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Abstract
The cold environments serve as life-entrapping reservoirs of diverse life forms, ranging 
from eukaryotes to diverse microbial inoculi. Actinobacteria are omnipresent in cold 
environments, and their existence is notably linked to a remarkable potential for 
producing and harboring unique metabolites. Their ability to survive in such extreme 
conditions is supported by a range of adaptations tailored to their specific niche, 
including cold-resistant traits. In this review, we summarize recent advances (2017–
2025) regarding psychrophilic actinobacteria, focusing on newly identified species 
and novel compounds reported in the literature. Notably, we highlight the discovery 
of 44 new species as well as nine new compounds across various actinobacteria 
genera. The inventory of abiotic hurdles associated with cold environments positions 
this field as a potential hotspot and emerging frontier for sourcing pharmaceutical-
like compounds of exceptional ingenuity and complexity. By providing an overview 
of the recent discoveries in psychrophilic actinobacteria and their intriguing 
metabolites, this review aims to offer valuable insights to facilitate bioprospecting 
efforts in cold ecosystems.

Keywords: Psychrophilic actinobacteria; Cold environments; Multidrug resistance; 
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1. Introduction
The persistent crisis of multidrug-resistant pathogens is following an atypical trajectory 
and is incompatible with the health sector, resulting in unprecedented mortality 
rates.1,2 To overcome this adversary, many mandatory research explore alternative 
solutions to this problem. The unquenchable enthusiasm of the scientific community 
for discovering novel drugs has significantly increased over the years. Extreme habitats, 
including cold environments, are unusual yet promising sources of new compounds.3-5 
Cold environmental conditions have influenced the adaptations of microbes through 
a multitude of approaches and mechanisms that help circumvent the severity of icy 
climatic conditions.6,7 Microbes living in cold extremities are referred to as psychrophiles, 
which thrive at temperatures ranging from −20°C to 20°C. They can be further 
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categorized into two overlapping groups: Psychrophilic 
microbes, which preferentially grow at consistently cold 
temperatures—typically below 15°C but not exceeding 
20°C, and psychrotolerant (or psychrotrophs) microbes, 
which can tolerate cold conditions (below 0°C) while also 
exhibiting growth at higher temperatures above 15°C.8-11 
Microorganisms have sophisticated biosynthetic factories,12 
especially those belonging to the phylum Actinomycetota 
(Actinobacteria),1 which are the main sources of clinical 
drugs and the discovery of new antibiotics.13,14 Due to this 
antecedence, actinomycetes living in adverse conditions 
exhibit remarkable atypical survival strategies.15 Thus, a 
continuum of scientific strategies has been encouraged 
to exploit and exercise their advantageous application 
characteristics for new pharmaceutical drugs.16 The 
reorientation of bioprospecting efforts has been directed 
towards favorable ecological niches, which tend to 
favor the novelty of species and compounds.17 For 
the purpose of this review, we focus on psychrophilic 
actinobacteria inhabiting cold environments. Based on 
the premise that psychrophilic actinobacteria represent 
a roadmap to biodiscovery, we provide an overview 
of their bioprospecting aspects, including cultivation 
techniques. Overall, this review provides a comprehensive 
synopsis of new compounds and species of psychrophilic 
actinobacteria from the literature between 2017 and 2025. 
Prokaryotes active in extremely cold habitats remain 
underexplored, with limited research data availability.18

2. The cold environment and biodiversity: 
A promising frontier of biodiscovery
The Earth’s biotopes are mostly frosty, either periodically 
or permanently, depending on the geographical 
locations.19,20 Cold ecosystems are highly diverse yet 
extremely inhospitable to most life forms since they 
possess a pertinent amalgam of low temperature (less 
thermal energy) and low liquid water availability (higher 
viscosity).21 Despite these hostile conditions, life thrives 
with remarkable biodiversity and the production of unique 
natural products.22-24 Psychrophiles are cold-tolerant 
and ubiquitous extremophiles that survive and occupy a 
larger geographical area, such as deep seas, mountains, 
and polar regions.25 The cold environment nested a 
diverse community of microbial life, including those 
assigned to the phylum Actinobacteria.26-28 Molecular 
characterization of microbes in these habitats uncovered 
previously unrealized functionalities and provides 
detailed insights into their evolutionary and taxonomic 
relationships; this remains an ongoing area of research.29,30 

