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as dehalogenase-producing  alkaliphilic
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remediating organohalogen-based
pollutants. Most alkaliphilic bacteria have
been isolated from harsh ecosystems such as
soda lakes, characterized by high pH and
occasionally high salinity, the first resulted

from excess sodium compared to calcium in
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basaltic rocks, forming carbonate-rich,
alkaline aquatic habitats. Bioprospecting
works, isolating dehalogenase-producing
alkaliphilic bacteria from soda lakes, has
successfully yielded halogen-degrading
enzymes, which successfully nullify the
toxicity of the compounds. In this review, we
describe microorganisms in soda lakes; and
the distribution of alkaliphiles in these soda
lakes along with the utility of alkaliphiles

in bioremediation.
Bioremediation of polluted alkaline water
habitats has emerged as the most pressing

issue  of  biotechnological  relevance

nowadays.
Keywords: Alkaliphiles, 2,2-
dichloropropionate, dehalogenase,

xenobiotics, pollution, Soda Lake,

Bioremediation.

1. Introducation

Historically, the significance of Bacillus Alcalophilus was the first alkaliphilic bacterium to be isolated
(1). Unverified data suggests Alkalobacteria was isolated in 1889 (2). A bacterium belonging to the
genus Bacillus named Bacillus alkaliphiles is isolated. It thrives at an alkaline pH of 10 to 11.5 (1).
Alkalobacterium is a resilient bacterium that thrives in alkaline ecosystems, for example, saline-
alkaline and non-saline soda lakes (3), involving various eubacteria and archaeobacteria that have
evolved to overcome environmental challenges like high/low temperatures, high sodium
concentrations, high pressure, and pH (4). Alkaliphilic eubacteria are part of the Gram-positive and
negative groups, including Bogoriella, Micrococcus, Pseudomonas, Halomonas, and Alkalibacillus
(5), Cyanobacteria, Bacteroidetes, Actinobacteria, Firmicutes, Verrumicrobia, Deinococcus-Thermus,
Spirochaetes, and Chloroflexi (6). Spirochaetes, and the magnetotactic bacteria. This includes
cyanobacteria to Archaeobacteria. Other research about Gram-negative alkaliphiles has investigated
genera such as Aeromonas (4). Many of the prominent bacteria and Archaea are isolated frequently
from the various soda lakes of Africa, North America, Europe, and Asia (7, 8). Notably, alkaline soda
lakes have similar fundamentals, although separated by great distances between Asia and North
America. Bacteroidetes, Alphaproteobacteria, Gammaproteobacteria, and Euryarchaeota were the most
prevalent species in different alkaline soda lakes, despite varying salinity between 170 to 400 g/L.
Based on the growth of alkaliphiles in the alkaline environment, they are classified and grouped by
Wahhab (2021) in Fig. 1. Alkaliphilic bacteria are found in alkaline and non-alkaline environments,
with higher alkaliphile counts in alkaline environments as per (10).
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Figure 1: Classification of organisms grow in an alkaline environment (adapted from
Wahhab, 2021).

2. Physicochemical characteristics of the Soda lakes:

Physico-chemical characteristics of various soda lakes fluctuate based on position, season, and year.
Except for salinity, all variables fluctuate significantly across seasons (p < 0.05). Physicochemical
changes increase during dry seasons due to low rainfall and climate changes, which lead to higher
evapotranspiration levels (11). These changes in the lake's physical, chemical, and biological features
may result in a decline in some microorganisms and the extinction of other organisms (12). Microbial
blooms are the reason for the distinct coloration of the soda lakes (13). The color changes in soda
lakes are attributed to chemolithoautotrophic denitrifying bacteria responsible for the decomposition
of nitrogen and sulfur in these lakes (14). Salinity in sodium lakes ranging from (35 to 250) g/L is
excellent for the thriving of halo-alkaliphilic, which use their ability to cycle (carbon C, nitrogen N,
and sulfur S) as energy forms (15). At salinity ranges between 50 and 250g/L. Energy that involves
carbon and nitrogen cycling is inhibited partly. At a salinity of >250g/L, nitrogen cycling is
completely inhibited (16).

