machinery of Fe redox cycling in D. alkaliphilus strains is
more complex and flexible than that of sulfur respiration.

Junctions of the pathways for iron and
sulfur respiration in Dethiobacter
alkaliphilus

The most likely quinol oxidizing/quinone reducing proteins of the
respiratory chains in both D. alkaliphilus strains are the CymA-like
homologs Deal DRAFT_1449 and OMD50_RS14415 with their stable
expression level almost independent of the electron acceptors or
donors provided (Figure 6). Importantly, the majority of the
cytochromes overexpressed under ferrihydrite- or thiosulfate-
reducing conditions in the strain AHT1" are encoded in three largest
gene clusters (Figure 4), which also encode auxiliary flavin-containing
electron transfer proteins together with NHL- and TPR-repeat-
containing proteins that could be involved in protein—protein
interactions mediating the assembly of multiprotein complexes
(D’Andrea and Regan, 2003), such as MtrCAB Fe(III)-reducing ones
(Shi et al., 2012). Interestingly, the putative Fe-cycling multiheme
proteins of D. alkaliphilus showed greater divergence from each other
than that observed among the EET-related proteins of the DmsE
family from fairly different bacteria. Another important point is that
the homologs of OmhA Fe(III) reductase and SirA sulfite reductase
are expressed only under Fe(II) oxidation in strain Z-1002. These facts
highlight the intricate weaving of EET pathways, that determine the
redox transformations of sulfur and iron compounds in the organism,
which could be a manifestation of the active evolution of multiheme
proteins within D. alkaliphilus species, characteristic of the ongoing
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adaptation of an evolving population to the changes in its environment
(Zheng et al., 2019).

Proposal of an adaptation strategy of
Dethiobacter alkaliphilus to geochemical
settings of soda lakes

Our analysis of the distribution of Dethiobacters in natural
environments revealed that the representatives of this genus show
strong addiction to two peculiar alkaline, sulfur- or iron-enriched
ecotopes, soda lakes and serpentinite-associated sediments,
respectively (Supplementary Figure S5). Serpentinizing environments
have been stable throughout the Earth’s geological evolution, whereas
soda lakes are subjected to continuous biogeochemical development,
being surfaceous ecosystems (Stiieken et al., 2015; Furnes and Dilek,
2022). Their most pronounced restructuring occurred after the Great
Oxidation Event followed by the accumulation of sulfates in the
sediments and waters of the lakes (Montinaro and Strauss, 2016).
Since then, the biogeochemical cycling of sulfur has become one of
the major factors determining the physicochemical conditions in soda
lakes and influencing the evolution of their inhabitants.

The phylogenetic reconstruction of the determinants of key
catabolic processes, sustaining the growth of two D. alkaliphilus strains
(Figure 5 and Supplementary Figure S4), offers insights into the
evolutionary traits which led to the occupation of two different
ecological niches by this bacterial species. The presence of multiheme
cytochromes, sharing their phylogenetic root with OmhA/OcwA
Fe(I1I)-reductases, as the only possible determinants of the reduction
of sulfur compounds in D. alkaliphilus allows us to propose that soda
lakes are secondary habitats for these organisms comparing to Fe-rich
subsurface environments associated with serpentinites. This
hypothesis correlates with the geological history and current
geochemical characteristics of Magadi soda lake from which the
Fe-reducing strain Z-1002 was isolated. This lake is located in a
geologically young East African Rift Valley characterized by high pH,
silica and carbonate concentration. The ecotope was formed ca. 1
million years ago due to faulting of the Rift Valley composed of alkali
Pleistocene basalt, trachyte lava flows and phonolite (Jones et al., 1977;
Eugster, 1980; Schagerl and Renaut, 2016). Thus, the bedrock of the
modern lake appeared to be enriched with iron minerals. In this case,
the Fe-reducing D. alkaliphilus could be an alien species for lacustrine
sulfur-rich sediments, which was introduced there from the
underlying Fe-rich volcanic rocks. The strain was managed to modify
its multiheme cytochrome machinery under the evolutionary pressure
of renewed geochemical settings with predominant sulfur cycle. A
large number of different multiheme cytochrome genes and complete
absence of typical genes determining the redox transformations of
sulfur compounds could favor the adaptation of Dethiobacter to an
ecotope where Fe-rich rocks are combined with sulfur-enriched
sediments and waters.

Better fitness of the metabolic features of Dethiobacters to the life
in Fe-rich alkaline environments was highlighted by the enrichment
of their phylotypes from the Lower Cretaceous aquifer of the
Yessentukskoye subsurface mineral water deposit (YMWD). The
crystalline basement of the deposit is represented by Proterozoic-
Paleozoic metamorphic and magmatic shales and granites, i.e., the
rocks depleted with iron-bearing minerals. The sedimentary cover of
the YMWD is represented by iron-depleted limestones, mudstones
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and siltstones of Meso-Cenozoic age. The Lower Cretaceous aquifer
of the YMWD, penetrated by the well 9 which we have sampled, is
directly connected with the recharge area and contains carbon-free
sulfaceous alkaline waters (Elena et al., 2020; Filimonova et al., 2022).
This environment is completely different from those formed by
serpentinization processes. Not surprisingly, Dethiobacter-related
phylotypes comprised a minor part (0.08%) of the microbial
community in this aquifer and rather represented the so-called “rare
biosphere,” which is considered a phenotypic repository of microbial
communities getting advantages upon significant changes of
environmental conditions (Jousset et al., 2017). In our experiments,
Dethiobacter phylotypes appeared to pass undetected through a long-
term storage of a mineral water sample and its further cultivation
under sulfate-reducing conditions. The phylotypes restored when the
enrichment conditions became favorable for alkaliphilic lithotrophic
Fe(III) reducers. In this case, Dethiobacter representatives became the
dominant group of the enrichment culture (Figure 7). Thus, Fe-rich
alkaline conditions seem to be optimal geochemical settings for yet
uncultured Dethiobacter species. This fact together with the unity of
origin of the sulfur, thiosulfate and Fe(III) reduction pathways in
D. alkaliphilus, allows us to propose an adaptation strategy of the
organism to the change of its environment from serpentinizing
Fe-rich ecotopes to soda lakes. This strategy is based on the changes
in the multiheme cytochrome repertoire aimed to get energy from the
reduction of electron acceptors with lower redox potential (sulfur
compounds vs. Fe(IIT) minerals). Such an example of intraspecific
microevolution within D. alkaliphilus shows a possible way of a global
adaptive response of prokaryotes to the activation of the sulfur cycle
after the appearance of sulfates in the oceanic water and free oxygen
in the atmosphere during GOE (Catling and Zahnle, 2020).