1	 http://www.bacterio.net/-classifphyla.html#actinobacteria, 
accessed on January 7, 2025

Being part of the cryosphere, psychrophiles played a 
significant role in the Earth’s biogeochemical cycles and 
are considered indicators of climate change due to their 
sensitive nature.31 These organisms often face perennial 
physicochemical constraints affecting their cellular 
architecture and function. Their acclimating capabilities to 
such distress are governed by a multiplicity of molecular 
and physical synergetic adaptations.22,32-34 Psychrophiles 
have multifaceted applications, such as their extensive 
uses in food and textile industries, bioremediation, and 
pharmaceutical.35-37 They express specialized enzymes, 
osmoprotectants, and metabolites to maintain cellular 
activity and stability under conditions that typically 
denature or impair conventional biomolecules.38 These 
unique features represent broad potential for medical 
applications, including diagnostics, drug development, 
therapeutic delivery, and vaccine technology. In summary, 
psychrophiles are excellent sources of biomolecules; 
therefore, expertise of extant psychrophiles’ biological and 
physiological adaptation to environmentally challenged 
regions is important.39-41

3. Diversity and genomic insights of 
psychrophilic actinobacteria: Being 
multifarious and overarching
Actinobacteria are primitive lineages among prokaryotes, 
particularly in the domain Bacteria.42 They have a 
host of beneficial traits that enhance and sustain their 
ecophysiological profile in hostile environments and 
during sporadic resource distribution.43,44 Actinobacteria 
are well endowed with various mechanisms and pathways 
responsible for encoding parvome.44 Consequently, their 
complex biology and versatility translated to heightened 
tolerance and adaptive responses to environmental 
adversaries.44 These microorganisms made up a 
significant composition of the microbial community 
across various cold environments. Notable genera within 
this group include Streptomyces, Kocuria, Rhodococcus, 
Brevibacterium, Arthrobacter, Lapillicoccus, Terrabacter, 
Micromonospora, Leifsonia, Corynebacterium, and 
Nesterenkonia.45 Representatives of these consortia and 
their metabolic compounds have certain antibiotic 
properties. For instance, a study has reported the antifungal 
properties of actinobacteria derived from Antarctic soils.46 
A new discovery highlighted Streptomyces luridus So3.2 
as a novel source of compounds with bioemulsification 
capabilities.47 Isolates of Streptomyces spp. from cold sites 
in the Fez-Meknes region of Morocco demonstrated 
antimicrobial and antioxidant activities,48 whereas 
Streptomyces artemisiae strain MCCB 248 from the 
Arctic has anticancer effects.49 In addition, Streptomyces 
fildesensis So13.3, which was recovered from Antarctica, 
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shows a high degree of antimicrobial activity.50 Evidently, 
psychrophilic actinobacteria are a tremendous source of 
active metabolites. There is an increasing use of genome 
sequencing and genome mining to analyze and delineate 
the complete biosynthetic potential of microbes.51 In the 
present review, we analyzed literature on the genomics of 
psychrophilic actinobacteria from the cryogenic habitats, 
and are as follows: The complete genome analysis of 
Streptomyces spp. R527F derived from the Arctic Ocean 
unveiled at least 30 biosynthetic gene clusters (BGCs) 
responsible for producing 11 classes of natural metabolites.52 
Similarly, Marisediminicola antarctica ZS314T was found 
to harbor five known and four unknown BGCs associated 
with natural product biosynthesis, despite its relatively 
small genome of 3,352,609 base pairs compared to other 
actinomycetes.53 Moreover, Waschulin et al.54 indicated that 
Antarctica soil samples featured a large amount of BGCs 
from uncultivated actinobacteria, particularly within the 
genus Streptomyces, which is notably rich in biosynthetic 
potential. Indeed, utilizing psychrophilic actinobacteria 
as a source of novel pharmaceuticals is quite promising, 
given their vast pool of ancient natural metabolites. This 
underscores their potential as valuable tools in drug 
discovery and development.

