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Introduction

Extremophiles: Adaptation artists
Through life´s history microorganisms have evolved and adapted to even the
most extreme environments on Earth. These conditions exhibit a diversity of extreme
chemical and physical parameters at different degrees of strength and can also be
present in different combinations together in one environment. The term “extreme”,
however, is only relative as it is seen from a human perspective and not necessarily
from the inhabitants of these environments. The microorganisms living under those
conditions are perfectly adapted to the different circumstances. Moreover, they do
not only tolerate these conditions, but are dependent on them for their growth. For
example, there are thermophiles living at temperatures of 80°C in hot springs of
the Yellowstone National Park (Bott and Brock, 1969; Meyer-Dombard et al., 2005),
psychrophiles at temperatures below 0°C in the Antarctic regions (Deming, 2002;
Dickinson et al., 2016; Thomas and Dieckmann, 2002), piezophiles at pressures up
to 1,100 atm in the deep sea (Fang et al., 2010; Kato, 1999), heavy metal-resistant
microorganisms in contaminated soils (Issazadeh et al., 2013; Nies, 2000), halophiles
at salt concentrations higher than 0.5 M in salterns (Oren, 2002, 2008), acidophiles
at pH values below 3 in sulfidic soils formed by volcanic activity (Baker-Austin and
Dopson, 2007; Quatrini and Johnson, 2018) and alkaliphiles at pH values ranging
from 9.5 to 11 in soda lakes (Sorokin et al., 2014a, 2015c). These extremophilic
microorganisms are fascinating to study for various reasons such as their adaptation
mechanisms at molecular and physiological level, their evolution and biodiversity, or
their possible utilization in bioindustry.
This thesis focuses on bacteria of the genus Thioalkalivibrio living in the dual
extreme environment of soda lakes. Apart from the haloalkaline conditions of these
soda lakes (Jones et al., 1977, 1998), some of these lakes also possess additional
stress factors, such as high concentrations of arsenic or strong seasonal fluctuations
in temperature (Jirsa et al., 2013; Jones et al., 1998; Oremland et al., 2004; Sorokin
et al., 2011b; Sorokin and Kuenen, 2005b). Members of the genus Thioalkalivibrio
are one of the most abundant bacteria found in these lakes (Vavourakis et al.,
2016, 2018). They are chemolithoautotrophic sulfur-oxidizing bacteria (SOB), for
which ten species have been described, and already more than 100 strains have
been isolated (Foti et al., 2006; Sorokin et al., 2012a). However, the classification of
most of the Thioalkalivibrio isolates is currently not resolved yet. Moreover, these
Gammaproteobacteria are known to be metabolically versatile (Oremland et al.,
2017; Sorokin et al., 2001b, 2002c) and well equipped to thrive at haloalkaliphilic
conditions of even salt-saturated soda lakes (Banciu and Muntyan, 2015), but it is still
largely unknown how Thioalkalivibrio copes with other stress factors accompanying
the haloalkaline conditions in soda lakes. Therefore, this thesis describes the
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genomic diversity by in silico phylogenetic and -genomic analyses within the genus
Thioalkalivibrio resolving the strain to species classification, their stress response and
adaptation to arsenic and low temperature as well as their population dynamics in
response to the antibiotic ampicillin. This thesis contributes to the understanding of
how haloalkaliphiles from soda lakes have adapted and which mechanisms they use
to survive in these multi-extreme environments.

Soda lakes
Soda lakes are extreme haloalkaline environments harboring a high microbial
diversity despite their harsh conditions. These conditions consist of a highly alkaline
buffered pH ranging from 9.5 to 11 and a salt concentration that can reach saturation
(Jones et al., 1977, 1998). They are formed in depressions with a soil rich in sodium
that is leached out in solution by the carbonate-rich, but magnesium and calcium
poor, groundwater. The low concentration of divalent cations is essential for the
accumulation of carbonate/bicarbonate anions in solution. Soda lakes are closed
lakes that are mostly found in arid climate regions resulting in high evaporation
rates and with this, in an increase in the carbonate/bicarbonate concentration
transforming them into highly buffered, and therefore stable, alkaline systems (Grant
et al., 1990). Next to carbonate/bicarbonate, chloride and sulfate are also prominent
anions, whereas sodium is the most dominant cation, followed by potassium (Jirsa
et al., 2013; Sorokin et al., 2011b). Interestingly, the soda lakes currently found on
Earth are quite young, but likely soda lakes have also existed at much earlier epochs
judging from the existence of multiple fossil sodium carbonate deposits in the form
of trona, as for example in the Eocene Green River Formation in Utah and Wyoming. A
well-studied example of a young soda lake is the hypersaline Lake Magadi of the Rift
Valley part in Kenya with its estimated age of no longer than 10,000 years (Eugster and
Hardie, 1978; Jones et al., 1998).
Despite the extreme conditions, various organisms and in particular bacteria
and archaea are well adapted and thrive in these environments (Jones et al., 1998;
Lanzén et al., 2013; Mesbah et al., 2007; Ochsenreiter et al., 2002). Soda lakes have
been classified based on their salt concentration as low (35-50 g/l), moderate (50250 g/l) or hypersaline (>250 g/l) lakes (Sorokin et al., 2014a). From these, only the
first category contains a completely functional, productive and diverse microbial
community, whereas the lakes with a salinity of 100-200 g/l already lack some of the
important elements of the microbial community (Lanzén et al., 2013; Mesbah et al.,
2007; Sorokin et al., 2004a; Vavourakis et al., 2016, 2018), and in the hypersaline lakes,
the communities are dominated by extreme halophilic Euryarchaeota, which are
mostly aerobic heterotrophs (Mesbah et al., 2007; Ochsenreiter et al., 2002; Simachew
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et al., 2016; Vavourakis et al., 2016, 2018). In addition to salinity, lakes from different
geographical regions as well as from different regions in the lake (brine, sediment
and microbial mats) contain different microbial communities, but also share certain
microorganisms (Antony et al., 2013; Vavourakis et al., 2016, 2018; Zorz et al., 2019).
For instance, strains of Thioalkalivibrio have been detected in the brine (Vavourakis et
al., 2016), sediment (Vavourakis et al., 2018) and microbial mats (Zorz et al., 2019), as
well as in soda lakes on different continents (Chakraborty et al., 2020a; Sorokin et al.,
2001b, 2002a, 2002c; Zorz et al., 2019). Dispersal of microorganisms between different
lakes, even on different continents, is largely enabled via migrating birds (Zorz et al.,
2019), but also by wind dispersion of the salt dust (Jones and Grant, 1999).
The microbial communities of soda lakes support a unique ecosystem, and are
a rich and partly unexplored source for biotechnology. For example, tropical soda
lakes in the African Rift Valley attract hundreds of thousands of Flamingos, which are
grazing on phototrophic microorganisms and brine shrimps of the genus Artemia
(Schagerl, 2016). Furthermore, the cyanobacterium Arthrospira platensis, also known
as the superfood Spirulina, was used since a long time by indigenous communities in
Mexico and Chad as a food source and is now cultivated in large amounts for human
consumption (Ciferri, 1983; Melack and Kilham, 1974; Soni et al., 2017). The soda lake
environment is also an interesting source of so-called `extremozymes` that can be
used at elevated pH and salinities in biotechnological processes. Those include, for
example hydrolases, such as proteases, lipases (Rampelotto, 2016) and cellulases
(Grant et al., 2004) that can be used in detergents, and xylanases to replace aggressive
bleaching chemicals in the paper industry (Collins et al., 2005). Furthermore,
also secondary metabolites including rhodopsin, polyhydroxyalkanoates and
exopolysaccharides are used in industry, and osmoprotectants from the microbial
community can find application in cosmetics, medicine or agriculture. Finally,
haloalkaliphilic organisms are also used to treat contaminated wastewaters with high
pH and salinity as well as to produce products in the biofuel industry or based on
lignocellulosic biomass (Janssen et al., 2009; Zhao et al., 2014).