Emended description of Dethiobacter
alkaliphilus

In addition to the characteristics given for the type strain of the
species, AHT1" (Sorokin et al., 2008; Poser et al., 2013, 2016; Sorokin
and Merkel, 2019), and strain Z-1002 (Zavarzina et al., 2018), the
following characteristics should be added to the formal description:
both strains of the type species can grow by iron-reduction in the
presence of molecular hydrogen, formate, acetate, lactate, succinate,
pyruvate, butyrate, propionate or ethanol as the electron donors.
Strain Z-1002 is unable to reduce elemental sulfur or disproportionate
thiosulfate and elemental sulfur. Strain Z-1002 is able to reduce
thiosulfate or anaerobically oxidize Fe(II)-containing minerals.
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Thermophilic cyanobacteria play a crucial role as primary producers in hot spring
ecosystems, yet their microbiological, taxonomic, and ecological characteristics
are not extensively studied. This study aimed to characterize a novel strain
of thermophilic cyanobacteria, PKUAC-SCTA174 (A174), using a combination
of traditional polyphasic methods and modern genomic-based approaches.
The study included 16S rRNA-based phylogeny, ITS secondary structure
prediction, morphological and habitat analyses, as well as high-quality genome
sequencing with corresponding phylogenomic analyses. The results of the
16S rRNA, 16S-23S ITS secondary structure, morphology, and habitat analyses
supported the classification of the strain as a member of a novel genus within
the family Oculatellaceae, closely related to Albertania and Trichotorquatus.
Genomic analysis revealed the presence of a sophisticated carbon-concentrating
mechanism (CCM) in the strain, involving two CO, uptake systems NDH-I3,
and NDH-l4, three types of bicarbonate transporters (BCT1, bicA, sbtA,) and
two distinct putative carboxysomal carbonic anhydrases (ccaAl and ccaA2).
The expression of CCM genes was investigated with a CO, shift experiment,
indicating varying transcript abundance among different carbon uptake systems.
Based on the comprehensive characterization, the strain was delineated as
Thermocoleostomius sinensis, based on the botanical code. The study of the
complete genome of strain A174 contributes valuable insights into the genetic
characteristics of the genus Thermocoleostomius and related organisms and
provides a systematic understanding of thermophilic cyanobacteria. The findings
presented here offer valuable data that can be utilized for future research in
taxogenomics, ecogenomics, and geogenomics.

Thermocoleostomius, 16S rRNA, 16S-23 ITS, COj,-concentrating mechanism,
Thermophilic cyanobacterium, Oculatellaceae, Leptolyngbyaceae, Albertania
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Introduction

Thermophilic cyanobacteria are essential primary producers
of geothermal ecosystems that profoundly impact the ecology
and biological productivity of these sites (Esteves-Ferreira et al.,
2018). In recent years, there has been increased interest in these
extremophilic organisms with a focus on their ecology, taxonomy,
genomics, and biotechnology as donors of useful enzymes and
metabolites (Liang et al., 2018; Patel et al.,, 2019) and microbial
cell factories for carbon photo valorization (Liang et al., 2019).
Despite an observable increase in interest in this group of
photosynthetic extremophiles, many organisms remain relatively
poorly described compared to their mesophilic counterparts.
In recent years, low costs and increased availability of next-
generation sequencing has led to increases in metagenomic
studies of hot spring microbial communities (Alcorta et al,
2020). Numerous Metagenome-Assembled Genomes (MAGs)
of thermophilic cyanobacteria have been recovered from these
sequencing projects highlighting genomic features of new
thermophilic microorganisms and potential mechanisms of
adaptations to the environment (Chen et al., 2020; Kees et al,
2022). Until recently, it was difficult to conduct fundamental
and applied studies on thermophilic strains due to the lack
of well-described thermophilic isolates that contain complete
genomic, taxonomic, physiological, and morphological data.
However, as more studies characterizing thermophilic strains
have been published, the new genera have been proposed (Perona
et al, 2022). Simultaneously, thermophilic cyanobacteria share
many of the same challenges regarding their taxonomy to their
mesophilic counterparts, most notably simple morphology
(Komdrek and Anagnostidis, 2005). Those features, often difficult
to identify and plastic, like colony and filament morphology,
types and sizes of cells, and characteristic features of sheaths,
aerotopes, or branches make their assignment particularly
challenging. The absence of sufficient genetic, physiological, or
morphological data exacerbates this problem. To effectively
identify their
taxonomic status, a polyphasic approach combining multiple

cyanobacterial isolates and resolve precise
datasets is necessary (Raabova et al, 2019; Shalygin et al,
2020).

In the past few years, there has been a significant increase
in the discovery of new species of cyanobacteria (Casamatta,
2023; Strunecky et al., 2023). This can be also observed among
thermophilic strains where simple unicellular organisms such
as Thermosynechococcus, Synechococcus, and Thermostichus
(Komadrek et al, 2020; Tang et al., 2022c) and filamentous
strains exhibiting Leptolyngbya-like morphology underwent a
series of revisions in recent years (Sciuto and Moro, 2016; Mai
et al., 2018). Meanwhile, extensive revisions have also been
made in the family Oculatellaceae, and numerous clades and
new genera have been delineated from the strains previously
assigned to Leptolyngbya, e.g., Drouetiella (Mai et al, 2018),
Thermoleptolyngbya (Sciuto and Moro, 2016), Timaviella
(Mai et al, 2018), and Trichotorquatus (Pietrasiak et al,
2021).

However, despite the wide and rapid deployment of next-
generation sequencing technology (NGS) in almost all areas of

microbiology, cyanobacterial taxonomy often lacks sufficient
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genomic components. This can lead to taxonomic revisions
of a well-established cyanobacterial taxon based exclusively
on single-gene sequencing and microscopic observations
(Nowicka-Krawczyk et al., 2019). To enhance the credibility of
taxonomic revisions, it is crucial, in our opinion, to incorporate
comparative genomic analyses to strain descriptions that
data.

revisions that have been backed by genomic data include the

include morphological and ecological Examples of
delineation of Thermoleptolynbya (Sciuto and Moro, 2016)
and Trichothermofontia (Tang et al, 2023). While many of
the delineations that originally did not include comparative
genomics were already confirmed and expanded thanks to those
datasets (Strunecky et al, 2023), in many other instances
it was not possible due to sequence unavailability. With
the renewed interest in cyanobacterial taxonomy in recent
years, it is important that those consolidated community
efforts based on a polyphasic approach also include genomic
and physiological data, to better guide taxonomic revisions
in future.

In this study, an isolate PKUAC-SCTA174 (A174 thereafter),
isolated from the Erdaoqiao Hot Spring in Ganzi Prefecture,
western Sichuan Province of China, previously suggested
as a potential new genus (Tang et al, 2018a) is described.
The strain is the third potential novel organism from the

hot spring after Thermoleptolyngbya sichuanensis (Tang
et al, 2021) and Leptodesmis sichuanensis (Tang et al,
2022a) described earlier. A complete dataset containing

genomic, morphological, and physiological data of the isolated
thermophilic filamentous strain is presented. On the basis of
the data and utilizing a polyphasic approach, a new genus
is proposed Thermocoleostomius sinensis gen. et sp. nov.,
based on the botanical code. Finally, the genes responsible
for the strain’s sophisticated carbon concentration mechanism
(CCM) were studied in response to changes in inorganic
carbon availability.

