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Abstract:

Low-temperature bacteria have potential to produce biohydrogen and are often considered a potential renewable
energy generator for the future. However, the bacteria have presented poor hydrogen yield due to slow metabolic
rate and prolonged lag phase often caused by their restricted growth temperature limit. The ineffective search for
new biocatalysts from cold environments and the application of modification techniques almost jeopardize the
economic viability of these strains in the biohydrogen production research. This article examined cold genetic and
enzymatic adaptation potentials that led to the continuous expression of novel biocatalysts of biotechnological
importance under the following headings; cold-adapted bacteria, biohydrogen-producing bacteria, strategies for
adapting to stress in low temperatures, performance of cold-adapted bacteria in biohydrogen production, challenges
of cold-adapted bacteria in biohydrogen production and future prospect. Finding new strains and studying their unique
properties can improve the efficiency of hydrogen production by cold-adapted bacteria, as this new area has not yet
been extensively studied.
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Résumeé:

Les bactéries a basse température ont le potentiel de produire du biohydrogéne et sont souvent considérées comme
un potentiel générateur d'énergie renouvelable pour I'avenir. Cependant, les bactéries ont présenté un faible
rendement en hydrogéne en raison d'un taux métabolique lent et d'une phase de latence prolongée souvent causée
par leur limite de température de croissance restreinte. La recherche inefficace de nouveaux biocatalyseurs a partir
d'environnements froids et 'application de techniques de modification compromettent presque la viabilité économique
de ces souches dans la recherche sur la production de biohydrogéne. Cet article a examiné les potentiels d'adaptation
génétique et enzymatique au froid qui ont conduit a I'expression continue de nouveaux biocatalyseurs d'importance
biotechnologique sous les rubriques suivantes; bactéries adaptées au froid, bactéries productrices de biohydrogéne,
stratégies d'adaptation au stress a basse température, performances des bactéries adaptées au froid dans la
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production de biohydrogéne, défis des bactéries adaptées au froid dans la production de biohydrogene et perspectives
d'avenir. Trouver de nouvelles souches et étudier leurs propriétés uniques peut améliorer I'efficacité de la production
d'hydrogene par des bactéries adaptées au froid, car ce nouveau domaine n'a pas encore été largement étudié.

Mots clés: bactéries a basse température; bactéries adaptées au froid; température; mini-revue

Introduction:

Due to its high energy density and fri-
endly by-product (water) when burnt, hydrogen
has attracted much attention as a desirable fuel
(1). Among the renewable energies, hydrogen is
more critical due to its sustainability and pos-
session of 2.75 times the energy density of fossil
fuels. Hydrogen can be produced using conven-
tional and fermentation strategies. However,
production through fermentation has emerged
as an excellent strategy to extract hydrogen
from the abundant waste for eco-friendly pro-
ducts (2). The biological hydrogen production
processes are considered to be cost-effective
due to the high production rate, low energy
requirements and simple operation (3). Dark
fermentation has exceptional advantages, such
as the ability to produce hydrogen from the bre-
akdown of organic waste, thus stabilizing waste
with the potential for contamination (4).

Several bacterial strains are used to pr-
oduce biohydrogen, which is the most promising
for renewable energy generation. Cold-adapted
bacteria can thrive at low temperatures (20°C
and below) and stance unique constraints thro-
ugh flexible structural and conformational chan-
ges to proteins and lipids to express highly
reactive enzymes (5). The ability of the bacteria
ability to grow at low temperatures confers ada-
ptive resilience to stresses including osmotic and
low nutrients that affect other thermal species
(6). Resistive loads may have enabled their use
in industrial production at ambient temperatures
(7), guaranteeing low-temperature operation,
high productivity, and reduced production costs
(8). Given this unique potential, understanding
their biotechnological relevance in applied and
biological research is fundamental. Furthermore,
the widespread use of cold-active enzymes in
industrial productions calls for evaluation of cold
-adapted bacteria and elucidation of their poten-
tials in renewable energies.

Using cold-adapted bacteria at low tem-
peratures for biohydrogen production saves en-
ergy input in bioreactors, which has a significant
impact on production costs (7). This new field of
research thus underlines the potential of cold-
adapted bacteria and, due to their resilience in
fermentation, requires a review of their perfor-
mance in humerous areas. The bacterial strain
and its enzymes are currently used as biological
tools in anaerobic digestion due to their eco-
nomic and environmental advantages. However,

223

their capabilities are not fully exploited in fer-
mentative hydrogen production as low hydrogen
yield have been recorded in anaerobic fermen-
tation despite vast potential in biotechnological
application (9). Therefore, this mini-review is an
assessment of the numerous adaptation poten-
tials of cold-active bacteria and their influence
on fermentative hydrogen production.