Description of soda lakes at different locations
Soda lakes are present worldwide in arid and semi-arid regions (Figure 1), such
as in Central Asia from South-East Siberia to North-East China (i.e., Tanatar and Bitter
Lake systems) (Vavourakis et al., 2016, 2018), the East African Rift Valley (i.e., Lake
Magadi, Lake Bogoria and Lake Natron) (Schagerl, 2016), the Wadi El Natrun in Egypt
(i.e., Lake Fazda) (Imhoff et al., 1979; Mesbah et al., 2007; Taher, 1999), and the Great
Basin Desert in East California and West Nevada (i.e., Mono Lake) (Oremland, 2013).
Depending on the location, soda lakes exert apart from different levels of salinity, also
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Figure 1. Occurrence of soda lakes on the world map. Green regions indicate where soda lakes can be
found including (A) the Great Basin Desert in East California and West Nevada, (B) Central Asia, (C) the Rift
Valley in East Africa, as well as other places, such as the Wadi El Natrun in Egypt, the Van Lake in Turkey,
the Central Mexican plateau, Manitoba in Canada, the Decan plateau in India and Eastern Australia.
Reused with permission from Sorokin et al. (2014a).

Central Asia (South-western Siberia along the Kazakh border and Southeast Siberia to North-east China): Multiple saline alkaline lakes are found in these
dry steppes, which are exposed to strong seasonal fluctuations of temperature and
precipitation. As these lakes are less deep and also smaller than lakes from other
locations, they are subjected to strong evaporation during the hot summer, to dilution
in spring by snowmelt, and to freezing during the winter. This creates an unstable
water regime with fluctuations in salinity, mineral composition and temperature
(Sorokin et al., 2011b; Sorokin and Kuenen, 2005b). One well studied example of soda
lakes in this area are the lakes from the Kulunda Steppe in South-western Siberia.
In this area, microbial community composition of hypersaline soda brines and
sediments from lakes with a wide salinity range were analyzed by Vavourakis et al.
(2016, 2018). The salt-saturated soda brines contained a high diversity of extremely
halophilic Euryarchaeota compared to those of neutral brines, while in the lakes with
a salinity below 250 g/l, Bacteroidetes, Alpha-, and Gammaproteobacteria were the
most abundant (Vavourakis et al., 2016). Also, the community in the sediment was
highly diverse, but contained mainly bacterial species, even at high salinities. Within
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the bacteria, Firmicutes, Bacteroidetes and Gammaproteobacteria were prominently
detected along the salinity gradient. However, also Euryarchaeota were retrieved
as one of the dominant groups from salt-saturated samples. Furthermore, the first
representatives of the Candidate Phyla Radiation (CPR) were found in these soda
lakes (Vavourakis et al., 2018).
Rift Valley in East Africa (Ethiopia, Kenya and Tanzania): The Rift Valley area
is volcanically active and is formed by Pleistocene alkaline trachyte lava with a high
sodium, but low magnesium and calcium content, generating perfect conditions
for the formation of soda lakes in this region (Jones et al., 1998). Lakes in this area
exhibit a wide range of salinity from around 5% in the northern lakes Lake Bogoria,
Lake Nakuru, Lake Elmenteita and Lake Sonachi, and up to saturation in the southern
lakes, including the lakes Magadi and Natron (Jones and Grant, 1999). Furthermore,
multiple hot springs with temperatures from 45°C to 96°C aliment certain lakes and
form various gradients of pH, salinity and temperature. For example, Lake Bogoria
contains nearly 200 hydrothermal springs and two geysers (Jirsa et al., 2013; Jones
et al., 1998). For this reason, also thermo-alkaliphilic microorganisms have been
isolated from these lakes (Jones et al., 1998). Furthermore, the salinity in these lakes
also fluctuates during strong droughts. Due to volcanic activity, low levels of arsenic
and molybdate were detected in Lake Nakuru and Lake Bogoria (Jirsa et al., 2013).
However, next to these stressors, these lakes are characterized by the high ambient
temperatures and plenty of day light, leading to perfect conditions for cyanobacteria
to flourish, which makes the East African Rift Valley lakes highly productive (Melack
and Kilham, 1974). One special characteristic of these lakes are the huge amounts
of Lesser Flamingos grazing on the cyanobacteria, which are mainly constituted by
the genus Spirulina. Other members of the microbial community, common to soda
lakes, such as Haloarchaea, Firmicutes, Proteobacteria and Bacteroidetes have been
detected as well in these African soda lakes (Jones and Grant, 1999).
Wadi El Natrun in Egypt: The Wadi El Natrun valley is located in the Libyan
dessert in Egypt and forms a system of several shallow hypersaline alkaline lakes.
The lakes are supplied by underground seepage water originating from the Nile and
by precipitation occurring during the winter. However, during the summer, they suffer
from strong evaporation, such that the salinity increases up to 30% (Imhoff et al.,
1979; Mesbah et al., 2007; Taher, 1999). The brines of these lakes are dominated by
sodium chloride with a much smaller proportion of sodium carbonate/bicarbonate
in comparison to the true soda lakes, but it is still enough to maintain their stable pH
above 9 (Sorokin and Kuenen, 2005b). Microbial community analysis of the brines
from three of such lakes revealed that their composition is different from other soda
lakes, but also that there was still a quite rich diversity despite their extreme salinity,
alkaline pH and high light radiation. These lakes are unique for a large representation
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of Firmicutes in the water column and Alphaproteobacteria in the sediment, next to
the groups of Bacteroidetes, Gammaproteobacteria and Deltaproteobacteria. The
discovered archaeal diversity was less abundant and included mainly members of
Halobacteria (Mesbah et al., 2007).

1

Eastern California and Western Nevada: Soda lakes of the Great Basin and the
Mojave Desert, which are rain-shallowed regions, are well known for their high content
of naturally occurring inorganic arsenic species. This can be explained by the volcanic
activity there resulting in arsenic concentrations ranging from 0.8 µM in Crowley Lake,
over 200 µM in Mono Lake and up to 3000 µM in Searles Lake (Oremland et al., 2004,
2017). Mono Lake is a large, moderately hypersaline and stratified soda lake, with a
maximum depth of 41 m. The brine below the upper chemocline at 23 m is seasonally
anoxic and below the monimolimnion at 35 m permanently anoxic. Searles Lake is
very shallow, salt-saturated and covered by a 5 cm thick salt crust. Both lakes are
connected to hydrothermal sources and subjected to periods of intensive evaporation
leading to an increase in salinity. Moreover, next to arsenate, these lakes are also
enriched in sulfate and borate (Kulp et al., 2007; Oremland et al., 2004, 2017). The
active microbial community of Mono Lake includes members of the Thioalkalivibrio,
Thioalkalimicrobium, Thiomicrospira, Clostridium, Trichodesmium, and Dethiobacter
as their transcripts were found in abundance along the water column. Furthermore,
transcripts of one of the structural components of the arsenite oxidase (arxA) closely
related to members of Thioalkalivibrio and Halomonas revealed those two groups as
important actors in the arsenic cycle in this lake (Edwardson and Hollibaugh, 2017).