Materials and methods

Origins, cultivation, deposition, and basic
physiological assessment

The strain A174 was initially isolated from light green biofilm
deposited on the surface of calcareous sinter in the Erdaoqiao
Hot Spring in the Ganzi Prefecture, western Sichuan Province,
China. Original sampling was performed on 12 May 2016 under
environmental conditions including an ambient temperature of
15°C, a relative humidity of 71%, and a light intensity of
~1,000 lux. The temperature and pH of the thermal spring
were 40.8°C and 6.32, respectively. The total dissolved solids
in the spring were 447 mmol L~!. The hot spring sampling
site description and preliminary taxonomic identification have
been reported earlier earlier (Tang et al., 2018a,b). The uni-
cyanobacterial culture was routinely cryopreserved as 10% DMSO
in BG11 stocks at —80°C. Unless stated otherwise, the pre-
cultures for the experiments were established as 150ml BG-
11 (Stanier et al, 1971) medium in 500 ml Erlenmeyer flasks
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agitated at 100 rpm in an illuminated shaking incubator (MGC-
450BP-2, Yiheng, Shanghai, China) for 14 days. Unless stated
otherwise, the light parameters were set at 45 pmol m—2 s~!
provided by cool white light fluorescent tubes, temperature
45°C, and photoperiod 12L: 12D. The strain was deposited
in the Freshwater Algae Culture Collection at the Institute
of Hydrobiology (FACHB-collection) with an accession number
FACHB-3572. Simultaneously, the dried inactive holotype was
deposited in the Herbarium of North Minzu University with
the voucher number: NMUO00174 along with other strains
collected in Sichuan Ganzi Prefecture, which belonged to other
genera and were described earlier and deposited in the same
herbarium with voucher numbers: NMUO00183 (A183 strain;
Tang et al., 2021), NMUO00121 (A121 strain; Tang et al., 2022a),
NMUO00231 (B231 strain), and NMUO00412 (E412 strain; Tang
et al, 2022b). All the herbarium specimens were prepared by
harvesting and gently drying on the filter paper their biomass
before deposition. Strain capacity to utilize various nitrogen and
carbon sources was tested as follows: the strain was cultured
in a series of concentrations of sodium bicarbonate (0, 0.1,
0.3, 0.5, 0.7, and 1 M) and nitrogen sources, including sodium
nitrate (0, 0.075, 0.5, 1.5, 5, and 7.5¢g L") and sodium
nitrite (1.218g L~!). Batch experiments were performed in
250ml flasks and 50ml breathable capped tubes containing
100 and 25ml culture medium, respectively. The control
groups were cultured in a standard BGIl medium. Similar
sizes and numbers of cell pellets containing trichoid granules
were inoculated in the experimental and control groups. The
temperature was maintained at 45°C, and the experiment was
performed continuously for 21 days, with adjustment for the
evaporative losses.

Genome sequencing, assembly, and
annotation of strain A174

Genomic DNA was extracted as previously described
(Tang et al, 2021) and tested for integrity using agarose gel
electrophoresis. The whole-genome sequencing was conducted
using a combination of long-read Oxford Nanopore Technologies
(ONT) performed with the PromethION sequencer, and Illumina
short-read PE150 approach using the NovaSeq 6000 sequencer.
For ONT sequencing, the libraries were generated using SQK-
LSK109 Kit according to the manufacturer’s guidelines. ONT
sequencing yielded 1,387,280,929 bp of an average read length
of 10,405 bp. These long-reads were used to assemble the draft
circular contig of the genome using Flye v2.7 (Kolmogorov
et al, 2019) plugin to the commercially available Geneious
Prime 2022.2 package (Kearse et al., 2012). Subsequently, the
draft contig was error-corrected with 6,098,395 filtered PE150
reads (clean data) generated with short-read technology, using
Geneious mapper on default settings. Finally, the final genome
was annotated using a customized pipeline, as described before
(Tang et al., 2019). In short, the gene prediction and annotation
were automatically performed using the NCBI prokaryotic
genome annotation pipeline (O'Leary et al., 2016) and polished

utilizing the RAST annotation system (Brettin etal., 2015)

Frontiers in Microbiology

10.3389/fmicb.2023.1176500

to minimize poor calls. The genome annotation of strain
Al174  was
complete genome was deposited in GenBank under accession
number CP113797.

summarized in  Supplementary Table 1. The

Phylogenetic reconstruction of 16S rRNA

The sequences of the 16S rRNA gene were extracted from
the complete genome sequence of the A174 strain. The reference
sequences with high similarity to the A174 were selected
based on the BLAST algorithm from the GenBank database
or by identifying with the genera in the family Oculatellaceae.
Each sequence was trimmed to a similar length of ~1,100 bp,
aligned with ClustalW, refined by adjustment of poorly aligned
regions, and used to generate a phylogenetic tree representing
the taxonomic assignment of the Al174 strain. Meanwhile,
the 16S rRNA gene sequence similarities between species
were calculated based on pairwise alignment using an online
calculator from enveomics collection toolbox (Rodriguez-R and
Konstantinidis, 2016). Independent phylogenetic relationships
of cyanobacteria species within the order Synechococcales
(including family Oculatellaceae and Leptolyngbyaceae) were
conducted wusing PhyML V3.0
et al, 2010) and Bayesian analysis. The nexus file generated

simultaneously (Guindon
from the alignment was run in MrBayes 3.2.7a (Ronquist
et al, 2012), available on CIPRES Science Gateway (Miller
et al., 2010). The best-fit substitution evolutionary model was
chosen by jModelTest based on the Bayesian Information
Criterion. Bayesian analysis was run using the TVM -+
invariant + gamma (TVM+I4R) substitution model with
the parameters: NST = 6, Rates = invgamma, and MCMC
Ngen = 10,000,000. An initial 25% of samples were discarded
as the burn-in fraction. The potential scale reduction factor
(PSRF) for parameter values was 1.00, which realized the
purpose of convergent statistics. Maximum likelihood was
conducted using PhyML, employing the GTR model, with
1,000 bootstrap replications. Bayesian inference results showed
the best result to classify the family and the genus and were
used to map correct phylogenetic distances and evaluate the
relative support of branches. All phylogenies were visualized
using FigTree (Rambaut, 2007) and subsequently annotated in
Adobe Hlustrator.

Prediction of secondary structures

The 16S—23S intergenic spacer (ITS) region was extracted
from the annotated genome of the strain and analyzed for the
presence of conserved domains. The conserved D1-D1" domain
and variable domains V2 and boxB of the 16S-23S ITS region
were identified as described before (Iteman et al., 2000), and
their secondary structures were computed with RNAstructure and
visualized with Structure Editor 1.0 (Mathews, 2014). The tRNA
sequences were identified using tRNA scan-SE v.1.3.1 (Lowe and
Eddy, 1997).
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Genome-based analyses

A series of pairwise genomic comparisons were performed to
further investigate the taxonomic relationships between A174 and
related strains. The nucleotide and amino acid sequences were
retrieved from GenBank databases. Pairwise average nucleotide
identity (ANI) and average amino acid identity (AAI) were
calculated for the A174 genome against both closely related strains
and focus taxa. ANI/AAI parameters were calculated using a
publicly available algorithm provided through the Environmental
Microbial Genomics Laboratory at Georgia Tech (http://enve-
omics.ce.gatech.edu/index) and visualized as a matrix table.
Further genome similarity was compared using digital DNA-
DNA hybridization (dDDH) between pairs of genomes. The
estimated DDH distances were calculated using an online tool
(Meier-Kolthoff et al., 2022) based on a generalized linear model
(GLM) by submitting and comparing two genomes using the
BLAT program to obtain HSPs/MUMs (high-scoring segment pair/
maximal matches that are unique in both sequences) (Chatterjee
et al, 2015) and infer distances using formula most suitable
for genomes.

Phylogenomic reconstruction

Concatenated protein sequences generated with the shared
single-copy genes among all focus taxa were used to ascertain
the phylogenomic position of strain A174 essentially as described
before (Tang et al, 2022a). In short, the homologous gene
clusters were identified with OrthoMCL (Li et al, 2003) and
concatenated. The resultant multisequence alignment was
generated using MAFFT v7453 (Katoh and Standley, 2013)
and analyzed for phylogenomic inference using IQ-TREE
v2.1.3 (Minh et al, 2020). Subsequently, 546 protein models
were used to create an optimal substitution model using a
ModelFinder module of IQ-TREE. The final assessment of
the generated tree topology was performed with UltraFast
Bootstrap (Thi Hoang et al., 2017), employing 1000 bootstrap
tests (replicates).

Microscopic analysis

The light micrographs of the A174 strain were obtained
from ~5 pl of a healthy 2-week-old culture grown at standard
conditions at 400x magnification using light microscopy (LM,
DP72, OLYMPUS, Japan) equipped with an image acquisition
system (U-TV0.63XC, OLYMPUS, Japan). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
micrographs were generated using the protocols described earlier
(Tang et al, 2021). In short, the cells for SEM were washed
in phosphate-buffered saline (PBS), fixed for 2h in fixation
solution (Servicebio, G1102), post-fixed with 1% OsO4 and
dehydrated with ethanol and isoamyl acetate before taking
micrographs with Hitachi, Tokyo, Japan, SU8100. Cells for TEM
were additionally embedded in agarose and cut to 60-80nm
thin layers with ultra-microtome Leica EM UC7 (Leica, Wetzlar,
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Germany), stained with 2% uranium acetate saturated alcohol
solution and lead citrate for 8 min, and examined using TEM
(Hitachi, HT7800).