Cold-adapted bacteria:

Cold-adapted bacteria live in cold places
and grow well at or below 0-20°C. However,
psychrophilic properties allow for rapid growth
at temperatures below 15°C than at tempera-
tures above 20°C. Most often, these types of
microbiota colonize low-temperature areas like
snow, permafrost, sea ice, and glaciers (10). For
example, Joshi (6) reported minimal growth
below 15°C and optimal growth at 25°C, while
Ravi et al., (11) reported an upper growth limit
of 37°C. This established the fact that growth
temperature range varied between the bacterial
species, leading to a division into psychrophilic
and psychrotolerant strains (7). In addition, an
unquantifiable number of culturable and non-
culturable species, including Archaea and Euba-
cteria, are found in different environments (12).

In this review, cold-adapted bacteria
refer to species that originate in a low-tempe-
rature environment but have the ability to grow
below and above 20°C. These bacterial species
adopt unique properties to perform metabolic
activities that play important roles in the deep
sea, Polar Regions, and frigid Alpines that make
up three-quarters of the world. However, the
bacteria are ubiquitous and could be found in the
sparse cold habitats in temperate regions (13).
Their special properties lead to novel catalysts
that can improve industrial production techni-
ques (14). Therefore, due to the biodegradabi-
lity and non-toxicity of their products, they are
considered potential reservoirs of biotechnolog-
cal importance (15).

Biocatalysts are the power of industry
due to the demand for dynamism in bioproces-
sing tools for numerous biochemical processes
(8). Therefore, understanding the properties
and functions of natural products of cold-ada-
pted bacteria could expand innovative applica-
tions to various industries such as food, agricul-
ture, chemicals, and pharmaceuticals (16). In
agriculture, their potential has been used to
support plant growth and remove waste from
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the environment (17). These natural products
have shown a wide range of uses in agriculture,
medicine, pharmacy, and other fields. The pro-
ductive abilities are cheap and sustainable sou-
rces of products critical to providing basic ser-
vices to humankind. Therefore, the characteri-
stic splitting of energy into its enthalpy and
entropy could be used to increase hydrogen pro-
duction. Research interests in these bacteria ari-
se from the fact that their enzymes can be used
at low temperatures and their thermal stability
as well as their rapid and fascinating growth
within a short period of time.

Biosynthesis of biocatalyst in psy-
chrophilic and mesophilic states:

Scientists are still studying bacteria me-
chanisms to gain insight into harvesting biomo-
lecules from cold environments. Cold-adapted
bacteria thrive in a broad state (20°C and be-
low) covering cryophilic and psychrophilic tem-
perature ranges and in a finite state in a meso-
philic environment (25°C to 37°C). Cold sensa-
tions activate histidine kinase to produce aspar-
tate responsible for the transcription of cold
genes. It involves proteins transformation in the
membrane and the cytoplasm of the cells to
create the enzymes needed for the process (18,
19).

Psychrophilic and mesophilic states have
opposite influence on the functions of the cold-
bacteria and the biosynthesis of biocatalysts.
Studying such microbial processes in cold envi-
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ronment will expose salient innovation to imp-
rove industrial productivity (20,21). In the psy-
chrophilic state, exposure to interconnected fac-
tors such as salinity, alkalinity, high ionic con-
centration, low nutrient levels, and cryophilic
effects drive the reaction to synthesize many
adaptable biocatalysts (22,23). This leads to the
synthesis of many and new biocatalysts depen-
ding on changing environmental stressors. On
the other hand, mesophilic state exposes cold-
loving bacteria to a harmful state to the cells due
to the disruption of cellular processes such as
protein synthesis, nucleic acid structure, cold
enzymes, and cell division (24). This energy-
intensive process redirects the nucleic acids to
synthesize more stabilizers to protect the cells
instead of synthesizing adaptive biocatalysts.
Fig 1 represents the different biocatalysts syn-
thesized by cold-adapted bacteria under psychr-
ophilic and mesophilic conditions.