Bacterial diversity and their role in geochemical cycling
in soda lakes
The microbial communities found in soda lakes contribute to the ecosystem
functioning by their active cycling of carbon, nitrogen and sulfur compounds.
Many haloalkaliphilic prokaryotic microorganisms have been isolated or have been
studied by cultivation independent methods to understand the functioning of these
microorganisms and their metabolisms in the biogeochemical cycles in soda lakes
(Sorokin et al., 2015c).

Carbon cycle
The driving force supporting all the different biogeochemical processes in the
soda lakes is primary production. This primary production is mainly associated with
oxygenic photosynthesis (Kompantseva et al., 2009), dominated by filamentous
cyanobacteria (Samylina et al., 2014), and with a minor contribution by anoxic
photosynthesis of purple sulfur and non-sulfur bacteria including the haloalkaliphilic
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members of Chromatiales and Ectothiorhodospiracea (Kompantseva et al., 2009), and
by chemolithoautotrophs, such as Thioalkalivibrio (Sorokin et al., 2001b). Soda lakes
of the East African Rift Valley in Kenya and Tanzania are rich in cyanobacteria and,
depending on the lake, have high photosynthetic rates (Melack and Kilham, 1974).
Their cyanobacterial communities are dominated by Spirulina, but also include
Cyanospira, Synecchococcus and Chroococcus (Jones et al., 1998). Photosynthetic
rates were also measured for the Big Soda Lake in Nevada, for which the oxygenic
photosynthesis was most important during the winter. During summer and fall, the
phytoplankton community decreased, and the biomass of purple sulfur bacteria
increased (Cloern et al., 1983). Although eukaryotic species diversity is normally low
in soda lakes, the eukaryotic unicellular alga Picocystis sp. is the most important
phototroph in Mono lake (California, USA). There, it is responsible for almost 25%
of the primary production during winter, which can go up to more than 50% during
other periods of the year (Roesler et al., 2002). Primary production in soda lakes of
the Kulunda steppe fluctuates depending on the lake (Kompantseva et al., 2009) and
is clearly influenced by salinity. Interestingly, it was found that primary production
and pH formed a positive correlation (Kompantseva et al., 2009), but once pH values
increase above 9.5, carbonate starts to dominate over bicarbonate, which makes
autotrophic growth unfavorable even under phototrophic conditions (Sorokin et al.,
2011b). Furthermore, salinities above 200 g/l strongly inhibited the development of
both types of phototrophs (Kompantseva et al., 2009).
The produced organic carbon is mineralized by aerobic heterotrophs in the oxic
brines and by fermentative anaerobes in the anoxic sediments. From those, various
polymer degraders with interesting potential application have been identified from
soda lakes. The examples of bacteria include the cellulolytic Clostridium alkalicellum
(Zhilina et al., 2005), the pectin degrader Natronoflexus pectinovorans (Sorokin et
al., 2011c) and Natranaerovirga hydrolytica (Sorokin et al., 2012b), the proteolytic
Proteinivorax tanatarense (Kevbrin et al., 2013), the anaerobic chitin degraders
Chitinivibrio alkaliphilus (Sorokin et al., 2014b) and Chitinispirillum alkaliphilum
(Sorokin et al., 2016), and the aerobic chitinolytic Marinimicrobium (Sorokin et al.,
2012e). At the level of monomer degraders from soda lakes, the aerobic mineralizers
include the genera Halomonas and Bacillus, as well as members of the phylum
Actinobacteria and Halobacteria, and the anaerobic fermenters contain mainly
members of the Clostridia (Sorokin et al., 2014a, 2015c). The secondary anaerobes
include acetogens and methanogens. The acetogens identified from soda lakes
include the genera Tindallia (Kevbrin et al., 1998; Pikuta et al., 2003a), Natronincola
(Zhilina et al., 1998, 2009), Natroniella (Zhilina et al., 1996) and Fuchsiella (Zhilina et
al., 2012). Furthermore, methane produced by methanogens has been detected in
large amounts in the anaerobic sediment part of lakes in the Kulunda steppe (Sorokin
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et al., 2015a) and in sediment slurries from soda lakes in California and Nevada
(Kulp et al., 2007; Oremland et al., 1982). Methanogenesis was shown to decrease
with increasing salinities in Californian soda lakes (Kulp et al., 2007), but for soda
lakes of Kulunda Steppe, it was functional until salt-saturated conditions (Sorokin
et al., 2015a). Known haloalkaliphilic methanogens from soda lakes include the
moderately salt-tolerant methylotrophic genus Methanolobus (Mesbah et al., 2007;
Oremland and Boone, 1994; Sorokin et al., 2015a; Vavourakis et al., 2016), the high
salt-tolerant methylotrophic genus Methanosalsum (Mathrani et al., 1988; Sorokin
et al., 2015b; Sorokin and Merkel, 2018) and the high salt-tolerant hydrogenotrophic
genus Methanocalculus (Sorokin et al., 2015b; Zhilina et al., 2013). Furthermore, a
novel class of haloalkalithermophilic methanogens named Methanonatronoarchaea
has recently been discovered in hypersaline soda lakes, which utilize the methylreducing pathway of methanogenesis (Sorokin et al., 2017, 2018a). Thereafter, the
produced methane is oxidized or assimilated by aerobic methanotrophs, which are
mainly dominated by haloalkaliphilic members of the genus Methylomicrobium (Lin
et al., 2004; Sorokin et al., 2000a).

Nitrogen cycle
Diazotrophs were revealed in environmental samples originating from soda
lakes of the Kulunda Steppe in Siberia and the Wadi El Natrun lakes in Egypt,
but their phylogenetic diversity is relatively low. Essentially, sulfate-reducing
Deltaproteobacteria and photo- and chemotrophic Gammaproteobacteria were
detected from clone libraries. Furthermore, phototropic nitrogen fixers were present
in the top sediment layers, which include cyanobacteria, purple sulfur and non-sulfur
proteobacteria, green non-sulfur bacteria, and heliobacteria (Samylina et al., 2019;
Tourova et al., 2014).
In the nitrification from ammonium over nitrite to nitrate, the low salt-tolerant
alkaliphilic lithoautotrophic ammonia-oxidizer Nitrosomonas halophilus and the
nitrite oxidizer Nitrobacter alkalicus perform the two-step oxidation up to a salinity
of 1M Na+ (Sorokin et al., 2015c). However, denitrification was only inhibited at
extremely high salt concentration (Sorokin et al., 2015c) and is performed by high
salt-tolerant members of the genus Halomonas (Shapovalova et al., 2009), and
by gammaproteobacterial SOB, such as obligately autotrophic Thioalkalivibrio
(Sorokin et al., 2001b, 2003b, 2004b) and the facultatively autotrophic Alkalilimnicola/
Alkalispirillum group (Sorokin et al., 2006). The high pH in the soda lake environment
also effects the chemistry of the nitrogen cycle by the conversion of ammonium
(NH4+) into ammonia (NH3). As ammonia is volatile and toxic, it can therefore induce
noxious effect on organisms (Sorokin and Kuenen, 2005b). On the other hand, nitrite
loses its toxicity at high pH (Grant and Sorokin, 2011).
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Sulfur cycle
The microbial sulfur cycle is quite complex due to multiple reasons. Sulfur can
take a large number of different oxidation states, which can change from -2 in sulfide
(H2S/HS-/S2-) to +6 in sulfate (SO42-). In addition, the sulfur cycle contains a high
diversity of different oxidative and reductive pathways, has the possibility to switch
between inorganic and organic compounds, includes abiotic transformations and
is interconnected with other geochemical cycles as the one of carbon, nitrogen or
heavy metals (Madigan et al., 2018).
The sulfur cycle is very active in soda lakes. This can be explained by the relatively
high energy yield gained from the oxidation and reduction of inorganic sulfur
compounds to sustain the energy-expensive life under the extreme conditions in
soda lakes (Sorokin et al., 2011b). However, the high alkaline pH has also an influence
on the sulfur chemistry in soda lakes. Sulfide is present in these lakes in its ionic form
of HS-, which is much less toxic to the organisms as it cannot freely diffuse through
the membrane in contrast to H2S. Furthermore, under highly alkaline pH, sulfide can
form stable soluble polysulfides by the chemical reaction with insoluble elemental
sulfur, which are stable sulfur substrates for both sulfur-oxidizing and sulfur-reducing
prokaryotes. These alkaline conditions also favor the reaction between sulfite and
elemental sulfur to form thiosulfate. Another positive effect of the high alkalinity is
that it is able to buffer the sulfuric acid produced by the SOB (Sorokin et al., 2011b;
Sorokin and Kuenen, 2005b).