Investigation of the carbon concentration
mechanism in strain A174

The carbon concentration mechanism (CCM) components
were identified as previously described (Tang et al., 2022¢). In
short, the 28 well-described protein sequences involved in the
CCM of a model strain Synechocystis sp. PCC 6803 were retrieved
as a reference. The orthologous gene set of the A174 strain was
obtained using bidirectional best hit methodology employing E-
value cutoff of 1E-6, >30% identity, and 70% coverage with
BLASTP and subsequently manually curated for accuracy using
annotated genomes and summarized in Supplementary Table 2.
Nucleotide sequences of Rubisco large subunit (rbcL), carboxysome
shell proteins ccmK1, ccmK2, and two variants of each of the
four genes of the putative high-affinity bicarbonate transporter
BCT1, ie., cmpA, cmpB, cmpC, and cmpD were extracted
from the genomic sequence. All nucleotide sequences were
translated into protein sequences and subjected to maximum-
likelihood (ML) analysis as previously described (Tang et al,
2022¢).

Gene transcription analysis during CO,
shift experiment

A CO, shift experiment was performed to analyze the
expression profiles of 10 putative genes responsible for carbon
uptake in the A174 strain. As described earlier, the cells of
Al174 were cultivated in a shaking incubator to induce the
formation of biomass pellets of ~1 mm in diameter. The pellets
were harvested by filtration, and ~6,000 pellets corresponding
to the dry weight of nearly 0.2g were used for the CO, shift
experiment. The strain pellets have been pre-cultured in BG-
11 liquid medium under a continuous supply of ambient air
for 24h to adjust to the cultivation mode. All the cell pellets
have been harvested by centrifugation at 1,500 xg, washed, and
subsequently resuspended in fresh BG-11 medium and grown
for 24h in HC [4% CO; in air (v/v)]. At the end of this
cultivation period, ~200 pellets have been collected, flash-frozen
in liquid nitrogen, and used for RNA extraction (HC). The
remaining cells have been shifted to lower, ambient, carbon
environment by replacing the CO;-enriched air with ambient
air (0.042% CO,, defined as low CO,, LC). The cultivation
in LC lasted for 1h, and an equal amount of biomass was
used for RNA extraction (LCl). The remaining cells were
grown for another 23h, and another batch of cells was used
for RNA extraction (LC24). The total RNA from each of the
three biological replicate samples was extracted using RNAiso
Plus reagent (Takara, Dalian, China) and treated with DNAsel
(Thermo Fisher Scientific, Waltham, USA) according to the
manufacturer’s instructions at the following three time point:
HC, LC1, and LC24. RNA concentration and integrity have been
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assessed with Nanophotometer (Implen, Germany) and agarose gel
electrophoresis, respectively.

Real-time quantitative polymerase chain reaction (RT-pPCR)
was used to assess 10 genes representing predicted distinct
components of the Al174 CCM system. The following genes
have been selected for the analysis: ndhF3, ndhF4, cmpAl,
cmpA2, bicA, sbtA, rbcL, ccmKl, ccaAl, and ccaA2. The rpoB
was used as an internal control among other genes based
on the expression stability vs. target genes and relatively high
Ct value. The oligonucleotides used in the qPCR reaction
are summarized in Supplementary Table 3. Reverse transcription
was performed with PrimeScript RT reagent Kit (Perfect Real-
Time kit, Takara, China). The resultant cDNA was a template
for the quantitative estimation of gene expression levels. The
quantitative PCR reaction was done with TB Green Premix Ex
Taq (Tli RnaseH Plus) (TaKaRa, Dalian, China) in an Applied
Biosystems QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific, Waltham, America) using the following conditions:
denaturation at 95°C for 30s, annealing at 95°C for 5s, and
then 40 cycles of 60°C for 30s for extension, followed by a melt
cycle of 95°C for 155, 65°C for 60s, and 95°C for 15s. Data

were analyzed by the 274ACT

method, which directly uses the
threshold cycle (CT) value to calculate the relative quantification

of gene expression.

Taxonomic evaluation

The taxonomic description followed the recommendations of
the Botanical Code, International Code of Nomenclature for Algae,
Fungi, and Plants (Shenzhen code) (Turland et al., 2018) and was
based on the classification system developed by Komarek et al.
(2014).

Results and discussion

General genomic characteristics of strain
Al74

The complete genome of the Al74 strain was obtained
using a combination of Oxford Nanopore and Illumina
sequencing platforms, resulting in a genome coverage of
239x and 157X, respectively. No plasmids were identified
in the sequencing data by the analysis of closed circular
sequences assembled from long-read sequencing. The strain’s
final genome comprised a single circular chromosome of
5,809,202 bp and exhibited a GC content of 48.6%. The overall
analysis of the A174 genome revealed the existence of three
identical ribosomal RNA operons, 48 tRNA genes, 1 tmRNA,
4,864 protein-coding sequences, and 4 repeat regions. In total
2,068 protein-coding sequences have been predicted to be
hypothetical proteins, consistent with previous findings on
thermophilic cyanobacteria (Cheng et al, 2020; Kono et al,
2022).
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Phylogeny reconstruction using 16S rRNA
gene

The genome of the A174 strain has three identical copies
of the ribosomal RNA operon. The sequence of 16S rRNA gene
was extracted and aligned with other focus taxa. According to
the results of the alignment, 91 cyanobacterial strains’ sequences
were selected to construct 16S rRNA phylogenetic trees (Figure 1,
Supplementary Figures 1, 2). The Bayesian tree inferred from
nucleotide sequences in NCBI clearly separated new strains from
other well-described genera. The tree was categorized into 22
genera, belonging to the order Synechococcales and including
families of Oculatellaceae and Leptolyngbyaceae. The branch
containing members of the family Leptolyngbyaceae included
Stenomitos (Shalygin et al., 2020), Kovacikia (Miscoe et al., 2016),
Leptothermofonsia (Tang et al., 2022b), Phormidesmis (Komarek
et al., 2009), Leptodesmis (Raabova et al, 2019), Alkalinema
(Vaz et al, 2015), Myxacorys (Pietrasiak et al, 2019; Soares
et al, 2019), and Pantanalinema (Vaz et al, 2015). Family
Oculatellaceae included Drouetiella (Mai et al., 2018), Pegethrix
(Mai et al, 2018), Cartusia (Mai et al, 2018), Siamcapillus
(Tawong et al., 2022), Elainella (Jahoddrovd et al, 2018),
Albertania (Zammit, 2018), Trichotorquatus (Pietrasiak et al,
2021), Timaviella (Sciuto et al., 2017), Kaiparowitsia (Mai et al.,
2018), Tildeniella (Mai et al, 2018; Strunecky et al, 2019),
Shackletoniella (Strunecky et al., 2019), Thermoleptolyngbya (Sciuto
and Moro, 2016), and Oculatella (Zammit et al., 2012). In addition,
Gloeobacter genus which has a distinct, independent basal position,
was used as an out-group to root the resultant phylogenetic
tree accurately.