In the psychrophilic state, more biocata-
lysts for adaptation to a variety of stressors are
expressed than protective proteins. Stressors in
the psychrophilic state are intertwined leading
to the emergence of new biocatalysts that could
be explored for industrial production. Because of
the complex interdependent factors that influ-
ence the expression many cold genes in the
genomes of cold bacteria which trigger the syn-
thesis of unique biocatalysts to adapt to the
conditions, a cold environment has become the
target of novel biocatalysts of biotechnological
importance.

Increase Catalysis/Decrease Biocatalysts Production

High temperature
(25°C - 37°C)
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Fig 1: Biocatalysts production by cold adapted bacterial at opposite temperature conditions
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Biohydrogen-producing bacteria:

Current routes to hydrogen production
rely heavily on fossil fuel conversion and are
energy-intensive and expensive. The various
methods for hydrogen production are as out-
lined and classified in Fig 2. In order to reduce
the atmospheric impact of the emitted green-
house gas, more importance is attached to bio-
logical pathways with microorganisms as cata-
lysts. Microbial processes are considered safe
and inexpensive for hydrogen production beca-
use they break down carbohydrates with less
energy (25). Several bacteria have been used
for biohydrogen production and their catalytic
efficiency depends on the temperature limits
they can tolerate.

The fermentation processes are the most
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cost-effective and rely on the use of micro-
organisms as biocatalysts in the production pro-
cess (26). However, most bacteria cannot pro-
duce hydrogen at temperatures of 20°C due to
the inactivation of catalytic activity. This led to
exploring production by using cold-active bacte-
ria as a new field of research to boost hydrogen
production. An improvement in hydrogen prod-
uctivity was observed due to the equivalence of
the hydrogen produced by some cold-adapted
bacteria and that of other thermolabile strains
(27,28). However, the efficiency of hydrogen
production is challenged by the slow catalytic
activity and increased lag time. Therefore, att-
ention is currently focused on fermentative and
genetic strategies that can improve their activity
to maximize their potential for hydrogen yield.
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Strategies for adapting to stress in
low temperatures:

Genetic modification:

Eight independent studies included in
this mini-review revealed new genes that en-
code and are expressed in the cold for new pro-
perties at low temperatures. These new biocata-
lysts with biotechnological potential indicate the
existence of limitless properties in these strains
for industrial exploration. The genes expressed
under cold conditions and the functional proteins
and enzymes they encode are summarized in
Table 1.

Ijaq et al., (29) examined the genome
of Pseudomonas sp. Lz4W and discovered genes
encoding hypothetical proteins (HPs) whose fun-
ction has not yet been characterized. The aut-
hors discovered that HPs have the function of
enhancing membrane stability and the move-
ment of solutes across the membrane in cold
areas. The proteins performed this function by
distorting the HPs as the temperature rise or fall.
It has been observed that at low temperatures,
HPs expression increases for the flexibility and
survival of the bacteria under cold stress. This
finding reveals the hitherto unknown function of
HPs in the membrane of cold-adapted bacteria.

Jiang et al., (30) examined the genome
of the cold-adapted Arthrobacter Z1-207, and
discovered the abundance of capA genes enco-
ding osmo-protective glycine betaine and cold
shock proteins. These novel genes produce clu-
sters and higher copies of lysine as a diamino
acid to adapt to cold environments. This study
showed that the genes code for essential solutes
in addition to proteins for protection in cold
environments.

Dai et al., (31) sequenced the genome
of Nesterenkonia to discover the survival strate-
gies of the bacterium in polar environments.
Dissection of the bacterial genome revealed
genes encoding for NES-AT protein, which facili-
tates carbon utilization under nutrient-limited
conditions. In addition, the genes that improve
glucose metabolism and biofilm production for
stress resistance were also found. The study
unveils cold-temperature genetic mechanisms
for nutrient degradation and how carbon sources
are harvested under low-temperature condi-
tions.

Papale et al., (32) studied the genes of
cold-adapted Arthrobacter sp for making a com-
pound. The authors discovered genes encoding
the bphA protein for the production of polychlo-
rinated biophenyls (PCBs) in the cold. This study
improved the understanding of PCB secretion by
cold-active bacteria and provided the basis for
their likely use in cold environments.
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Borker et al., (33) reported the detec-
tion of genes encoding the production of three
enzymes in Glutamicibacter arilaitensis LJH19.
This bacterium breaks down nocturnal soil com-
post by secreting amylase, cellulase, and xylan-
ase at low temperatures. Genome analysis rev-
ealed 217 unique genes encoding these enzy-
mes and auxin (IAA) in cold environments. The
improved germination rate of pea seeds was
reported to the IAA, indicating the ability to pro-
mote plant growth in cold conditions.