(i) Chemolithoautotrophic sulfur-oxidizing bacteria
Four chemolithoautotrophic gammaproteobacterial genera drive the oxidative
sulfur cycle part in soda lakes and are mainly present in the top surface sediment
layer. These genera are Thioalkalivibrio, Thiomicrospira, Thioalkalispira and
Thioalkalibacter (Sorokin et al., 2011b). From those, Thioalkalivibrio is one of the most
abundant genera found in the surface sediments and in the brines of hypersaline soda
lakes (Vavourakis et al., 2016, 2018). The members of this genus will be discussed in
detail in the next part of the introduction.
Thiomicrospira: Formerly described as Thioalkalimicrobium (Sorokin et al.,
2001b), the four described species were reclassified as members of the genus
Thiomicrospira, which originally included marine neutrophilic species (Boden et al.,
2017). The four alkaliphilic species include Tms. aerophila with its type strain AL3T,
Tms. sibirica with its type species AL7T (Sorokin et al., 2001b), Tms. cyclica with its type
strain ALM 1T (Sorokin et al., 2002a) and Tms. microaerophila with the type strain ASL82T (Sorokin et al., 2007). Other alkaliphilic strains of this genus were isolated from soda
lakes in South-eastern Siberia (Tuva Republic, Kunkur steppe, Barguzin river valley),
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Kenya (Lake Elmenteita and Bogoria) (Sorokin et al., 2001b), California (Mono Lake)
(Sorokin et al., 2002a) and Washington (Soap lake) (Sorokin et al., 2007). The strains
grow within a pH range of 7.5-10.6 with an optimum at 10, and at moderate salinity
of up to 1.2-1.5 M Na+. They are characterized by a relatively high growth rate, but low
growth yield as well as high oxidation rates of sulfide and thiosulfate (Sorokin et al.,
2001b).
Thioalkalispira: This genus includes a single strain Thioalkalispira microaerophila
ALEN1T isolated from sediments of Lake Fazda from the Wadi El Natrun in Egypt. It
oxidizes reduced sulfur compounds at microaerophilic conditions and can also
reduce nitrate to nitrite without growth. Aerobic growth is repressed under fully oxic
conditions. It is able to grow within a pH range from 8 to 10.4 with an optimum around
pH 10, and at a salinity from 0.3 to 1.5 M Na+ with an optimum of 0.5 M (Sorokin et al.,
2002b).
Thioalkalibacter: This genus is also represented by a single strain Thioalkalibacter
halophilus ALCO1T isolated from a hypersaline alkaline lake in south-west Siberia
(Altai, Russia). This strain is able to grow between an almost neutral pH of 7.2 and up
to a pH of 10.2 with an optimum at 8.5, and a salt concentration between 0.5 and 3.5 M
Na+ with an optimum at around 1 M Na+. In contrast to the other soda lake SOB, ALCO
1T is chloride-dependent (Banciu et al., 2008). Recently it was consistently shown in
a biotechnological study on biogas desulfurization at haloalkaline conditions that
Thioalkalibacter outcompeted the usually dominating Thioalkalivibrio population in
case when the H2S-containing gas included a fraction of extremely toxic mercaptanes,
such as methyl mercaptane or dimethylsulfide (Kiragosyan et al., 2020).

(ii) Anoxygenic phototrophic and heterotrophic sulfur-oxidizing bacteria
Soda lakes also harbor haloalkaliphilic anoxygenic phototrophic and obligate
heterotrophic bacteria capable of oxidizing sulfur compounds. The first group is
mainly represented by purple sulfur bacteria including the genera Ectothiorhodospira,
Halorhodospira, Thiorhodospira, Thioalkalicoccus and Ectothiorhodosinus (Sorokin
et al., 2015c). Heterotrophic SOB in soda lakes include members of Halomonas
(Sorokin, 2003), which oxidized thiosulfate, sulfide and polysulfide to elemental
sulfur or tetrathionate, and some Halomonas are also able to combine the oxidation
of thiosulfate and sulfide at denitrifying conditions (Sorokin, 2003). Furthermore,
multiple photoheterotrophic bacteriochlorophyll a-containing non-sulfur purple
Alphaproteobacteria were also detected in soda lakes. Members of the genus
Rhodobaca are facultative anaerobes able to oxidize sulfide to sulfur or polysulfide
under photoheterotrophic conditions and in the presence of organic substrates
(Boldareva et al., 2008; Milford et al., 2000). Rhodovulum strains are able to perform
photo- and chemoheterotrophic as well as photo- and chemolithoautotrophic

20

Introduction
metabolism. In the latter one, they oxidize sulfide, sulfur or thiosulfate to sulfate
(Kompantseva et al., 2010, 2012). The genus Rubribacterium is a facultative aerobe and
able to combine sulfur compound oxidation with photoheterotrophy (Boldareva et
al., 2009a; Sorokin et al., 2015c). Finally, another representative is Roseinatronobacter
thiooxidans, which performs aerobic anoxygenic phototrophy, and oxidizes sulfide,
thiosulfate, and sulfur to sulfate to gain supplementary energy for growth (Sorokin et
al., 2000b).