3. Alkalophiles management for the Physicochemical characteristics of Soda lakes:

Alkalophiles thrive in neutral environments and even in acidic soil. Alkalophiles fall into two
categories. The first requires an alkaline pH of 9 or more for growth, with an optimal pH of around
10 (17). The second category, haloalkalophiles, needs an alkaline pH of 9 with a high percentage of
NaCl (more than 33%) for growth (10). According to geochemical studies of brines based on
saturation levels, the soda saline type is an intermediate stage between the soda and saline types. It is
inaccurate to distribute alkaline soda lakes based solely on pH levels. So, large-scale studies were
conducted to assess chemical and pH readings of soda brine in wide geographical areas and across
the wide salinity ranges in Eurasian inland saline surface waterways. Two kinds of soda lakes were
identified and represented (soda and soda-saline). Soda lakes arise when (sodium Na*) and the sum
of (bicarbonate ions ‘HCOs™, and dissolved carbon dioxide ‘CO3?") are the first dominant ions (>
25e%), while soda-saline lakes develop when sodium (Na*) is the first dominant cation and the sum
of (HCO3 and CO3?) concentrations is above 25e%. Still, it is not the first dominant anion (18).
Salinity in Ethiopia's Chittu's Lake and Shala was recorded at 38.41 g/I"! and 16.78 g/I"! respectively
(11). In contrast, haloalkaliphiles are microorganisms typically found in extremely alkaline saline
environments like the Rift Valley lakes in East Africa and western soda lakes in the US (17).
Natronophiles grow in high-pH environments with carbonates, while haloalkaliphiles require high
pH and salt concentrations (19). They adapt to alkaline and saline ecosystems (osmotic control),
which maintains pH homeostasis utilizing mediating neutral cytoplasmic processes (20). Alkaline
niche Halobacteria, soda lakes, and chloride-rich alkaline habitats with low concentrations of
magnesium and calcium (21).

Sodium salts-based applied in salt-alkali and salinized soils become the primary osmolyte for
Haloalkaliphilic archaea and Haloalkalithermophilic bacteria (21, 22). The soda lake has high
sunlight exposure, plenty of energy concentrations in in-organic carbon forms, and upcycled items.
These pheno-type traits with soda lakes' characteristics to encourage rich phototrophy, autochthony,
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high production, and ecological balance might be correlated across lakes. As a result, microbial
richness between different lakes is likely similar (23).

Microbes’ adaptation in the soda lakes is based on their biological function. when multi-cation and
proton antiporters (sodium Na*, potassium K*, calcium Ca,*, and hydrogen H™) in alkaline soda lakes
raise the capacities of the membranes, endowing energy (fused to ATP generation) ample to permit
cell growth in harsh pH conditions. The structure of the cell wall polymer, in turn, consists of
teichuronic acid and teichuronopeptide, which significantly contribute to maintaining pH homeostasis
by negatively charging the matrix and reducing the pH value at the alkaliphilic cell surface (24). The
inhabitant microorganisms in the soda lake are based on the energy sources. A group of
haloalkaliphilic obligatory chemolithoautotrophic (sulfur-oxidizing bacteria) obtain their energy by
the sulfur substances’ aerobic oxidation at high sodium concentrations and alkaline pH (23). The study
analyzed the microbial composition and metabolic potential of lakes containing chloride sediments,
carbonate, and sulfate brines. Microorganisms from major phylogenomic branches thrive in extreme
saline and alkaline conditions, utilizing sulfur oxidation and reduction, as well as polysaccharide
phosphorylation. Microbes that use sulfur respiration are more likely to thrive in high pH
environments due to thermodynamic advantages, which explains their prevalence in such
environments (25). The influence of physicochemical factors on the composition of sulfide-oxidizing
bacteria and sulfate-reducing bacteria in soda lakes remains unclear (20).