Leng et al., (34) studied the genome of
Planococcus maritimus XJ11, which produces
cold proteases at low temperatures. It was dis-
covered that the bacterium contained genes
encoding 21 proteases and 3 serine proteases,
adapting the bacterium to low temperature, low
salinity, and alkalinity. The potential also allows
survival at pH 10 and a temperature of 40°C as
the best conditions for catalytic activity. This
study showed the production of several enzymes
for stability at low temperatures.

In a similar study, a gene encoding glu-
tathione reductase (GR) from Psychrobacter sp.
ANT206 was cloned into Escherichia coli. The
genes provided protection against oxidative str-
ess from peroxide (H202). The rPsGR is a novel
gene that is an antioxidant encoding a cold en-
zyme with high tolerance to both low tem-
perature and high NaCl concentrations (35). The
study showed the production of enzymes that
confer resistance to low temperatures and osm-
otic pressure.

Raymond et al., (36) examined and
compared the genomes of permafrost bacteria
and mesophilic relatives. Cold shock proteins,
RNA helicase, and enzymes involved in oxidative
stress and carotenoid production are all present
in both genomes. However, the permafrost bac-
terium contains more genes that express appro-
priate solutes required for osmoregulation in a
frosty environment. In various cryophytes, ami-
no acid (AA) changes promote protein flexibility
at freezing temperatures by altering the amount
of proline, serine, glycine, and aromaticity. This
shows that the >1 cold/warm AA ratios pre-
viously used for cold adaptation alone were not
sufficient. Cryophytes had a larger amount of
serine in their proteins than cold-adapted pro-
teins and fewer proline and acidic residues than
mesophiles.

Biosynthesis of enzymes and proteins:
Cold-adapted bacteria overcome several
challenges of living in cold habitats through a
series of synergistic enzyme modifications from
the cell envelope to the creation of cryoprotect-
ants and innovative metabolic abilities. Basic
research has provided important insights into



Cold-adapted hydrogen producing bacteria

how microorganisms thrive under challenging
conditions and the mechanisms of action of the
numerous adaptive traits, which form the basis
for the knowledge-based development of inno-
vative biotechnological tools (37). There are
recent advances in enzyme and protein produc-
tion and diverse potential in different industries
but less improved areas of hydrogen energy
production (Table 2).

Flegler and Lipski (38) studied a carote-
noid in cold-adapted Arthrobacter species and
discovered a pink bacteriorubin that is rarely pr-
oduced in cold environments. The biomolecule
offers resistance to freeze-thaw conditions and
osmotic pressure due to the high NaCl concen-
tration. The function of bacteriorubin produced
under freezing conditions is not fully understood
but clarified to be produced at low tempera-
tures. This protein was used in the manufacture
of a dye and is used in the manufacture of anti-
oxidants.

A similar study was conducted by Kumar
et al., (39) on Mucilaginibacter sp under freez-
ing conditions (-80°C). The bacterium was repo-
rted to have produced exopolysaccharides (EPS)
that conferred viability on mesophilic Escheri-
chia coli. The produced EPS effectively removes
Cu?*, Fe?* and Mn?* from the contaminated
medium. Therefore, EPS has been used as a cold
protector and effectively removes harmful ions.

Rios et al., (40) studied keratinase prod-
uction by a cold-adapted Pedobacter sp 3.14.7.
This enzyme produced by the bacterium at low
temperature, was shown to be a robust additive
that improves the thorough removal of blood
stains from cotton towels at temperatures below
20°C. The authors also reported the effective
ness of cold enzymes added to detergent when
washing stains and dirt.

Herrera et al., (41) explained in their
discovery how Acinetobacter baumannii alters
its membrane lipid composition to maintain pro-
tein fluidity, permeability and function under
cold conditions. The octanoate (C8:0) fatty acid
is the only shortest secondary acyl chain repor-
ted from a cold bacterium, replacing the C12:0
fatty acid to confer stability in a cold environ-
ment. This acyl chain has been used for resis-
tance to many drugs that are difficult to eradi-
cate in healthcare setting. The study provides
new insights into how temperature changes
under different conditions affect lipooligosacch-
rides or lipopolysaccharides.

Rathour et al., (42) worked on alkaloph-
ilic amylase enzymes from Shewanella sp. The
authors discovered that the enzyme effectively
breaks down 1,4-glycosidic bonds in starch mol-
ecules. This potential makes this cold amylase
an important enzyme in biotechnological tools,
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especially in the food industry due to the break-
down of the complex bond.