(iii) Sulfidogens
The reductive part of the sulfur cycle takes place in the anoxic sediment layers in
soda lakes, which are characterized by their dark color due to a presence of HS- and
FeS (Sorokin et al., 2011b). Sulfidogenesis is mostly performed by sulfate-reducing
bacteria (SRB) at moderate salinity (Foti et al., 2007; Kulp et al., 2006, 2007; Sorokin
et al., 2004a), but it is inhibited under salt-saturated conditions (Kulp et al., 2007;
Sorokin et al., 2010b). In hypersaline soda lakes, the highest rates of sulfidogenesis
were measured for elemental sulfur, followed by thiosulfate, whereas sulfate showed
the lowest values (Sorokin et al., 2010b). Lithoautotrophic SRB commonly found in
the soda lakes belong to Desulfonatronovibrio (Zhilina et al., 1997), Desulfonatronum
(Pikuta et al., 2003b), Desulfohalophilus (Blum et al., 2012) and Desulfonatronospira
(Sorokin et al., 2008b). The latter as well as Desulfonatronum and some of the
members of Desulfonatrovibrio can perform disproportionation of sulfite and
thiosulfate (Sorokin et al., 2008b; Sorokin and Chernyh, 2017). The heterotrophic SRB
in soda lakes include members of Desulfobotulus (Sorokin et al., 2010a), Desulfobulbus
and Desulfonatronobacter (Sorokin et al., 2012c).
Soda lakes also harbor specialized dissimilatory sulfur-reducing bacteria and
haloarchaea. The sulfur reducing bacteria include Desulfurispira natronophila, a
member of the phylum Chrysiogenetes, which uses sulfur as electron acceptor
and acetate or propionate as the electron donor and carbon source (Sorokin and
Muyzer, 2010). Other bacteria belong to the Firmicutes, including Desulfuribacillus
alkaliarsenatis (Sorokin et al., 2012d) and Halarsenatibacter silversmanii (Blum et
al., 2009). Apart from sulfur, both can also respire arsenate (Sorokin et al., 2011b).
Furthermore, another member of the Firmicutes, Natroniella sulfidigena can grow
with hydrogen, formate and acetate as electron donors and sulfur as electron acceptor
(Sorokin et al., 2011a). Recently, two groups of extremely halophilic and facultatively
anaerobic natronarchaea have been discovered in hypersaline soda lakes, capable
of elemental sulfur respiration with C4-C9 fatty acids, H2 and formate as the electron
donors. These are Natrarchaeobaculum sulfurireducens, which is abundant in soda
lakes, and the less alkaliphilic species Halalkaliarchaeum desulfuricum (Sorokin et
al., 2018b, 2019, 2020a).
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(iv) Sulfur disproportionating bacteria
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During sulfur disproportionation, the zero-valent sulfur is simultaneously used as
an electron donor and acceptor with sulfide and sulfate as final products (Finster,
2008). Two soda lake anaerobes, the Deltaproteobacterium Desulfurivibrio alkaliphilus
and the Firmicute Dethiobacter alkaliphilus (Poser et al., 2013; Sorokin et al., 2008a)
are known to be able to perform sulfur disproportionation. As polysulfides are the
prominent form of sulfur under highly alkaline conditions, this compound is most
probably used as substrate for the disproportionation. Furthermore, under alkaline
conditions a substantial portion of the sulfide produced by the disproportionation
reacts with elemental sulfur to form polysulfides instead of iron sulfide as it is the case
at neutral pH (Finster, 2008; Poser et al., 2013).

Thioalkalivibrio
Thioalkalivibrio is a genus of haloalkaliphilic chemolithoautotrophic
SOB belonging to the family of Ectothiorhodospiraceae in the class of the
Gammaproteobacteria (Sorokin et al., 2001b). The name Thioalkalivibrio is composed
by three important properties of these bacteria: “Thio” from the Greek noun “thios”
for “sulfur”, “alkali” from the Arabic “al qaliy” for “the soda ash”, and “vibrio” from the
Latin verb for “vibrate” (Sorokin et al., 2001b). As the name suggests, they are perfectly
adapted to flourish in the dual extreme environments of soda lakes.
These bacteria are able to oxidize a variety of different reduced sulfur compounds
including thiosulfate, sulfide, elemental sulfur, sulfite and polythionates (Sorokin et
al., 2001b), and for certain strains also thiocyanate (Sorokin et al., 2002c, 2004b), with
sulfate as the final oxidation product (Banciu et al., 2004b). Moreover, it was observed
that the rates of elemental sulfur oxidation are lower than for thiosulfate, sulfide or
polysulfide, and during the oxidation of thiosulfate or polysulfide, elemental sulfur
and cell-bound polysulfide can be produced as intermediates (Banciu et al., 2004b).
Most of the Thioalkalivibrio strains (except for Tv. halophilus) are obligate
alkaliphiles able to grow at a pH range from 7.50 and up to 10.65 with an optimum
of around 10. Some strains are moderately salt-tolerant and can grow with up to 1.5
M Na+, whereas others are highly halotolerant and grow up to 4 M Na+ (Sorokin et al.,
2001b). Tv. halophilus HL17T is a facultative alkaliphilic and chloride-dependent strain
(Banciu et al., 2004a). Moreover, Thioalkalivibrio sp. K90mix was isolated based on its
capacity to grow at extremely high concentrations of potassium carbonate instead of
sodium carbonate in a mixture of 3.6 M K+/0.4 M Na+ (Muyzer et al., 2011b).
Their cell wall structure is typical for Gram-negative bacteria, and most are
motile with a single polar flagellum. The cells mostly have a short vibrio shape,
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0.4-0.8 µm thick and 0.8-3 µm long, but also some of the isolates are spirilla- or
rod-shaped (Sorokin et al., 2001b, 2002c, 2003b) (Figure 2). Members of this genus
are characterized by a relatively low growth rate, a high molar growth yield, a high
starvation endurance, a low maintenance, and moderate oxidation rates for sulfide
and thiosulfate (Sorokin et al., 2003a). Cells contain carboxysomes and assimilate
inorganic carbon via the Calvin cycle (Sorokin et al., 2001b).

A. ALM2T

0.5 µm

P

1 µm

C

B. ARh2T

C. AL2T

SG
0.5 µm

D. ARh1T

1 µm

Figure 2. Morphology of different Thioalkalivibrio strains. All strains were grown with thiosulfate and
at pH 10. (A) Tv. jannaschii ALM2T; (B) Tv. thiocyanoxidans ARh2T; (C) Tv. versutus AL2T; (D) Tv. paradoxus
ARh1T; P, Periplasm; C, Carboxysome-like structure; SG, Intracellular sulfur globules. Microscope pictures
reused with permission from Sorokin et al. (2001b, 2002a, 2002c).

One particular species, Tv. sulfidiphilus, seems to be an important player in the
sustainable removal of sulfide from industrial waste gases in the so-called “Thiopaq”
process. In this bioprocess, H2S is selectively scrubbed from the waste gas into a 1
M alkaline bicarbonate solution at pH 9, in which the soluble hydrosulfide is further
oxidized by haloalkaliphilic SOB, usually dominated by Tv. sulfidiphilus, mostly to
insoluble elemental sulfur under oxygen-limited conditions (Kiragosyan et al., 2019;
Sorokin et al., 2008d, 2012a; Van den Bosch et al., 2007). The formed biosulfur is
hydrophilic and can be used as a fertilizer or a fungicide (Janssen et al., 2009).
From the nearly 100 isolates currently available in pure cultures, 76 genomes were
sequenced, including all type strains, which allows to gain genetic insights into the
members of the genus Thioalkalivibrio [i.e., Berben et al. (2017b, 2019)]. Furthermore,
sequenced genomes have been described in detail for Tv. thiocyanoxidans ARh2T
(Berben et al., 2015b), Tv. thiocyanodenitrificans ARhD1T (Berben et al., 2015c), Tv.
paradoxus ARh1T (Berben et al., 2015a), Tv. sulfidiphilus HL-EbGr7T (Muyzer et al.,
2011a) and Thioalkalivibrio sp. K90mix (Muyzer et al., 2011b). Recently, the first
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genetic modifications by conjugation (Mu et al., 2017) and by CRISPR-Cas gene
editing (Sharshar et al., 2020) have successfully been achieved in a Thioalkalivibrio
strain opening new opportunities to gain a better understanding of their physiology
and adaptation mechanisms.