4. Psychrophilic actinobacteria cultivation 
principles
Psychrophilic actinobacteria are no different from 
microbes inhabiting other habitats when it comes to their 
cultivation specifics under standard laboratory conditions. 
Different habitats introduce unique growth conditions 
or geographical characteristics that must be mimicked 
in a laboratory setting to facilitate proper microbial 
growth.17 Numerous factors, such as media composition, 
culturing conditions, and pre-treatment methods, affect 
the isolation process. However, temperature is one of 
the most critical cultivation parameters that has a major 
influence on psychrophilic actinobacteria survival.55 
These organisms normally preferred lower cardial growth 
temperatures, with optimal isolation temperatures and 
peak performance observed at or below 4°C and 15°C.29,56-58 
The actual temperature lower limit for metabolically active 
psychrophiles is −20°C.11 In most cases, pre-treatments 
have proven effective in the isolation of psychrophilic 
actinobacteria. These involve chemical, antibiotic, or heat 
treatments, which help suppress the growth of undesired 
microorganisms and also reduce the ratio of certain 
unarmored actinobacteria species.59,60 Actinobacteria 
spores tend to be more sensitive to moisture than to dry heat, 
hence frequent applications of heat treatment aid in selective 
isolation.61 In total, the functionality of pre-treatments 
exerts a selection pressure that favors the propagation of 

actinobacteria.59 Standard dilution plating and plate stamp 
methods are common isolation approaches that differ in 
their ability to capture species diversity and population 
variation across different environmental niches.62 For 
viable bacterial screening purposes, various sophisticated 
methods are available, including flow cytometry63 and 
emerging enumeration techniques such as impedance 
flow cytometry.64,65 Notably, lengthy incubation periods 
promote great opportunities for actinobacteria with slower 
growth velocity.60 A wide range of modified and routine 
cultivation media enhanced successful isolations and 
contributed to considerable species divergence.56,62,66,67 For 
isolations targeting temperatures below 0°C, adopting the 
pragmatics of cryoprotected growth media is a possibility, 
which will be the subject of subsequent research.68

5. Strategies and associated challenges 
for recovering natural products from 
actinobacteria
Since the discovery of the first antibiotics, numerous 
advanced methods and technologies have been developed 
to facilitate antibiotic discovery.69,70 For example, 
studies have promoted the use of small-molecule 
inducers to activate secondary metabolite production 
in actinobacteria.71 Similarly, metabolic engineering of 
bacteria has gained recognition for its application in 
drug science and others.70,72,73 Antibiotics, also known as 
specialized metabolites, natural products, or secondary 
metabolites, are produced by plants, bacteria, fungi, and 
many marine organisms.74 Unlike primary metabolites 
essential for growth and maintenance, these specialized 
metabolites primarily function in defense mechanisms 
and interspecific interactions.75 With the advent of DNA 
sequencing and bioinformatics, the challenges shifted 
toward isolating new natural products from uncultured 
or unidentified genus of bacteria that cannot be cultivated 
under laboratory conditions. In addition, predicting the 
nucleotide sequences of biosynthetic pathways and source 
organisms became feasible.69 Today, in the post-genomic 
era, the focus has shifted to activating cryptic gene clusters 
that encode a multitude of previously undetected complex 
secondary metabolites. To achieve this, various innovative 
strategies have been developed including the “one strain 
many compounds” approach,76 culturing the unculturable, 
overexpression of pathway-specific regulatory genes,77 
ribosome or RNA polymerase engineering,78 isotope-
guided fractionation,79 heterologous expression of 
BGCs,80 manipulation of transcriptional activators and 
repressors,81 synthetic biology,82 functional proteomics,83 
combinatorial chemistry,84 metabolomics, direct cloning 
with artificial promoters,85 chromatin remodeling,86 use of 
rare earth elements,87 high-throughput elicitor screening,88 
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co-cultivation,89 environmental signal modulation, small-
molecule chemical elicitors71 and genome mining.90,91 These 
advancements have revitalized the field of natural product 
research, fostering renewed confidence that many yet-
unidentified secondary metabolites with therapeutic and 
other applications may be identified in the near future.90