Govarthanan et al., (43) studied novel
cold proteins that stabilize the cell membrane of
mesophilic Escherichia coli and Bacillus subtilis
at low temperatures. The work describes the pro-
tein and discovers new, unidentified species that
were not clarified by previous in vivo studies,
suggesting new biocatalysts that could have ind-
ustrial applications. A new mechanism of cold
adaptation in psychrophilic Pseudomonas helm-
anticensis was also discovered by Kumar et al.,
(44). In their results, they reported upregulation
of the production of uncharacterized proteins at
low temperatures instead of the usual expres-
sion of enzymes for proline, polyamines, unsatu-
rated fatty acid biosynthesis, reactive oxygen
species (ROS)-neutralizing pathways, and argi-
nine degradation. From this, they concluded that
molecular chaperones and cold shock proteins
were proteins expressed by these bacteria
against cold stress.

Few cold-adapted acetyl xylan esterases
(AcXEs) were also discovered, however the pro-
cesses that enable them to work are still un-
clear. This enzyme had maximum activity at
30°C and retained over 70% activity at 0°C. It
has the ability to deacetylate xylooligosaccha-
rides and xylan. Esterases are flavoring agents
in the food industry, and chemical synthesizers
and their degradation potential can eliminate
wastes (45).

Biocatalysts that support plant growth
are also produced by cold-adapted bacteria.
Plant growth promoters are hydrolytic enzymes
used in industry and found as important bio-
active substances in medicine in all eukaryotic
genera. Many researchers have reported using
these proteins to increase the productivity of
rice, grains, vegetables, and legumes. Although
the biosynthesis of these substances in a micro-
bial cell performs specific functions in cold envi-
ronments, they have the ability to promote plant
growth at high altitudes.

In contrast to mesophilic and thermoph-
ilic proteins, low-temperature expression tech-
niques are more advantageous. As a result, a
wide temperature range can be tolerated since
the genes are more strongly expressed at low
temperatures than at mesophilic temperatures.
Because they produce antifreeze proteins and
express stress-induced genes, bacteria suscep-
tible to cold stress are better able to survive. All
metagenomes examined had genes encoding
functional responses to environmental stress,
including exopolysaccharides, cold shock pro-
teins, and membrane changes. At low tempera-
tures, enhanced gene expression can be achie-
ved, which has greater functional characteristics
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and biotechnological applications.

Performance of cold-adapted bact-
eria in biohydrogen production:

The search for sustainable, low-cost and
environmentally friendly hydrogen producing
sources for large-scale production is still on-
going (19). Cold-active bacteria hold unique
properties that will bring great transformation
and improvement in hydrogen energy genera-
tion. Low-temperature anaerobic digestion is
energy-efficient and sustainable for biohydrogen
production. However, it is a hew area that has
only recently received the attention it deserves.
Therefore, the current performance of the cold-
active bacteria in biohydrogen production and
their limitations has been discussed in this sec-
tion of the review as summarized in Table 3.

Production temperature:

Cold-adapted bacteria have demonstra-
ted biohydrogen production at temperatures as
low as 4-9°C, saving energy in the substrate
conversion process. This operating temperature
inhibited methanogenic activities, preventing
consumption of the hydrogen produced in the
process (39), which highlights the performance
of low temperatures in biohydrogen production.
Nevertheless, in this temperature range, the
thermophiles lose their ability for the production
of biogas during sugar fermentation (3). Con-
versely, the production of biohydrogen at ambi-
ent temperatures (25-30°C) has been demon-
strated by the same bacterial strain (4,46,47,
48). This operational temperature range has
been chosen for its wide range of applications in
industrial processes and upholds great potential
for future hydrogen generation. The main limi-
tation, however, is that the operating tempera-
ture affects the rate of enzymatic catalysis, res-
ulting in high energy consumption and an incre-
ased lag time. A gap of 18-25 hours was obser-
ved between the start of substrate consumption
and hydrogen production (3). The low-tempera-
ture conditions not only affect the individual
microbes but also change the microbial commu-
nity structure.