1

Described species of Thioalkalivibrio
Currently, ten species have been validly described within the genus Thioalkalivibrio
(Sorokin et al., 2012a) (Figure 3) and already more than 100 strains have been isolated
from soda lakes worldwide (Foti et al., 2006). Furthermore, a few isolates also originate
from sulfide-removing bioreactors (Sorokin et al., 2012a).
98
94

Thioalkalivibrio versutus AL2T
Thioalkalivibrio jannaschii ALM2T
Thioalkalivibrio nitratis ALJ12T

96
94 Thioalkalivibrio thiocyanoxidans ARh2T
91 Thioalkalivibrio halophilus HL17T

Thioalkalivibrio nitratireducens ALEN2T
100 Thioalkalivibrio paradoxus ARh1T

Thioalkalivibrio thiocyanodenitrificans ARhD1T
Thioalkalivibrio denitrificans ALJDT
Thioalkalivibrio sufidiphilus HL-EbGR7T
Rhodospirillum rubrum S1 T
0.05

Figure 3. Phylogenetic tree based on the 16S rRNA sequences of the ten described Thioalkalivibrio
species and Rhodospirillum rubrum S1T (ATCC 11170) as outgroup. The tree was constructed in the
program MEGA (version 7.0.26) (Kumar et al., 2016) by manually trimming the aligned 16S rRNA sequences,
and by using the maximum likelihood as tree inference with 500 bootstrap replicates, the Tamura-Nei
substitution model and a discrete gamma distribution (+G) to model evolutionary rate differences among
sites. Bootstrap values over 60% are shown at each node.

The genus was revealed to have a high genetic diversity by its classification into
56 genotypes based on the repetitive extragenic palindromic (rep)-PCR fingerprint
analysis of 85 Thioalkalivibrio strains originating from various soda lakes worldwide.
Furthermore, it was suggested based on the branching pattern that this diversity
might originate from genetic recombination. The branching also showed that the
genotypes were mostly associated to a specific region and certain characteristics
of the lake, which proposes a possible endemic character for this genus (Foti et al.,
2006).
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Thioalkalivibrio versutus: This species is the type species of the genus
Thioalkalivibrio with AL2T as its type strain. AL2T was isolated from surface sediments of
Lake Hadyn in Tuva Republic. Cells are rod-shaped and have a single polar flagellum.
When grown in batch culture with thiosulfate, cells accumulate elemental sulfur in
their periplasm and extracellularly in the initial growth phase (Sorokin et al., 2001b).
Thioalkalivibrio denitrificans: Its type strain ALJDT was isolated from sediments
of the soda lake Bogoria in Kenya. The cells are motile and shaped as slightly curved
rods. It is a facultative anaerobic denitrifier using nitrous oxide (N2O) or nitrite (NO2-),
but not nitrate (NO3-) as the electron acceptors, and thiosulfate, sulfide or polysulfide
as the electron donor (Sorokin et al., 2001b).
Thioalkalivibrio nitratis: Strain ALJ12T is the type strain of this species and was
isolated from the sediments of the Kenyan soda lake Nakuru. It is a motile curved rod
with a single polar flagellum. While growing with thiosulfate under oxygen-limited
conditions, the strain can reduce nitrate to nitrite. No growth was observed under
complete anaerobic conditions with nitrate (Sorokin et al., 2001b).
Thioalkalivibrio thiocyanoxidans: Next to oxidizing the already mentioned
reduced sulfur sources, the type strain ARh2T can grow with up to 15 mM thiocyanate
(SNC-) and can use it as sole energy and nitrogen source. The vibrio-shaped ARh2T
was isolated from a Kenyan soda lake, has a single polar flagellum, is extremely salttolerant and is able to grow in medium containing up to 4.3 M Na+ in the form of
carbonates (Sorokin et al., 2002c).
Thioalkalivibrio paradoxus: The type strain ARh1T was isolated from a Kenyan
soda lake and it is a non-motile barrel-shaped rod. Similar to Tv. thiocyanoxidans, ARh1T
is able to grow with thiocyanate as sole energy and nitrogen source. Furthermore,
it accumulates large quantities of elemental sulfur in the form of intracellular sulfur
globules (Sorokin et al., 2002c).
Thioalkalivibrio jannaschii: ALM2T originates from the oxygen/sulfide interface of
the stratified haloalkaline Mono Lake in California (USA) and is the type strain of this
species. The cells are curved rods and have a single polar flagellum. It can grow up to
4 M Na+ and produces at high salinity a membrane-bound yellow pigment (Sorokin
et al., 2002a). Furthermore, its genome encodes the arxA gene, a main structural
subunit of the arsenite oxidase, which allows anaerobic oxidation of arsenite [As(III)]
(Oremland et al., 2017).
Thioalkalivibrio nitratireducens: Its type strain ALEN2T was isolated from
sediments of the hypersaline Lake Fazda in Wadi El Natrun (Egypt). The non-motile
cells often contain large intracellular sulfur globules, are coccoid or barrel-shaped,
and arranged in chains or aggregates. It grows aerobically with reduced sulfur
compounds and anaerobically with nitrate as electron acceptor, which it reduces to
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nitrite (Sorokin et al., 2003b). Similar to Tv. paradoxus ARh1T, its closest phylogenetic
relative, ALEN2T can grow with thiocyanate as its electron donor and its genome
encodes the thiocyanate dehydrogenase operon (Berben et al., 2017b). Furthermore,
the genome also contains an arxA gene (Andres and Bertin, 2016; Oremland et al.,
2017).