4. Alkaliphilic with bioremediate xenobiotics

Pollution is a global issue causing health issues and death, affecting millions. Cities face higher
contamination rates, while rural areas are also affected. Chemicals and pesticides are found on the
Antarctic ice sheet, and the Great Pacific Ocean contains a massive accumulation of tiny plastic
particles (26). Human activity has introduced xenobiotics into the world, causing environmental
damage and negative effects on the natural environment. However, some microorganisms can break
down man-made xenobiotics, making them ideal models for research studies, as they are deteriorating
bacterial strains that employ xenobiotics to produce carbon and energy (27). Heavy metals in
agricultural wastewater pose a significant threat to the ecosystem and human health due to their toxic
effects (28). Heavy metals are recalcitrant and difficult to biologically transform, making their
removal from polluted ecosystems challenging. Alkaliphilic organisms or enzymes that precipitate
metal ions are the best choice to bioremediates metal contamination. Alkaliphilus metalliredigens
strain QYMF has been shown to successfully reduce iron in an anaerobic alkaline ecosystem,
indicating the potential for employing such alkaliphiles to remove metal pollutants from alkaline
effluents. Alkaliphile-induced metal precipitation restricts metal movement, preventing pollution
spread (29). Alkalophile metal removal can immobilize radioactive substances in a variety of
circumstances, even in extremely alkaline environments (30). The issue of alkaline waste in chemical
industries is a growing concern due to economic growth and the rise in pollutants. Alkaliphiles, which
have stable enzymes and can be used for biotechnological applications, are being considered as an
eco-friendly solution (31). Manufacturing processes like chrome metal generation, iron and steel
polishing, and alumina processing contribute to highly alkaline waste, which is polluted with
radioactive trace metals (32). Bauxite remnants from extracting alumina lead to increased alkaline
tailings concentrations (19, 33). Handling those pollutants at alumina plants is challenging due to
their ecosystem risk and financial costs (32). Bacillus species, particularly the Firmicutes phylum,
have shown potential in treating alkaline contaminants. They play a significant role in bauxite
recycling and have been isolated from the red clay, indicating their promise in a biological
remediation strategy (32). Strictly anaerobic alkaliphilic bacteria, like Alkaliphilus transvaalensis
isolated from a deep gold mine in South Africa, were used in the bioremediation of red clay, a strong
alkalinity waste primarily made of iron oxide from the alumina refining process (29). Alkaliphilic
bacteria like Bacillus krulwichiae, Mycobacterium sp., and Bacillus badius can degrade and remove
each of the benzoates and pyrenes, highlighting their potential in bioremediation (29). Xenobiotic
contamination in surface waterways, including marine waters, is a significant concern due to the
increased demand for azo and synthetic dyes (24, 34). These dyes, commonly utilized in the rubber
and plastics industries, contributed to an overabundance of colored water. Azo dyes are a significant
category of commercially available dyes. Contamination occurs when colored wastewater containing
organic dyes is released into ecosystems, causing dangerous pollution issues. Alkaliphilic bacteria
like Bacillus flexus VITSP6 and Nocardiopsis alba have been shown able to bioremediate the toxic
dye at pH (11), while Z-7937T strain Natroniella acetigena can break down components into acetate
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in alkaline ecosystems in a pH level ranging from (8.1-10.7) (33, 35).

Corynebacterium humireducens MFC-5(T) was able to create lactic acid via the simulated alkaline
wastewater pH (10) (33). Chemolithoautotrophic denitrification bacteria treat wastewater containing
nitrogen or sulfur to oxidize reduced forms of inorganic sulfur substances and nitrate (7). Alkaliphiles
flourish at pH nine or ten. These species have valuable enzymes, including hydrolases utilized in pulp
and paper modification, detergent formulation, and bioconversion of lipids, protein, and
carbohydrates (26). Table 1 shows the bacterial species that aid in biological remediation, chemical
degradation, waste management, and biofuels development. Anoxybacillus, a genus of alkalitolerant
thermophiles, can grow at 37°C based on alkali-growth, despite being extremophilic (26, 57).
Microorganisms, such as hexavalent chromium bioremediation, are considered an economical and
environmentally friendly method for metal pollution removal from industrial effluent and the
environment (51). Their features, such as heavy metal elimination, absorption, and biodegradation,
provide a low-cost alternative approach to metal pollution removal (52).

Table 1: Some important alkaliphilic bacteria are responsible for degrade the pollutants.

Microorganism Optimal Pollutant Source Reference
pH Degraded
Thioalkalivibrio 9.5 Sulfidic Russian soda lake (36)
sediment
Pseudomonas stutzeri, 10.5 Phenol Lonar Lake (37)