Because thermodynamics plays a large
role in maintaining equilibrium, the rate of che-
mical and biological reaction processes is redu-
ced compared to higher temperatures. Thus, the
process requires more energy to achieve similar
efficiency (5). This energy-intensive process
uses a significant amount of substrate for the
catalytic reaction rather than conversion to hyd-
rogen. The scenario impacted negatively on the
hydrogen yield of the bacteria, resulting in a low
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hydrogen yield compared to thermolabile str-
ains. Therefore, the external energy required by
the system is a major disadvantage, prompting
the search for systems where hydrogen can be
produced with a minimal input of energy.

Substrate utilization:

Cold-adapted bacteria have effectively
broken-down various carbon sources for hyd-
rogen production. Accordingly, glucose, xylose,
fructose, galactose, sucrose and lactose have
been used as substrates since they are available
in large quantities from synthetic organic sou-
rces, which are high hydrogen producing mate-
rials. They are a segment of a range of abundant
wastes where the production of cold-adapted
biohydrogen can be coupled with the use of
hemicellulose and lignocellulosic feedstocks.

The bacteria have also demonstrated
the ability to hydrolyze organic wastes such as
cheese whey, sewage, industrial sludge, wheat
straw hydrolysate, and cane molasses for prod-
uction (40,42,49). In this way, the susceptibility
of the bacterium to the inhibitory compounds
that are present in various industrial wastes that
lead to hydrogen production is demonstrated.
The fermentations simultaneously led to hydro-
gen production, which suggests further applica-
tion on an industrial scale under room tempe-
rature conditions. This indicates the expression
of appropriate enzymes by the bacteria to con-
vert the substrates into hydrogen at low tempe-
ratures (3). Therefore, using waste to generate
hydrogen energy could reduce production costs
and make hydrogen gas more accessible and
cheaper.

Biohydrogen production by cold bacteria
has not yet been fully explored, indicating a new
potential area for hydrogen production. There-
fore, the possibility of converting many complex
organic wastes, which are abundant in the envi-
ronment, into the production of hydrogen should
be considered. This is intended to demonstrate
the competence and cost-effectiveness of the
technology as well as its competitiveness on the
energy market (50). Meanwhile, the activity of
their enzymes at low temperatures comes at the
expense of substrate affinity, thereby reducing
the state of their physical and chemical proper-
ties in affinity for the enzyme. This affects early
substrate uptake for conversion to hydrogen.

Potential of hydrogen (pH):

In anaerobic fermenters, the bacteria
produce hydrogen simultaneously with acetic
and butyric acid and other metabolites as by-
products. Meanwhile, it has been shown that the
acetic acid pathway is more desirable at low



Cold-adapted hydrogen producing bacteria

temperatures for high hydrogen yield by cold
bacteria due to its influence on the catalytic
activities of the enzymes and conversion of the
by-product to hydrogen. The gradual accumula-
tion of volatile fatty acids (VFAs) in the medium
becomes toxic to the cells, represents a shift in
the metabolic pathway and unnecessarily incre-
ases pH, leading to a drop in hydrogen yield (4).

The hydrogen yield of cold bacteria is
seen to be at its peak at pH 6-7 ranges with
many metabolites produced in the medium. How-
ever, a high concentration of acetic acid favors
high hydrogen yield at low temperatures while
undissociated butyric acid metabolites alter the
pH and the hydrogen yield (4). The anaerobic
system operated with the strain under cold con-
ditions shows a gradual degradation and an incr-
ease in VFAs, leading to an enhanced syntrophic
relationship within the existing cells (5).

Genomic insights into the cold adapta-
tion of bacteria from low-temperature ecosys-
tems have unique adaptations to survive and
sustain their growth and metabolism in a cold
environment. To cope with these environmental
stresses, and to survive and thrive in low-tem-
perature environments, these bacteria exhibit
several mechanisms of physiological adaptation
that are not ubiquitous in other thermolabile
bacteria. Therefore, this review revealed a con-
sequent shift in survival strategies, including
environmental perception and stress response,
linking the increase in abundance of many genes
to the adaptation of the bacterial community to
the extreme environment. In this way, the cold-
adapted bacteria have evolved unique adaptive
strategies at the gene and protein level to main-
tain their metabolic activity to survive in harsh
cold conditions.

Recent increased interest in cold envi-
ronments has led to the identification of nume-
rous new products, mainly from microbes. Fur-
ther bioprospecting of these environments using
modern high-throughput techniques such as
metagenomics and metabolic engineering will
surely lead to the discovery of other novel tools
with diverse bioactivities and applications.