1

Thioalkalivibrio thiocyanodenitrificans: The strain ARhD1T was isolated from a
lake sediment mix of Egyptian and Siberian soda lakes in an enrichment culture with
thiocyanate and nitrate at pH 9.9, and is the type strain of Tv. thiocyanodenitrificans.
The strain has rod-shaped cells, which are motile with a single polar flagellum.
It is able to grow aerobically or anaerobically on thiocyanate or thiosulfate as the
electron donors, and anaerobically with nitrate or nitrite as the electron acceptors.
This strain is unique among Thioalkalivibrio for being able of complete denitrification
(Sorokin et al., 2004b). Furthermore, it hydrolyses thiocyanate via the carbonyl sulfide
(COS) pathway using the copper-containing enzyme thiocyanate hydrolase (Berben
et al., 2015c, 2017b), where it produces cyanate as an intermediate. During growth
on thiosulfate, ARhD1T can use thiocyanate and ammonium, but not nitrate, as the
nitrogen source (Sorokin et al., 2004b). Finally, its genome also possesses an arxA
gene (Oremland et al., 2017).
Thioalkalivibrio halophilus: The extremely salt tolerant type strain HL17T was
isolated from the surface sediments of the hypersaline alkaline Stamp Lake in the
Altai Steppe in Siberia. Cells are motile by one polar flagellum. It grows in a wide range
of salinities between 0.2 and 5 M Na+, which is composed by sodium chloride and
sodium carbonate/bicarbonate, with at least 0.2 M Cl- and with carbonate as carbon
source. It is an obligate chloride-dependent facultatively alkaliphile growing within a
pH range of 7.3-9.8 and with an optimum between pH 8 and 9. Cells of HL17T grown
at high salinity contain a membrane-bound yellow pigment. The concentration of
organic compatible solutes was higher in cells growing in sodium chloride-based
medium in comparison to the cells grown in carbonate-based medium (Banciu et
al., 2004a).
Thioalkalivibrio sulfidiphilus: Its type strain HL-EbGr7T originates from an
oxygen-limited bioreactor that oxidized sulfide from biogas. The strain is moderately
halophilic by growing with 0.2-1.5 M Na+, and obligate aerobic with a preference for
micro-oxic environments. The cells are thin long curved rods with a single polar
flagellum. Its dominant fatty acids are C18:1ω7, C16:0 and C19:0 cyclo (Sorokin et al., 2012a).
The presence of an arxA gene for As(III) oxidation was detected by Oremland et al.
(2017).
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Sulfur oxidation in Thioalkalivibrio
The presence of sulfur oxidation pathways genes have been analyzed in 75
genome sequences of Thioalkalivibrio (Berben et al., 2019). A model of the suggested
sulfur oxidation pathways in Thioalkalivibrio is shown in Figure 4. The genes for
the sulfide dehydrogenase (flavocytochrome c; fccAB), the truncated sox system
(soxABXYZ) and the sulfite-oxidizing enzyme (sulfite:quinone oxidoreductase; soeABC)
were in common for all studied strains (Berben et al., 2019).
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Figure 4. Sulfur oxidation pathways in Thioalkalivibrio sp. including all detected enzymes in their
genomes. Genes with black circles were present in all, with grey circles in at least ten and with white
circles in less than ten genomes. Oxidation states are indicated via a color code from green (reduced
state), over yellow (0 valence) to red (oxidized state). Reactions with dashed lines represent unknown
mechanisms as the sulfane sulfur dissociation from SoxYZ, or reactions with low rates as the sulfur
reduction to sulfide by SOR. The rDsr and Hdr-like system have been simplified. Reused with permission
from Berben et al. (2019).