The position of A174, another two sequences retrieved from the
isolates of this spring A141 and A171 and clones isolated from the
thermal spring of Huizhou region in China (GDTS1-11, GDTS1-
24, GDTS1-25, GDTS1-27, GDTS1-28, GDTS1-29) (Zhang et al.,
2019), formed a well-defined clade with high posterior probabilities
and 98.96% 16S rRNA sequence identity (Supplementary Table 4)
that was clearly separated from other related cyanobacteria.
All strains in this clade shared 16S rRNA molecular signature,
morphological, and ecological traits. Phylogenetic analysis
indicated that the novel clade containing A174-like species
is closely related to Albertania (93.86%—94.90% 16S rRNA
sequence identity) and Trichotorquatus (91.59%—92.27% identity)
genera already described (Zammit, 2018; Pietrasiak et al,
2021). The closest related clades were occupied by the strains
exhibiting Leptolyngbya-like (sensu lato) morphology such as
Leptolyngbya sp. IkmLPT16, Leptolyngbya sp. CY40, Leptolyngbya
sp. INSTMLO1, Leptolyngbya sp. RV74, and Leptolyngbya sp.
CHAB TP201703. The 16S rRNA sequence identity between
A174 and the neighboring strains are as follows: Leptolyngbya
sp. IkmLPT16 (95.36%), Leptolyngbya sp. CY40 (95.36%),
Leptolyngbya sp. INSTMLO1 (94.9%), Leptolyngbya sp. RV74
(95.48%), Albertania sp. BACA0146 (95.36%), Leptolyngbya sp.
CHAB TP201703 (95.36%), and Uncultured cyanobacterium
clone 9B-12 (95.24%). All these strains are likely to belong to
a recently proposed novel taxon “Egbenema” (Akagha, 2022).
Meanwhile, there are insufficient data to classify the two more
distant strains, a benthic isolate from Artic hot springs of Kap
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Bayesian inference of 16S rRNA gene sequences representing 91 cyanobacterial strains. Collapsed genera are indicated by black polygons, with a
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Supplementary Figure 1. Posterior probabilities (%) are given above the nodes. The origin (red) of the sequences in the focus clade is provided using
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Tobin (Greenland_7) (Roeselers et al., 2007) (94.22% sequence
identity) and an unidentified filamentous strain from thermal
springs in Jordan (tBTRCCn407) (Bruno et al., 2009) (94.11%
sequence identity). This level of sequence identity between the
representatives of the two clades is at the border of differentiation
of a novel genus (Rodriguez-R et al., 2018) and should be supported
with additional analyses. To further classify these strains to their
respective taxonomic groups, additional analyses were performed
using a polyphasic approach.
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Genome-based analyses

Since 16S rRNA-based taxonomy, based on a single
evolutionary marker, has some limitations (Johnson et al,
2019), it is important to supplement it with other methods,
especially when borderline values of genus or species delineation
are observed. To make the most of the complete genome sequence
of the strain and to ascertain the taxonomic position of the clade
containing A174, genome-based analyses were employed. In
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total, three genome-based coefficients were applied to aid the
demarcation of the strain: average nucleotide identity (ANI),
average amino acid identity (AAI), and digital DNA-DNA
hybridization (dADDH). These parameters are presented in Table 1
and Supplementary Table 6. Methods based on ANT and AAI have
proven to be useful for identifying and classifying different genera
and are widely employed in taxogenomics. The ANI values (<83%)
(Walter et al., 2017) and AAI values (<65%-72%) (Konstantinidis
and Tiedje, 2007) are considered accepted values for genus-level
discrimination. Meanwhile, two genomes are considered to belong
to the same species if both ANT and AAI values between them are
equal to or greater than 95% (Jain and Rodriguez, 2018).

The two coefficients can be used to verify the taxonomic
position of the strains on the phylogenetic trees. The strain A174
has the closest ANI of 81.81%, to the recently sequenced L.
sichuanensis E412. These parameters are below the level of both
species and genus demarcation. The 16S rRNA taxonomy-based
analysis revealed that among the strains with whole genomes
sequenced, the strain most closely related to A174 was Leptolyngbya
sp. FACHB-711. The ANI between the two strains was 75.07%,
markedly lower than that of E412. Currently, there is a lack
of conclusive evidence to determine the exact cause of this
phenomenon. There are two non-mutually exclusive hypotheses.
One possibility is the convergent evolution of A174 and E412. The
two strains could independently evolve similar traits as a result of
adapting to similar environments. This hypothesis is supported by
the fact that the two strains were found in hot springs of similar
temperatures in Kangding County of Ganzi Prefecture, and they
both exhibit tolerance to elevated bicarbonate concentrations and
display similar nitrogen metabolism. Another possible explanation
is horizontal gene transfer. Almost a quarter of the protein-coding
genes from the E412 strain was found to have been potentially
acquired through this mechanism (Tang et al., 2022b). This finding
suggests that the ANI of E412 may have been influenced by the
transfer of genetic material from another organism resulting in an
aberration of the ANI relationship resulting from the evolution. It
should be noted that these explanations are not mutually exclusive,
and further research is needed to fully comprehend the complex
relationship between the ANIs of these two strains. Meanwhile, the
AALI coeflicient between the A174 and FACHB-711 was 66.56%.
This parameter is at the lower boundary for genus demarcation,
indicating slightly closer proximity than that of the L. sichuanensis
E412 (63.68%).

This combined with the results of 16S rRNA phylogeny suggests
that the FACHB-711 strain should be reclassified to the genus
Trichotorquatus, closely related to the clade containing the A174
strain. ANI and AAI values between A174 and other reference
genomes were in the 72-82 and 57-68% range, respectively. Those
significant genome-level differences support the delineation of the
clade at the genus level. The dDDH parameters further support
these findings. The calculated dDDH between the A174 and other
focus taxa ranged between 16.80 and 31.70%, significantly below the
70% hybridization threshold for prokaryotic species demarcation.

To further analyze the taxogenomic relationships between the
strains, a phylogenomic reconstruction based on single-copy genes
shared among the focus taxa with complete genome sequences
was performed. A total of 642 single-copy genes were identified to
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be shared by all the surveyed genomes, generating concatenated
alignment with a length of 199,585 aligned amino acid sites.
The ML phylogram of the supergene alignment was inferred
using the optimal substitution model (LG+F+R5). Each branch
of the genomic phylogram is supported by strong bootstrap values
(Figure 2), defining tremendous divergence among representative
species from each genus. The topology of the resultant tree
largely reflects that of the 16S rRNA tree (Figure l
Supplementary Figures 1, 2). The unique position of strain A174

and

confirms its classification to a novel genus. Strain FACHB-711,
the closest to the A174 strain with a known genome sequence,
is located in a sister clade to strain A174. The genetic distance
between those two strains supports their classification to different
genera, in line with the 16S rRNA phylogram and the results of
genome comparisons, i.e., ANI, AAI, and dDDH. Taken together,
Leptolyngbya sp. FACHB-711 could be reclassified to the genus
Trichotorquatus, closely related to the novel genus containing
the A174 strain if further genomic studies of well-described
Trichotorquatus support such findings.

Analyzing all genome-based parameters and phylogenomic
reconstruction based on single-copy genes, it can be concluded that
the clade containing the A174 strain can be delineated from other
taxa as a separate genus. Unfortunately, the scarcity of genomic
sequences in the close proximity of the novel clade made its further
description using genome-based parameters impossible and more
traditional polyphasic methods encompassing detailed analysis of
variable regions of ITS, in addition to morphological and habitat
characterization need to be employed.