Furthermore, discovering and producing bioactive 
secondary metabolites under controlled laboratory 
conditions remains a significant challenge for researchers, 
as most bacteria are unculturable with current isolation 
techniques—<2% of bacteria can be cultured under 

standard laboratory conditions.92-94 The primary difficulty 
with traditional methods of isolating secondary metabolites 
lies in replicating the native environmental conditions 
required for bacterial strains to produce these compounds, 
as well as efficiently extracting the bioactive molecules. 
Research into antibiotic discovery is hindered by limited 
knowledge of bacterial permeability, reliance on generic 
in vitro methods that overlook the host context, and the 
intrinsic complexity of bacterial systems.95

One important aspect of drug discovery involves 
extracting bioactive compounds from purified actinomycete 

Table 1. New species of actinobacteria from cold habitats reported between 2017 and 2025

Novel species Family Source and geographic location References

Conyzicola nivalis Microbacteriaceae Glacial snow; China 106

Cryobacterium aureum Microbacteriaceae Glacier; China 107

Amycolatopsis antarctica Pseudonocardiaceae Macroalga; Antarctic 108

Subtercola vilae Microbacteriaceae Cold volcano lake; Chile 109

Cryobacterium zongtaii, Arthrobacter glacialis Microbacteriaceae, 
Micrococcaceae

Glaciers; China 110

Streptomyces polaris, Streptomyces septentrionalis Streptomycetaceae Frozen soil; Arctic region 111

Cryobacterium melibiosiphilum Microbacteriaceae Glacier; China 112

Haloactinobacterium glacieicola Ruaniaceae Ice core from a glacier; China 113

Serinibacter arcticus Beutenbergiaceae Ice wedge water; Mammoth 
Mountain, Russia

114

Pseudarthrobacter psychrotolerans Micrococcaceae Soil; Antarctica 115

Lentzea indica Pseudonocardiaceae Soil; Kashmir Himalaya, India 116

Cryobacterium ruanii, Cryobacterium breve Microbacteriaceae Glacier; China 117

Pengzhenrongella sicca Not assigned to 
family (Suborder 
Micrococcineae)

Soil; High Arctic tundra 118

Gephyromycinifex aptenodytis Dermatophilaceae Penguin gut; Antarctica 119

Marisediminicola senii Microbacteriaceae Glacier‑fed sediment; Antarctica 120

Paeniglutamicibacter terrestris Micrococcaceae Phenanthrene‑degrading 
consortium enriched from a soil 
sample, Antarctica

121

Lacisediminihabitans changchengi Microbacteriaceae Swampland mud; Antarctica 122

Arthrobacter terrae Micrococcaceae Soil; Antarctica 123

Pseudarthrobacter albicanus Micrococcaceae Soil; Antarctica 124

Subtercola endophyticus Microbacteriaceae Leaves of an Abies koreana tree; 
South Korea

125

Arthrobacter vasquezii Micrococcaceae Soil; Antarctica 126

Cryobacterium serini, Cryobacterium lactosi, Cryobacterium gelidum, 
Cryobacterium suzukii, Cryobacterium focusi, Cryobacterium frigoriphilum, 
Cryobacterium cryoconiti, Cryobacterium lyxosi, Cryobacterium sinapicolor, 
Cryobacterium sandaracinum, Cryobacterium cheniae, Cryobacterium 
shii, Cryobacterium glucosi, Cryobacterium algoritolerans, Cryobacterium 
mannosilyticum, Cryobacterium adonitolivorans, Cryobacterium algoricola, 
Cryobacterium tagatosivorans, Cryobacterium glaciale