Thiosulfate (S2O32-): The multienzyme Sox system responsible for the oxidation
of thiosulfate works with the periplasmic proteins SoxAX, SoxYZ, SoxB and Sox(CD)2
(Friedrich et al., 2005). The pathway is initiated by the formation of a disulfide bond
between the sulfane sulfur of the thiosulfate and the conserved cysteine of SoxY within
the SoxYZ complex. This step is catalyzed by the cytochrome c containing SoxAX
heterodimer. In the next step, SoxB hydrolyses the disulfide bond of the cysteine
S-thiosulfonate, releasing SoxY-bound sulfane sulfur and sulfate. The Sox(CD)2
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complex oxidizes then the sulfane sulfur to a sulfone, which is again hydrolyzed by
SoxB to liberate SoxY and sulfate (Bamford et al., 2002; Friedrich et al., 2005). However,
Thioalkalivibrio only possesses a truncated sox gene system without soxCD (Berben
et al., 2019), for which is suggested that the Sox system produces sulfur or polysulfide
from the sulfane atom and sulfate from the sulfone atom of thiosulfate (Friedrich et
al., 2005).
Sulfide (H2S/HS-/S2-): Sulfide can be oxidized by the flavocytochrome c sulfide
dehydrogenase (FccAB) or by the sulfide:quinone reductase (Sqr) to elemental sulfur
or polysulfide, respectively. The FccAB has a flavin-binding catalytic subunit, and
a di-heme cytochrome c electron-transporting subunit (Chen et al., 1994), and is
located in the periplasm (Reinartz et al., 1998). The fccA and fccB genes were present
in all studied strains, and in nearly half of the analyzed Thioalkalivibrio genomes in
at least two copies (Berben et al., 2019). The Sqr-protein is located in the periplasm
and attached to the cytoplasmic membrane. It transfers the electrons generated by
the sulfide oxidation via its FAD cofactor directly to the quinone pool (Cherney et al.,
2012; Reinartz et al., 1998). In this oxidation, sulfide is oxidized to elemental sulfur
and will be added to the polysulfur chain until the chain does not enter anymore in
the active site and will be released (Cherney et al., 2012). The sqr gene is only found
in the genomes of facultatively anaerobic Tv. thiocyanodenitrificans ARhD1T and Tv.
nitratireducens ALEN2T (Berben et al., 2019).
Elemental sulfur (S0): The reverse dissimilatory sulfite reductase (rDsr) works
in SOB to oxidize elemental sulfur to sulfite by the sulfite reductase DsrAB,
which is included in the large dsr gene cluster dsrABEFHCMKLJOPNRS studied
in Allochromatium vinosum (Dahl et al., 2005). In this cytoplasmic pathway, the
sulfurtransferase DsrEFH binds the sulfur and transports the sulfane sulfur to DsrC
(Stockdreher et al., 2012). DsrC interacts with DsrAB, which oxidizes the sulfur and
releases sulfite (Venceslau et al., 2014). Furthermore, the DsrAB has been shown to be
homologues to its counterpart in SRB and archaea (Hipp et al., 1997). An alternative
pathway for elemental sulfur oxidation to sulfite in the absence of SoxCD or rDsr
has been proposed for the heterodisulfide reductase (HdrABC). Initially HdrABC
was described as an essential enzyme in anaerobic methanogenic archaea, where
it is involved in the electron acceptation during the final stage of methane formation
(Hedderich et al., 2005). In many aerobic chemolithotrophic gammaproteobacterial
SOB lacking the SoxCD, a highly similar gene cluster has been described
containing hdrC1B1A-hyp-hdrC2B2 (Ehrenfeld et al., 2013; Koch and Dahl, 2018).
In Acidithiobacilli, these genes were highly upregulated during growth on sulfur or
tetrathionate (Ehrenfeld et al., 2013; Quatrini et al., 2009), and in Hyphomicrobium
denitrificans these genes have been shown indispensable for the further processing
of sulfane sulfur bound to SoxY in the oxidation of thiosulfate to sulfate (Koch and
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Dahl, 2018). Therefore, and because Hdr and SoxCD/rDsr are almost always mutually
exclusive in SOB, the Hdr complex has been proposed to act in reverse in the
oxidization of sulfur to sulfite (Koch and Dahl, 2018; Venceslau et al., 2014). However,
the exact mechanism of Hdr has not yet been elucidated. The heterodisulfide
reductase operon is present in all studied strains with the exception of Tv. paradoxus
ARh1T and Tv. thiocyanodenitrificans ARhD1T, which, however, possess a complete
reverse dissimilatory sulfite reductase pathway (dsrABCEFHJKMOPRS). Moreover,
the rDsr pathway is also encoded in the genome of Tv. nitratireducens ALEN2T, Tv.
sulfidiphilus HL-Ebgr7T, Tv. denitrificans ALJDT and ALJ17 (Berben et al., 2019).
Sulfur disproportionation: The sulfur oxygenase reductase (SOR) responsible
for sulfur disproportionation transforms elemental sulfur to a mixture of sulfite,
thiosulfate and sulfide. Thiosulfate results mostly from the chemical reaction between
sulfite and sulfur (Kletzin, 1989). SOR was only detected in Tv. paradoxus ARh1T, Tv.
nitratireducens ALEN2T, and strain ALMg11 (Berben et al., 2019), and has been studied
in more detail in Tv. paradoxus ARh1T (Rühl et al., 2017).
Sulfite (SO3-2): A two electron oxidation of sulfite to sulfate occurs either via the
direct pathway using soeABC (Dahl et al., 2013) or sorAB (Kappler et al., 2000), or
via the indirect pathway with aprAB (Fritz et al., 2000) and sat (Brüser et al., 2000).
The sulfite:quinone oxidoreductase SoeABC has been described in the purple sulfur
bacterium Allochromatium vinosum and is a quinone-dependent, membrane-bound
and cytoplasmically-oriented iron-sulfur molybdopterin oxidoreductase. The protein
is a heterodimer of SoeA and SoeB that is anchored to the cytoplasmic membrane
via SoeC. Moreover, it has been shown that SoeABC is dependent on the periplasmic
SoxYZ for efficient sulfite oxidation to work, whose role was speculated as a
periplasmic sulfite-binding protein (Dahl et al., 2013). In 42 Thioalkalivibrio strains,
a second copy of the soeA gene was detected, which groups on a separate branch
of the phylogenetic tree based on soeA genes (Berben et al., 2019). SorAB encodes
for a periplasmically located sulfite:cytochrome c oxidoreductase composed by
the molybdopterin cofactor-containing catalytic subunit SorA and the mono-heme
cytochrome c552 subunit SorB (Kappler et al., 2000). The sorAB is found in 60 out of
the 75 analyzed genomes (Berben et al., 2019). During the indirect pathway, sulfite
is first transformed by adenosine monophosphate (AMP) and the adenylylsulfate
reductase (AprAB) to the intermediate adenylyl phosphosulfate (APS) (Fritz et al.,
2000), followed by the sulfate adenylyltransferase (Sat), which liberates sulfate (Brüser
et al., 2000). The aprAB/sat pathway was detected in 47 Thioalkalivibrio genomes
(Berben et al., 2019).
Thiocyanate (NCS-): An interesting form of metabolism exhibited by eleven
Thioalkalivibrio strains is the utilization of thiocyanate as electron donor and nitrogen
source (Sorokin et al., 2001c, 2002c). Two different pathways are found within the
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genus, which are the carbonyl sulfide (COS) pathway in Tv. thiocyanodenitrificans
ARhD1T, and the cyanate pathway in Tv. paradoxus ARh1T, Tv. thiocyanoxidans ARh2T,
Tv. nitratireducens ALEN2T as well as in the strains ARh3, ARh4, ARh5, AL5, ALJ4, ALJ5
and AKL11 (Berben et al., 2017b). The copper-containing thiocyanate hydrolase
(ScnABC) of the COS pathway is a remote homologue of the nitrile hydratase family.
It hydrolyses the nitrile bond of thiocyanate to form COS and ammonia (Katayama
et al., 1992, 1998). The COS hydrolase hydrolyses COS to sulfide and carbon dioxide
(Ogawa et al., 2013). The cyanate pathway uses the thiocyanate dehydrogenase
(TcDH), a thiocyanate:cytochrome c oxidoreductase, and has so far only been found
in Thioalkalivibrio (Berben et al., 2017b) and in the halophilic SOB Guyparkeria sp.
SCN-R1 and Thiohalobacter thiocyanaticus HRh1T (Tsallagov et al., 2019) and FOKN1
(Oshiki et al., 2017). In this pathway, the TcDH directly oxidizes the sulfane atom of
thiocyanate and produces cyanate and elemental sulfur using oxidized cytochrome
c as the electron acceptor. This enzyme represents a novel oxidoreductase family
containing a catalytic site with three copper ions (Tikhonova et al., 2020). Furthermore,
Berben et al. (2017a) showed in Tv. thiocyanoxidans ARh2T chemostat cultures grown
on thiocyanate as sole energy source an upregulation of the TcDH and of other
genes present in the TcDH genetic locus. These genes include putative copper
uptake systems (copCD and ABC-type transporters), the flavocytochrome c sulfide
dehydrogenase (fccAB), from which fccA could act as putative electron acceptor, and
a two-component system composed of a sensor histidine kinase and a σ54-responsive
Fis transcription regulator protein.
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Thesis outline
The aim of this thesis was to describe the taxonomic diversity and the
classification within the genus Thioalkalivibrio, and to unravel their resistance
mechanisms to different stress factors present in soda lakes.
Chapter 2 describes the genomic diversity of the genus Thioalkalivibrio
determined by multiple in silico analyses including 16S rRNA gene sequence
analysis, Multilocus Sequence Analysis (MLSA), Average Nucleotide Identity (ANI),
Tetranucleotide frequency correlation coefficients (TETRA), digital DNA:DNA
hybridization (dDDH) and nucleotide and amino acid based Genome BLAST Distance
Phylogeny (GBDP) analyses. The phylogenomic studies classified the 76 analyzed
Thioalkalivibrio strains into 25 species and 16 subspecies, and with this, revealed a
high genomic diversity within this genus. The study also showed that this genus is
polyphyletic and that reclassification of four strains into a new genus is required.
In Chapter 3 the resistance to arsenic is investigated for Thioalkalivibrio as this
chemical element is found in high concentration in soda lakes in East California and
West Nevada. To do so, we first screened the genomes of 76 Thioalkalivibrio strains
for known arsenic oxidoreductases. Subsequently, the resistance to arsenite [As(III)]
was studied in detail in the strains Tv. jannaschii ALM2T and Tv. thiocyanoxidans ARh2T.
We performed comparative sequence analysis on arsenic resistance and metabolism
genes, as well as transcriptomics coupled with arsenic species analysis on cultures
grown aerobically with different As(III) concentrations. Surprisingly, As(III) was
oxidized by both species, even though ARh2T did not possess any known arsenite
oxidase in its genome and the arsenite oxidase present in ALM2T was not differentially
expressed. However, SoeABC-like genes were highly upregulated in both strains,
which might be implicated in the oxidation of thioarsenate or arsenite. Furthermore,
ALM2T highly expresses the arsenic resistance genes and reduces arsenate influx by
downregulating the Pst transporter, whereas ARh2T does not express these crucial
arsenic resistances.
Apart from the presence of arsenic as stressor, some soda lakes are also subjected
to strong seasonal changes in temperature. Therefore, in Chapter 4, adaptation
towards low temperature was investigated in Thioalkalivibrio by growing Tv. versutus
AL2T and Tv. nitratis ALJ2 under controlled conditions in chemostat bioreactors at
10°C and 30°C. Samples were taken at steady state and analyzed for their response to
these two temperatures at the level of transcription, membrane lipids and compatible
solutes. Low temperature resistance was higher in AL2T, which was isolated from a
Siberian soda lake facing freezing periods during winter. Mainly, the high amount of
the cryoprotectant glycine betaine offered protection in this strain. In addition, both
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strains increased their unsaturated fatty acid content and differentially expressed
various genes to counteract the adverse effects of low temperature on the cell.

1

In Chapter 5 the selective population dynamic of the Thioalkalivibrio strains
Tv. thiocyanoxidans ARh2T and Tv. versutus AL2T in the presence of the antibiotic
ampicillin was studied. A culture mainly inoculated by ARh2T and with only a fraction
by AL2T was subjected to a four-week population adaptation phase to increasing
concentration of ampicillin, followed by two weeks without the presence of the
antibiotic. The shift to an only AL2T-based culture due to the selective pressure of
ampicillin is followed during time by rep- and qPCR and can be explained by the
higher MIC value for AL2T than for ARh2T.
Chapter 6 summarizes and discusses the results obtained in this thesis. It
finishes with the main conclusions of this thesis and gives an outlook on research
perspectives.
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