16S—23S ITS region and secondary
structures

The ITS regions of all three ribosomal operons of strain A174
were extracted from the genome sequence and analyzed along
with eight closely related strains regarding sequences and predicted
structures of their ITS. Sequence alignment has shown that the
three ITS regions of ribosomal operons in A174 were identical.
Consequently, only one sequence was analyzed along with the
related strains. The highly conserved tRNA regions were removed,
and the resulting ITS sequences were processed. When selecting
the corresponding operons in related organisms, the specificity
of Trichotorquatus genus and its operon variability were also
considered. Two operons (operons 2 and 3, sensu Pietrasiak et al.,
2021) of 16S-23S ITS regions were included and compared with the
target strains. The length of the resultant sequences varied from
145 to 353 bp (Supplementary Table 5). The variation could be
ascribed to the significant difference in variable V2 and V3 helix
structure regions. Strains in Trichotorquatus genus universally have
V3 helixes of ~110 nucleotides. Meanwhile, in other strains, those
sequences were either very short (20 nt) or absent.

The focus of the secondary structure analyses was placed on
D1-D1’ and boxB regions (Supplementary Figures 3A, B). The
evaluation of the predicted structures of the D1-D1" helix revealed
two structural variants that significantly differ in length. The
shorter one, encompassing ~56-65 nucleotides sharing a similar
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TABLE 1 Values of average nucleotide identity (ANI) and average amino acid identity (AAl) between genomes studied.
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Al174 100.00 65.92 62.58 61.68 63.13 57.71 66.56 67.65 64.94 63.68 65.22 66.22 60.76 65.33 59.13
Uher 20002452 73.64 100.00 60.96 61.41 61.58 56.45 65.32 66.12 63.33 61.65 64.87 64.73 61.94 63.80 58.48
GSE-PSE-MK54-09C 74.13 73.16 100.00 58.41 60.12 5227 60.93 61.06 64.98 60.21 61.75 62.17 58.82 65.14 58.39
CCNUW1 77.83 75.91 74.45 100.00 66.88 53.22 61.06 61.73 60.62 70.31 62.78 61.91 64.71 61.16 56.92
Al21 79.07 73.49 73.74 76.89 100.00 53.89 62.45 62.91 62.77 68.77 62.86 63.07 69.17 63.07 58.03
7™M 79.07 75.42 0.00 80.19 80.20 100.00 56.66 83.12 55.22 54.54 55.57 55.59 51.70 55.26 51.11
FACHB-711 75.07 76.09 72.90 76.99 75.35 77.35 100.00 66.49 63.46 62.07 64.99 65.21 61.15 63.69 58.54
JSC-1 75.81 74.34 72.95 76.50 75.01 93.96 75.81 100.00 64.18 63.49 65.14 65.67 60.58 64.54 58.88
0-77 77.57 74.67 74.69 76.14 78.58 78.43 75.70 74.88 100.00 62.74 64.28 64.29 60.41 93.57 58.99
E412 81.81 73.45 75.57 76.48 78.79 78.67 74.86 75.40 79.95 100.00 63.27 63.49 65.06 63.15 58.15
FACHB-28 73.55 76.90 73.24 77.59 74.15 77.17 77.36 75.05 73.99 74.41 100.00 68.09 62.13 64.74 59.26
LEGE06141 75.16 77.69 76.27 78.01 74.73 78.45 77.42 82.74 74.75 76.23 77.68 100.00 61.65 64.57 58.71
CLA17 77.38 79.73 74.46 78.56 75.39 0.00 77.34 73.55 74.83 75.13 77.86 79.73 100.00 60.74 57.24
A183 76.98 74.59 74.95 76.81 77.32 78.64 75.88 75.55 89.97 79.34 74.12 74.44 75.44 100.00 59.23
UHER199813D 72.26 78.06 76.78 73.67 72.76 74.35 75.37 73.54 74.50 72.54 76.51 76.63 80.58 74.53 100.00

The numbers above and below the diagonal indicate the AAT and ANI values (%), respectively.
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FIGURE 2

Trichocoleus desertorum ATA4-8-CV12 (GCA_019358975)

ML phylogenomic tree of a concatenated alignment of 642 single-copy genes shared by all genomes. Strain no. in bold represents the strain
identified in this study. Bootstrap values (1,000 replications) are indicated at nodes. Scale bar = 5% substitutions per site.

Kaiparowitsia implicata GSE-PSE-MK54-09C (GCA_019359435)

Shackletoniella antarctica (GCA_003241845)

Tildeniella torsiva UHER_199813D (GCA_019358835)

overall fold, and a longer one of 80 nucleotides are characteristic
for ITS operon 2 of the three main representatives of subclades
of Trichotorquatus: Trichotorquatus andrei CMT-3FSIN-NPC37,
Trichotorquatus ladouxae WJT66-NPBGY, and Trichotorquatus
maritimus SMER-A. Additionally, some Trichotorquatus species
had shorter ITS sequences present in their ITS operon 3.
Trichotorquatus maritimus had a two nucleotide unilateral bulge
when compared to other strains. Meanwhile, Trichotorquatus
species 5 WJT32-NPBGA lacked bilateral bulge and had three
unilateral bulges, which distinguishes it from other structures. It
is the most similar in structure to FACHB-711, but the terminal
loop of 711 had 4 nucleotides, whereas WJT32-NPBGA had seven
nucleotides. One strain, Albertania sp. MAR67, had a unique D1-
D1’ helix of 111 nucleotides. In addition, except for the similar
basal clamp of five base pairs of the D1-D1’ structure, the relatively
short LPT16, FACHB-711, and WJT32-NPBGA helices do not have
distinct asymmetric loops of multiple nucleotides characteristic
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for A174 or SA373. The terminal loops of A174 and SA373 were
composed of five nucleotides, while that of IkmLPT16 had 12
nucleotides. On the basis of the current, limited description of

» «

“Egbenema,” “Egbenema gypsiphila” species possessed an enlarged
terminal loop of 16 nucleotides, which was absent in other strains
(Akagha, 2022). The length of the boxB region varied from 35
to 65 bp. Analysis of the boxB region’s calculated structures
shows similarity of A174 and LPT16 structures. The difference
was that the end of the A174 hairpin was a 5-base asymmetric
loop, while LPT16 was a 6-base symmetric loop. Meanwhile, T.
maritimus, T. andrei in operon 2, and Albertania sp. MARG67
have shorter helices than helices in other strains, but the first
two are more symmetrical. Albertania sp. BACA0713 has one
more unilateral bulge in helices of similar length. Moreover,
comparing the target strain with the putative Egebenema taxon,
A174 has three asymmetrical additional bilateral bulge structures
in BoxB helix, which all putative “Egbenema” strains do not have.
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FIGURE 3
(A, D) Light micrographs of Thermocoleostomius sinensis sp. A174. Sheath are open at the end (arrow). Scales = 10 um. (B) SEM image of the A174
strain. Scales = 6 um. (C, E, F) TEM micrographs of A174. Short filament showing the round apical cell. A174 cells with carboxysome (Cb),
polyphosphate body (P), sheath (Sh), septum (Sp), and thylakoid (T) in the cytoplasm. Magnifications: 400x (A, D), 2,000x (B), 8,000 (C), 1,200x (E),
and 5,000 (F).

The BoxB helix in T. maritimus in operon 3 has a unique and
large unilateral bulge, which is obviously longer than in other
strains. In addition, FACHB-711 is identical in structure and
sequence to Trichotorquatus species 5 WJT32-NPBGA in BoxB
helix, reinforcing that FACHB-711 most likely belongs to the
Trichotorquatus genus.

The of the predicted
structures of the D1-D1" (Supplementary Figure 3A) and boxB

combined analysis secondary
(Supplementary Figure 3B) regions in the context of 16S rRNA
phylogeny (Figure 1, Supplementary Figures 1, 2) and genomic
analyses (Figure 2) suggests that the strain FACHB-711 should be
reclassified as Trichotorquatus. The genus itself is composed of
at least five distinctive species including Trichotorquatus species
5 (WJT32-NPBGA), T. maritimus, Trichotorquatus coquimbo,
T. andrei, and T. ladouxae. All these strains were isolated from
dryland soils in North and South America indicating that
molecular evidence is consistent with their habitat. In addition,
there is considerable diversity among the strains containing
Albertania, and a currently limited amount of molecular data
suggests several divergent species within this genus. Finally, the
A174 strain belongs to a novel genus different from the putative
taxon “Egbenema,” Trichotorquatus, and Albertania.