Challenges of cold-adapted bacte-
ria in biohydrogen production:

In fermentative hydrogen production,
many ecologically abundant wastes have not
been commonly employed or converted to hyd-
rogen production by cold-active bacteria. This is
because few reports addressing biohydrogen
production by cold-active bacteria are available,
indicating a new area of research that has not
been fully explored. Thus, the use of these bac-
teria is yet to be a more viable and cost-effective
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process for hydrogen production.

The catalytic efficiency of their hydroge-
nases is a high energy-intensive process due to
an extensive increase in lag time with enormous
energy consumed and a low hydrogen yield. The
limited growth temperature range of the bacte-
ria hampered their catalytic process and enzy-
mes may be denatured when the operating tem-
perature is increased beyond normal. Many me-
tabolites produced during production accumu-
late and become toxic to the hydrogen-produ-
cing cells. The metabolites also determine the
pathways for hydrogen production and influence
the hydrogen yield.

Conclusion and future perspective:

The review shows that many new pro-
teins and enzymes with unique potential for the
common cold and its stressors are produced by
cold bacterial strains. This points to the possi-
bility of finding innovative biotechnological pot-
entials for industrial applications by searching
for cold environments. Therefore, the efficiency
of hydrogen production and the yield of cold-
adapted bacteria can be improved by this stra-
tegy given that hydrogen production is a func-
tion of enzymes and the fact that the field is new
and has not yet been extensively explored.

The efficiency of biohydrogen produc-
tion by a microbial strain depends on several
parameters, and temperature is considered to
be an important parameter that enhances the
catalytic reaction. Studies have shown the resis-
tance of many cold enzymes to mesophilic tem-
peratures down to the 40°C range. These under-
lines the importance of continuously optimizing
the parameters of new strains to increase hyd-
rogen production. The high structural similarity
between the crystal structures with that of
mesophilic enzymes can be exploited by genetic
engineering techniques to confer potentials that
can improve biohydrogen production (51). This
is easy to change since most of the crystals are
on the surface of the enzymes. Similarly, amino
acid substitution can be used to map gene clus-
ters and proteins to hydrogen production with
high fidelity, and an immobilization technique
can be used to increase hydrogen productivity
by genetically modified strains.

Cold-adapted bacteria and their biosyn-
thetic products have shown effective biotechno-
logical application and economic benefits in
many industries. These unique potentials were
acquired through adaptation to low-temperature
stressors, resulting in the production of enzymes
with high activity and stability. The bacteria
have shown that in mesophilic and low tempera-
ture ranges they can produce hydrogen, which
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inhibits other thermolabile strains. But despite
their unique properties, the low hydrogen yield
of cold-active bacteria threatens the future of
large-scale hydrogen power generation. It is
evident that new genes expressed at low tem-
peratures and enzyme modifications can affect
hydrogen production in the future. Thus, the
cold-active bacteria and their enzymes offer a
large reservoir of new biotechnological potential
that could improve large-scale hydrogen pro-
duction and should be explored extensively.
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Table 1: Genes and functions of cold-adapted bacteria encoded under different conditions
Bacteria Natural habitat Methods Annotated No of co_ded Funct|c_>nal Functions in cold Reference
genes protein proteins
. Peptidoglycan metabolism, organizing the cell barrier, ATP
Pseudigz‘(was sp- Oasis r:tlgloeri?cla;n?dsis 4,343 18 Hyps;l;\:itr:cal hydrolysis, enhancing normal passage of fluid through the (22)
P Y P membrane, and catalysis
Arthrobacter Z1- . CapA, . - - L
207 Soil 16S rRNA glycine N/A Protein Flexibility and stability, substrate binding, Osmoprotectant (23)
betaine
. Genom'e Bacteriorhod Survival under nutrient-limited, osmotic, and ultraviolet conditions
Nesterenkonia sp. Lake sequencing NES-AT N/A : . P ! . ! (24)
. opsin synthesis of biofilm, metabolism of nutrients
&Annotation
Arthropacter Lake sediment Gene ampllﬂc_atlon BphA N/A BphA protein Bioremediation of Polychlorobiphenyls (PCBs) (25)
antarcticus sp. and screening
Amylase,
G/ui;am/g/bacter Himalayas Valley Genomic analysis N/A 217 cellulase, The enzymes enhanc_e thg adaptation f'and breakdown of (26)
arilaitensis LJH19 Xylanase, polysaccharides in a cold environment
IAA
Planococcus Protease & 3 ] S ;
. . : Increasing activity in a wide temperature range of 10 to 40°C
maritimus X311 Shrimp paste 16S rRNA 21 4 serine Maximum activity in high salinity (27)
proteases
Psychrobacter sp. . Gene Cloning, Glutathione High salt tolerance, high substrate affinity, oxidative stress
ANT206 Sl Bioinformatics PsGR sl reductase protectant (28)
Actinotalea sp. Permafrost cores Genomic sequence 4207 3205 Protein Interexchange of serine and p_rolnje, secretion of cold shock (29)
KRMCY?2 & annotation proteins and oxidative enzymes
IAA= Indole acetic acid; NA = Not available
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Table 2: Enzymes and proteins produced by cold-adapted bacteria and their biotechnological applications