Staphylococcus
arlettae (SDT1),
Staphylococcus

species (SDT2)
Bacillus cohnii MTCC 9.0 Azo dye Obtained from Institute (38)
3616 of Microbial
Technology,
Chandigarh, India
Bacillus licheniformis 12 Anthracene Marine samples (39)
MTCC 5514
Bacillus badius D1 9 Benzidine Bacillus badius D1 was (40)
used
Halomonas pacifica 10 Aniline Marine ecosystems of (41)
strain NK2, Goa, India
Halomonas
campanieinsis strain
NRS-01
Nesterenkonia 8-11.5 Azo dye Highly alkaline textile (33)
lacusekhoensis effluent sample (pH
EMLA3 13.0) collected from
local textile industry,
National Capital
Region, Delhi, India
Bacillus cohnii BRA1, 10.5 Bauxite Bauxite residue in the (43)
Bacillus pseudofirmus Residue Southern region of
BRAZ3, Bacillus Minas Gerais, Brazil
clarkia BRAS
Mycobacterium sp. 9 Petroleum Soil sample from Chiba (44)
strain MHP-1 hydrocarbons  Prefecture
Bacillus thuringiensis 10 Bauxite residue Bauxite residue deposit (42)
EEEL02 area, Guangxi Province,
China
Pseudomonas 95 Cyanide Guadalquivir River (45)
pseudoalcaligenes downstream from the

CECT5344 city of Cordoba
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Nesterenkonia 115 Azo dye (violet Textile effluent was (46)
lacusekhoensis dye) used for decolorizing
EMLA3 the dye
Pseudomonas 9.8 Petroleum Industrial alkaline (47)
aeruginosa sanai compounds mineral metal-cutting

oil
Acinetobacter 9 Reactive Blue  Local textile industry at (48)
baumannii strain 221 and Tirupur, Tamil Nadu,
VITVB Reactive Black India

5 dyes

Pseudomonas 8.5 Various azo Textile effluent (49)
mendocina dyes contaminated soil

samples
Bacillus licheniformis 11 Free-cyanide Soil samples exposed to (50)
CDBB B11 industrial wastewater,

agrochemicals,

hydrocarbons, heavy

metals, gold, and silver

mining industry tailings
5. Alkaliphilic with bioremediate of Halogenated compounds
Halogenated compounds are a significant class of xenobiotics contributing to pollution (53) and
environmental contaminants. They are produced in large amounts and are utilized in various enzyme-
catalyzed dehalogenation and degradation paths. Dehalogenase catalyzes the halogen cleavage from
halogenated compounds, including haloalkanes, haloaromatics, and haloalkanoic acids (54, 55).
Organohalides are significant chemical pollutants that pollute the ground and waterways (56). The use
and misuse of these halogenated organic components in agriculture and industrial production result in
widespread pollution (56).

Pollution with halogenated compounds poses serious health and environmental problems. Strategies
involving sequence and effectivity-based screening predictors of the discovery of novel dehalogenases
with enhanced activities. Experiments have been conducted to enrich growth states with the carbon
required for screening of dehalogenase-producing bacteria, as shown in Table 2. Pseudomonas putida
strains and Alcaligenes xylosoxidans grow in enrichment media with 2,2DCPA as ©* the only source of
carbon and energy’’ (54). To isolate dehalogenase-producing Anthrobacter spp. strains, minimal salts
were used, including a/ R-halocarboxylic acids (58). Novel bacteria from Proteobacteria, Bacillus, and
Enterococcus genera capable of a-halocarboxylic acid decomposition were isolated with dalapon (54).
Chlorinated aliphatic acid culture media were used for dehalogenase production in Rhizobium sp. (54).

Alkaliphiles are extreme bacteria that can survive in alkaline ecosystems and are crucial in
biotechnology and bioremediation. This includes dehalogenases, the different forms of this enzyme,
which can be harmful (59) if not properly disposed of. There have also been several reports on the
characterization of dehalogenases at different pH ranges, where Pseudomonas putida strain AJ1/23 D-
2-haloacid dehalogenase displays maximum enzyme activity at around pH 9.5 and 50 °C (60), at the
same time another group found that Pseudomonas also displayed activity on the “D,L-2-
chloropropionate (D,L-2CP) and 2-chloroacrylate (2-CAA))” with the maximum efficiency of D-
specific dehalogenase enzyme occurring at pH (61).

Table 2: Dehalogenase-producing bacteria and their source.