Morphological and physiological
characteristics of strain A174
The strain A174, when grown in the shaking flask cultures,

formed very dense, isolated, small trichoid pellets of ~1 mm in
diameter containing many entangled filaments. Cells aggregated
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when reaching a stationary phase in a liquid medium, forming
bridges between granules and resulting in a dense mat. Meanwhile,
the strain formed dispersed mats or thin laminae on a solid
medium. The isolated cyanobacterium was investigated by light
microscopy, SEM, and TEM. The image taken by light microscopy
(Figures 3A, D) reveals flexuous or bent, sometimes straight
trichomes. The strain was phenotypically simple and was composed
of elongated cylindrical-shaped cells (Figures 3A-F) surrounded
by colorless sheaths that were frequently open at the end, with
the terminal cells rounded. False branching was absent. Filaments
were solitary with a single trichome per sheath, blue-green in
color, accompanied by some minor changes depending on the
growth condition or the number of cells. TEM (Figures 3C, F)
micrographs indicated that trichomes were cylindrical, composed
of isodiametric cells, and the cross-walls of cells had small
constrictions. The sheath was thin and colorless, 0.20-0.60 um
thick, usually longer than the trichome, and could be easily
observed. Cells are circular in cross section and rectangular in
the longitudinal section. Cells of the strain were isodiametric,
longer than they were wide (1.5-2.5um wide, 2.0-5.8 wm long),
with a length-to-width ratio ranging from 1.0 to 2.5 under light
microscopy. The number of thylakoids varied from 4 to 6 layers.
Thylakoids were arrayed in parallel lines in order at the inner
edges of cells (Figures 3C, F). Sheath, septum, phycobilisome,
carboxysome, and polyphosphate bodies can also be identified in
the cytoplasm (Figures 3C, E, F). The morphological characteristics
of other isolates from the same spring, the A141 and A171, were
near-identical to the strain A174 (Supplementary Figure 13) and
isolates of Huizhou region, i.e., GDTS1-24 and GDTS1-29 (Zhang
etal, 2019) confirming the similar morphology of the entire clade.
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TABLE 2 Comparison of morphological features and habitats of Thermocoleostomius sinensis and closely related strains.

Species Morphology Cell width Cell length Sheath Thylakoids Color Habitat References
(lum) (m) No.

Thermocoleostomius Straight, wavy, unbranched, 1.5-2.5 2.0-5.8 Thin, colorless 4-6 Green Thermal spring This study

sinensis A174 single trichome per sheath

Leptolyngbya sp. Straight, wavy, mostly ND ND Thin, colorless ND Blue-green Thermal spring

PKUAC-GDTS1- unbranched, few false Zhang et al., 2019

24/29 branched

Albertania Solitary, unbranched in young | 1.8-3.0 1.9-4 Thin, colorless ND Bright yellow-green Willow roots near

alaskaensis culture, false branching in old Meltwater Brook Strunecky et al.,
culture 2019

Albertania sp. Straight, wavy, unbranched, 2.0 £0.3/1.5-2.8 2.8 £0.5/1.5-4.2 Thin, colorless ND Green Rocks in the Sahara

MAR67 single trichome per sheath Desert Mehda et al., 2022

Albertania skiophila Straight, wavy, coiled, single 2.0-3.0 2.0-4.0 Thin, colorless, firm, often 6-10 Green, blue-green Humid calcareous rock

str. SA373 Zammit trichome per sheath open at the end walls, calcareous plasters Zammit, 2018

2014 and mortars in the cave

Albertania egbensis Straight or spiraled, 1.6-2.6 2.0-4.6 Narrow, clear, tightly ND Pinkish green Soils or subaerial

N14-MA1 entangled, rare false adherent to the trichomes surfaces in a tropical Akagha, 2022
branching climate area

Albertania Straight, entangled, rare false 2.0-2.6 2.2-4.6 Narrow, clear, tightly ND Pinkish green Soils or subaerial

latericola N14-MA3 branching adherent to the trichomes surfaces in a tropical Akagha, 2022

climate area

Trichotorquatus Solitary, rarely single and 2.1-4.3 0.9-10.0 Thin, sometimes widen or ND Bright green Dryland soils

maritimus SMER-A double branching, single absent Pietrasiak et al.,
trichome per sheath 2021

Trichotorquatus Solitary, unbranched, single 1.8-3.4 1.2-5.6 Sometimes absent, thick when | ND Bright green Dryland soils

coquimbo trichome per sheath present Pietrasiak et al.,

ATA2-1-KO25A 2021

Trichotorquatus Solitary, unbranched, single 1.0-2.8 1.5-5.0 Sometimes absent, thick when | ND Bright green Dryland soils

andrei trichome per sheath present Pietrasiak et al.,

WJT9-NPBG15 2021

Trichotorquatus Solitary, mostly unbranched, 2.0-3.6 1.2-4.0 Sometimes absent, thick when | ND Bright green Dryland soils

ladouxae rarely pseudo-branched, present Pietrasiak et al.,

WJT66-NPBG9 single trichome per sheath 2021

Trichotorquatus sp. Unbranched, single trichome 2.0-2.8 1.6-6.0 Sometimes absent, thick when | ND Bright green Dryland soils

5 WJT32-NPBGA

per sheath

present

Pietrasiak et al.,
2021
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The overall morphology of the described clade was similar
to the previously described cyanobacterium Albertania skiophila
(Zammit, 2018), with some notable exceptions. Light microscope
images revealed that A. skiophila frequently exhibited a spiral shape,
a feature, which was not observed in A174 and closely related
strains. Moreover, A. skiophila grown at its physiological conditions
exhibited cylindrical trichomes widened at their apices; meanwhile,
the A174 was typically thinner than wide. Other strains belonging
to Albertania, e.g., freshwater A. alaskaenisis, were characterized
by apparent false branching and sometimes formed characteristic
mushroom-like calyptra. These features were not observed in A174.
Comparison of strain A174 to Trichotorquatus is problematic due
to the absence of good-quality electron micrographs, but several
distinguishing features can be inferred from light microscopy.
Trichotorquatus strains described vary in their sheath description,
ranging from thick to absent (Table 2). This may be attributed to the
different life cycle stages and environmental conditions that these
strains exhibited during taking the micrographs. Meanwhile, A174
had a defined colorless sheath under the conditions tested. Cell size,
shape, and spacing were also distinguishing factors between these
two genera. Moreover, the individual cells of Trichotorquatus were
easily distinguished on light micrographs, while the cells were not
well distinguishable in the A174. The cells of the representatives
of a putative taxon “Egbenema” were often shorter than the wide
based on the available light micrographs (Akagha, 2022). The
average length and width were 1.9 um and 2.2 wm in “Egbenema
aeruginosa,” which is significantly shorter than the long, cylindrical
cells of A174. All “Egbenema” strains had visible false branches, and
the width and length of each cell were very comparable. Trichomes
of “E. gypsiphila” were mostly constricted at cross-walls.

The A174 strain was subjected to physiological tests using
varying concentrations of bicarbonate and nitrate in different
modifications of the BG11 medium (Table 3). It exhibited growth in
most nitrogen conditions except for nitrite, and optimal growth was
observed at 1.5 g/L nitrate concentration. The strain demonstrated
a high tolerance for bicarbonate, with a maximum concentration
of 0.7 M. When treated for 21 days with 1M bicarbonate, the
cells turned yellow-green and exhibited poor growth. The strain’s
tolerance to bicarbonate was attributed to its possession of
bicarbonate transporters (BCT1, bicA, and sbtA). Furthermore, the
strain displayed phototaxis when grown under directional light
(Supplementary Figure 11).