Functions of

Cold adapted bacteria Natural habitat Enzyme/protein Specific products enzymes/ proteins in cold Biotechnological applications Reference
Arthrobacter agilis DSM
205507 : C50 carotenoid Cryoprotectants and NaCl stress . ) s
Arthrobacter bussei DSM Cheese Protein Bacterioruberin protectants Used in the production of antioxidants, dyes (31)
109896T
[ Biosorption of Cu, Fe, Mn and Zn), production of
Muc:lggﬁg?%tsr SP- Proglacial water Protein Exopolysaccharide Cryoprotectants exopolysaccharide (32)
Pedobacter sp. 3.14.7 Snowy sheathbills Keratinase Metalloprotease Protection in psychrotolerant Degradation of feathers, Bleach[ng agents, laundry (33)
environment detergent additive
Acinetobacter baumannii . T, Octanoate Membrane fluidity and
LOS Indian Shiwalik Himalayas Acyltransferase (C8:0)/C12:0 permeability Used to break down complex polymers such as xylan. (34)
Shewanella sp. ISTPL2 Lake a-amylase N/A Tolerance of n_'letal ions c-1,4-g|yc05|d|_c bon_ds hydrolysis in starch, Ethanol (35)
Tolerant to alkaline medium processing, high-fructose corn syrups
i Solubilization of phosphate, Promote plant growth,

Shewanella BT05 Brackish water Solutes ;Cﬁljosglg:rfypahn?gz Stability and flexibility biore?nedi[?ation of pesticidz g (36)
Pseudomona_s Soil Protein Chaperone, c_old shock Cold stress protection Used in the production of essential materials (37)
helmanticensis protein

Arcticibacterium SGNH-type acetyl

luteifluviistationis Arctic seawater Esterase Txylan—estelt'a_sezs, Polysacgr_':_arld_es and Used in CD4 T cell |mmug_e responses and vaccine (38)

SM1504T etramers, His 203 Stabilization studies

and Ser 32

Note: All bacteria are isolated from the cold environment. The temp. (°C) Represents specific or dual temperatures at which the undergo activity
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Table 3: Biohydrogen production using different strains of cold-adapted bacteria as inoculum and their hydrogen yield

Cold adapted Bacteria Natural habitat Tzeong;). pH Fermentation type Carbon source Nitrogen source Biohydrogen yield Reference
GAOF bacterium Glacier sediment 25 7 Anaerobic CWP, WSH and SCM Yeast Bacto-tryptone 73.5+ 10 cm3 gt (44)
Psychrophilic N92 Glacier sediment 29 6.9 Anaerobic Glucose (NH4)2S04 1.7 mol Hz/mol glucose (4)
Klebsiella sp. ABZ11 Seawater 30 6.5 Facultative anaerobic Glucczijétzi(;rose, Beef extract 3.8 mol/g glucose (41)
GAOF bacterium Glacier sediment 26.5 6.2 Anaerobic Glucose Tryptone and Yeast 1.93 mol Hz/mol glucose (39)
Rahnella aquatilis RA9 Demersal lake 20 N/A Anaerobic Glucose Cheese whey 58.1 mL H2/g CODfed (42)
xylose, glucose,
Psychrophilic G088 Glacier sediment 20 6.8 Anaerobic fructose, galactose, Tryptone and Yeast 1.7 mol Hz/mol glucose (3)
lactose and sucrose

Psychrophilic G088 Glacier sediment 25 6.5 Anaerobic Glucose Tryptg)r:;atiétyeast 1.57 mol Hz/mol glucose (30)
Sludge strains Brewery sludge 21 N/A Anaerobic Sucrose N/A 62.6 NmL H2 g* sucrose (37)

Cheese Whey Powder (CWP), Wheat Straw Hydrolysate (WSH), Sugarcane Molasses (SCM)
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