Bacteria Dehalogenase/substrate Source Reference
Aminobacter sp. SAl UN / D,L-2-chloropropionic acid = Soil (62)
Labrys sp. Wyl UN / 2,2-dichloropropionate Rubber estate (63)
Bacillus megaterium UN / L-2-haloalkanoic acids Volcanic Soil (64)
strain GS1
Serratia marcescens UN / 2,2-dichloropropionate Lake water (65)

sp. SE1
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Arthrobacter sp. S1 UN / 2,2-dichloropropionic acid, = Soil (58)
D, L-2-chloropropionic acid, 3-
chloropropionic acid
Enterobacter cloacae UN / 2,2-dichloropropionate Seaside (66)
MN1
Pseudomonas stutzeri  Dehl/ D-2-chloropropropionate ~ Marine (67)
DEH130
Paracoccus sp. DEH99 Deh99 / DL-2-chloropropionate  Marine sponge (68)
Arthrobacter sp. strain  UN / 2,2-dichloropropionate, d,I- = University Technology (69)
D2 2-chloropropionate Malaysia Agricultural
Area
Alcanivorax dieselolei  DadB / 1,2-dichloropropane Marine (70)
B-5
Bacillus sp. strain EK1  UN/ 2,2-Dichloropropionate, Marine Sediment of (71)
2,3-dichloropropionate, d,I-2- Danga Bay and East
chloropropionate Coast of Singapore
Island
Raoutella UN / 2,2-Dichloropropionate Wastewater of Tioman (72)
ornithilolytica Island
Bacillus cereus strain UN / 2,2-dichloropropionic acid ~ Ruminant animal waste (73)
SN1
Ancylobacter aquaticus 1-2-DhIB / 1,2-dichloroethane Soil (74)
strain UV5
Pseudomonas 2,2-dichloropropionic Seawater samples of the (75)
aeruginosa MX1 Malaysian coast Desaru
Pseudomonas 2,2-dichloropropionic Water sample of (76)
halophila HX hypersaline Turkish
Lake Tuz
Acinetobacter 2,2-dichloropropionic Agricultural soil in (77)
calcoaceticus BB9.2, Malang, Indonesia
Pseudomonas
plecoglossicida
BC14.3
Bacillus megaterium 2,2-dichloropropionic Water sample of (51)
strain CTBmeg1l hypersaline Turkish
Lake Tuz
Bacillus subtilis strain ~ 2,2-dichloropropionic acid, D,L- = Water sample of (59)
H, Bacillus 2-chloropropionic acid, 3- hypersaline Turkish
thuringiensis strain H2  chloropropionic acid Lake Tuz
Bacillus megaterium 2,2-dichloropropionic Water of Turkish Mavi (78)

BHS1

Lake

DatA, a new haloalkane dehalogenase, was identified by Hasan et al. (2011). Its effectiveness was
measured using 1, 3-Dibromopropane. The enzyme showed the highest activity at pH 9.8 (79).
Fluoroacetate-degrading Pseudomonas fluorescens DSM (8341) and its dehalogenase enzyme were
isolated and characterized (80). 2-haloacid dehalogenase (Deh99) from the marine bacteria Paracoccus
sp. DEH99, predominates under high pH but is isolated from nonalkaline ecosystems (81). These
microorganisms produce dehalogenases in an elevated pH environment and play a crucial role in the
bioremediation of halogenated compounds in polluted environments. Pseudomonas halophila strain
HX and Bacillus megaterium CTBmegl were found to degrade 2,2-dichloropropionic acid (20 mM)
and (10 mM), respectively, under optimal conditions in Turkish Lake Tuz (pH 8.0) (76, 51). Bacillus
subtilis strain H1 from Lake Tuz, Turkey, demonstrated its optimal ability to degrade 20 mM of 2,2-
dichloropropionic acid at pH 8.0 (59), suggesting that enzymes generated by bacteria at extreme pH
levels can be beneficial in highly alkaline conditions (82). The biodegradation of halogenated
compounds by alkaliphilic bacteria is limited, but alkalotolerance Bacillus megaterium strain (BHS1)
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from Turkish (Mavi Lake) showed tolerance well to (40mM) 2,2-DCP at (pH 10) (78). These bacteria
are environmentally friendly as they aid in removing and detoxifying pollutants from the ecosystem
through dehalogenation (54). This review briefly describes the potential role of alkaliphiles in
removing various environmental pollutants.

6. CONCLUSION

Alkaliphilic bacteria make a major contribution, some of which are at the cutting edge of modern
applications of alkaliphilic products or their cellular capacity to decontaminate unique extreme
environments. Due to the ability of alkaliphilic bacteria to catalyze the enzyme, they eliminate the
halogen atom through the dehalogenation process. The presence of dehalogenase-producing
microorganisms in soda lakes is important to be environmentally friendly to reduce pollutants
represented by the halogenated compounds. Therefore, alkaliphiles are one of the microorganisms that
are indispensable in bioremediation.
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