Microbacteriaceae Ice, cryoconite, and melt water; 
China

127

Cryobacterium inferilacus Microbacteriaceae Water; Antarctica 128
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strains. Several strategies and approaches are employed 
for this purpose. To begin with, the active compound can 
be extracted either from strain fermentation processes 
or directly from environmental samples.96 The diverse 
extraction methods include solvent extraction, distillation, 
pressing, and sublimation, each based on specific principles 
of extraction. In general, the process of extracting natural 
products involves the following steps: (i) The solvent 
penetrates the solid matrix; (ii) Solute dissolves into the 
solvents; (iii) The dissolved compounds diffuse out of 
the solid matrix; and (iv) the extracted metabolites are 
collected.97 Chromatographic techniques,98 utilizing 
specific solvents, are commonly used to separate the desired 
secondary metabolites from bacterial culture medium—
whether solid-state fermentation or liquid fermentation 
(liquid broth cultures).99-101 Liquid–liquid extraction, 
which involves transferring a solute from one immiscible 
or partially miscible solvent to another, is particularly 

favored in actinobacterial studies because bacterial strains 
are typically cultured in fermentation broth media.98,102 
Most studies have successfully extracted and purified 
compounds from actinomycetes using liquid fermentation, 
employing solvents such as methanol, ethanol, and ethyl 
acetate. Among these, the latter is frequently used due to its 
high efficiency in recovering metabolites.66,103,104

6. Novel species and compounds of 
psychrophilic actinobacteria
Since the cold environment is geographically vast, we focus 
on psychrophiles mainly from the Antarctica and Arctic 
regions, sympagic areas, and mountain terrains or plateaus, 
excluding the deep sea, which was reviewed in a previous 
article.5,105 This review presents 44 new actinobacteria 
species belonging to five hierarchical families, such as 
Microbacteriaceae (29 species), Pseudonocardiaceae (two 
species), Micrococcaceae (seven species), Streptomycetaceae 

Table 2. New compounds of actinobacteria from cold environments reported between 2017 and 2025

Chemical name and structure Organism and 
bioactivity

References

Streptomyces 
spp. SCO736; 
Cytotoxic activity

129

                                         

Streptomyces spp.; 
Cytotoxic activity

130

                                                               

Nocardiopsis 
aegyptia; 
Inhibitory 
activity against 
pathogenic 
bacteria

131

Gephyromycinifex 
aptenodytis; 
Cytotoxic activity

132
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(two species), Ruaniaceae (one species), Beutenbergiaceae 
(one species), Dermatophilaceae (one species), and 
suborder Micrococcineae (one species) (Table 1). There are 
lesser number of novel compounds identified in this review. 
Nonetheless, the novel compounds summarized belong to 
different chemical classes and have different strengths of 
cytotoxic activities against pathogenic microbes. Further, 
their structural configurations are outlined in Table  2. 
Discerningly, the structural elucidation of bioactive 
compounds from the cold habitats is still in its infancy. 
This field of research is an emerging catalog of interest with 
diverse potential for drug discovery and development.

7. Conclusion and future perspectives
Microbes, including actinobacteria, are ubiquitous in 
nature and form vital components of the Earth’s ecosystems. 
Their ubiquity is attributed to their ability to survive and 
multiply in diverse habitats such as cold environments. 
This review offers great insights into the background, 
cultivation pathways, and techniques, and potential 
challenges associated with research on psychrophilic 
actinobacteria—aimed at ambitious researchers eager 
to explore beyond existing boundaries. Further, we 
reported the discovery of 44 new species and nine new 
compounds of psychrophilic actinobacteria between 2017 
and 2025. Although most research to date has primarily 
focused on actinobacteria from environments other than 
the cold habitats, it is encouraging to observe increasing 
recognition of cold-region microbiomes as more bioactive 
compounds are uncovered.133 For future research, more 
comprehensive and robust studies are recommended to 
explore pristine cold regions and environments, which 
harbor untapped psychrophilic actinobacteria, building 
upon past and current findings.134 Metabolites derived 
from cold-adapted microorganisms exhibit bioactivity 
against various pathogens, highlighting their potential in 
pharmaceutical development.133 Overall, the Earth’s cold 
habitats harbor a high degree of microbial endemism, 
yet their diversity remains largely underexplored. 
These environments and their microbiomes represent a 
promising frontier for both pharmaceutical discovery and 
industrial applications.38,135
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