Taxonomic position of A174 strain using
polyphasic approach

In accordance with contemporary cyanobacterial taxonomy
standards, Komdrek et al. (2014) have defined the concept of a
cyanobacterial genus based on three criteria. These criteria include
the following: (i) a distinct taxonomic position with a discernible
divergence (of 95% or less 16S rRNA gene sequence similarity)
from the nearest sister clade, (ii) unique morphological traits or
biological specificity (for example, type of cell division, formation
of heterocyte or akinete, etc.) that distinguish it from other genera,
and (iii) clear ecological niches that are relevant to the genus. The
molecular 16S rRNA gene sequence similarities between the clade
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TABLE 3 Physiological characteristic of Thermocoleostomius sinensis
A174 grown in 45°C 150 pmol m=2 s~1,

Dissolved inorganic carbon

Nitrogen source

HCO;- (mol/L) Growth ~ NO;- (g/L) Growth

0 +++ 0 ++

0.1 ++ 0.075 ++

0.3 +++ 05 ++

05 +++ 15 ot

07 + 5 ++

1.0 - 7.5 +
1.218 (NO,-) -

“~” no growth; “+” poor growth; “++”" baseline growth in BG-11; “4 + +” better growth
than baseline.

of interest and related clades of Trichotorquatus and Albertania
were lower than 95% similarity. Delineation of A174 as a new genus
was additionally supported with genomic similarity coefficients,
phylogenomics, and secondary structures of D1-D1" and boxB
regions. Analysis of the habitat and morphological features
reinforces the molecular evidence. Strains in Trichotorquatus genus
were isolated from dryland soils in the desert or coastal scrub,
which exhibit the sheath with a distinctive collar-like fraying
and widening mid-filament. Albertania skiophila filaments formed
biofilms on the rock surface at the crypt, and MAR67 was
collected from gypsum blocks in the hyper-arid Sahara Desert.
Meanwhile, Alaskan strains of Albertania isolated from willow
roots appear unique morphologically with undulating trichomes
with perpendicular cells and false branching in old cultures. Both
related genera Trichotorquatus and Albertania have morphological
and ecological niche differences that can support the delineation of
the thermal clade containing the A174 strain as a new genus.

The exact separation between the clade and adjacent clade,
putatively described as “Egbenema; is more problematic due
to the lack of sufficient data on the strains that are not a
part of this study. Analysis of the three aspects of genus-
level delineation: molecular, morphological or physiological
characteristics and habitat data, allows for drawing the following
conclusions. Based on the 16S rRNA sequence identity between
the Chinese strains (A174, A171, GDTS1-24, and GDTSI-
29) and sister clade containing “Egbenema” (Figure 1), which
ranges from 94.9 to 95.48%, indicating that based on the 16S
rRNA sequence alone, it is uncertain if strains belong to the
same genus. Analysis of the secondary structure of ITS helices
D1-D1’ and BoxB reveals that the A174 strain has a more
diverse asymmetrical additional bilateral bulge structure. The
habitat data (Figure | and Table 2) show that strains in the
focus clade originate from thermal environments supporting
the ecological niche requirement for the genus delineation.
Meanwhile, the strains proposed as “Egbenema” show diverse
habitats. “Egbenema” strains were isolated from soil or subaerial
samples in a tropical climate area and can survive in perennially
wet habitat. There is also a clear morphological difference
between A174 clade and putative “Egbenema” taxon. The members
of Al74 clade, contrary to strains described as “Egbenema,
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had no false branching, and their overall cell shape was
different. Cells of the A174 clade are longer than wide, while
those of “Egbenema” representatives had similar length and
width. The terminal cells of the trichomes have also shown
different morphologies. The characteristic pellet-forming feature
of Al174 was not observed in “Egbenema” according to the
available literature.

To summarize, at least at the level of the strains with
morphological data available, the focus clade of this study
is consistent in morphology, habitat, and molecular data.
(A171,
Al174, and Al41) isolated from two hot springs in Erdaoqiao

A monophyletic cluster, comprising three strains
(Sichuan Province) and two closely related strains isolated
from a single hot spring in Guangdong Province (Zhang
et al, 2019), has been included in this clade. These strains
exhibit similar morphology and 16S rRNA sequence identity
of over 98.9% and have been found to originate from hot
springs. This allows us to conclude that they belong to
the same species. Consequently, the different morphology
combined with very distinct environmental niches and some
limited molecular evidence suggests that the clade containing
Al174 and the putative “Egbenema” clade belong to two
different genera.

Genomic outlook on the carbon uptake
and concentration in A174 strain

Due to the low solubility of gaseous CO, at elevated
temperatures and higher ionic strengths, many thermophilic
cyanobacteria deal with higher limitations of inorganic carbon than
their mesophilic counterparts (Tang et al., 2022c). In response
to this limitation, cyanobacteria frequently form microbial mats
in hot springs where the microorganisms are stratified. The top
layer is occupied by cyanobacteria that perform photosynthesis
and release O,, the subsequent layer contains heterotrophs
that utilize oxygen for respiration and release CO, that is
acquired by the top layer cyanobacteria (Ferris et al,, 1997). In
the absence of cohabitating organisms, cyanobacteria can also
utilize carbon concentration mechanisms (CCM) that employ
active transport to increase the amount of carbon dioxide in
the carboxysome.

Like their mesophilic counterparts, thermophilic cyanobacteria
perform photosynthesis in specialized protein-based structures
called carboxysomes, where cytoplasm-stored bicarbonate is
transported and converted into gaseous CO, by a carboxysomal
carbonic anhydrase to generate high concentration of CO, around
the main carboxylating enzyme, Rubisco (Figure4). The large
subunit of this protein, rbcL, has been used to discriminate
between a- and B-cyanobacteria (Badger and Price, 2003). The
rbcL gene of the Al74 strain was extracted from the genome
sequence and analyzed with other focus taxa using an ML
phylogram (Supplementary Figure 4). The results have confirmed
that the strain possesses Rubisco 1B form and thus belongs to -
cyanobacteria similarly to terrestrial, freshwater and other thermal
strains in accordance with previous studies (Tang et al., 2022¢).
The gene itself is positioned within an operon containing genes

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1176500
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Jiang et al. 10.3389/fmicb.2023.1176500
Outer layer
sbt HCO. transport
Plasma Diffusion
membrane
i
Thylakoid
membrane
Cytosol
CO, uptake
__and hydration
= Photorespiration «— 2PGL<+~~
cytoplasmic
HCO; storage Central Carbon «— pga
Metabolism

FIGURE 4

Predicted molecular components of CCM for Thermocoleostomius sinensis A174. 2PGL, 2-phosphoglycolate; PGA, phosphoglyceric acid.

Three-dimensional structures of proteins visualized using related structures of 2YBV, 60WF, 5SWC, 5BS1, 6KI1. Figure created with BioRender.com.
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FIGURE 5

Genomic organization of CCM-related genes for Thermocoleostomius sinensis A174. Solid arrow boxes refer to genes and the direction of

transcription.

sequentially encoding the Rubisco large subunit (rbcL), Rubisco
chaperonin (rbcX), and Rubisco small subunit (rbcS) (Figure 5).
Cyanobacterial CCMs are primarily composed of two main
components: inorganic carbon transport system responsible for
carbon uptake and carboxysomes responsible for its fixation. Two
complexes NDH-I; and NDH-I4, responsible for C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>