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Abstract
Permanently frozen environments (glaciers, permafrost) are considered as natural reservoirs of huge amounts of micro-
organisms, mostly dormant, including human pathogens. Due to global warming, which increases the rate of ice-melting, 
approximately 4 ×  1021 of these microorganisms are released annually from their frozen confinement and enter natural eco-
systems, in close proximity to human settlements. Some years ago, the hypothesis was put forward that this massive release 
of potentially-pathogenic microbes—many of which disappeared from the face of the Earth thousands and even millions of 
years ago—could give rise to epidemics. The recent anthrax outbreaks that occurred in Siberia, and the presence of bacterial 
and viral pathogens in glaciers worldwide, seem to confirm this hypothesis. In that context, the present review summarizes 
the currently available scientific evidence that allows us to imagine a near future in which epidemic outbreaks, similar to the 
abovementioned, could occur as a consequence of the resurrection and release of microbes from glaciers and permafrost.

Keywords Microbial pathogens · Epidemics · Pandemics · Epidemiological surveillance · Global warming · Glaciers · 
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“Our planet is losing its ice”
David Attenborough

Introduction

More than one year has passed since the World Health 
Organization (WHO) announced COVID-19 outbreak a 
global pandemic whose etiologic agent, SARS-CoV-2, is 
a coronavirus of animal origin (Hu et al. 2020). This is a 
rather unprecedented circumstance in the history of human-
ity, if we consider that the closest historical antecedent (the 

so-called “Spanish flu”) affected societies whose level of 
development, economic interdependence and speed of com-
munication were completely different from those that char-
acterize today’s globalized world.

Despite the particular epidemiologic features of COVID-
19, it is the third time that, in the last 20 years, an epidemic 
(or pandemic) originates from the rapid and massive dissem-
ination of an emerging virus, whose circulation was limited 
for a long time to the natural (animal) reservoirs in which 
it multiplies. It seems that the virus jumped accidentally to 
humans which inadvertently entered in close contact with 
these animals (Hu et al. 2020).

It is a well-known fact that outbreaks caused by emerg-
ing pathogens originate most often from (1) the invasion of 
virgin territories by humans, or (2) close contact between 
humans and wildlife removed from its natural ecosystems. 
Nowadays, there is increasing concern about a third form of 
interaction between humans and potential emerging patho-
gens: the destruction or disappearance of natural barriers, 
many of which acted as ecological filters for millennia, iso-
lating pristine and remote ecosystems from humans, animals 
and plants (Harding et al. 2011; Huss and Farinotti 2012). 
Such is the case of permanently frozen environments, like 
continental glaciers or permafrost, whose rapid and massive 
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thawing releases an enormous amount of dormant-but-viable 
microorganisms entrapped therein from millennia.

In this review, we present and discuss some recent data 
that seems to support the hypothesis that, in a close future, 
this massive release of ice-entrapped modern and ancient 
microbes—including their genes and genomes—could lead 
to local epidemics and, perhaps, pandemics.

The cryosphere

The cryosphere is the portion of the Earth where water is 
permanently frozen, mainly in the form of glaciers and ice 
sheets (Vaughan et al. 2013). Thus, the term cryosphere is 
intimately related to the hydrosphere, but typically refers to 
poly-extreme environments characterized by extremely low 
temperatures, high UV radiation index, oligotrophy, and low 
water activity. This not only encompasses sea ice, lake ice, 
river ice, ice caps, ice sheets, frozen ground, glaciers and 
permafrost, but also seasonal snow.

According to the most recent report of the Intergovern-
mental Panel on Climate Change (IPCC 2019), the cryo-
sphere is experiencing widespread, dramatic and pervasive 
changes, which can be observed and monitored from high 
mountains to the polar regions, to coasts and to the deep 
oceans. More recently, Slater et al. (2021) combined satellite 
observations and numerical models and quantified the global 
ice loss in about 28 trillion tons, from 1994 to 2017. In the 
last few years, several major events that occurred all around 
the world seem to confirm this trend (Table S1). The effects 
of such a gigantic ice loss on humans will be profound, and 
the societies will be forced to adapt to new and unexpected 
threats. As we will see, the consequences of the rapid melt-
ing of the cryosphere can go well beyond hydrological and 
climate changes.

Glacier thawing

Glaciers cover about one tenth of the land surface world-
wide, accumulating approximately 170,000  km3 of ice 
(Huss and Farinotti 2012). Owing to their extreme con-
ditions they were initially thought to be devoid of life. 
Nowadays, it is acknowledged that glaciers contain myri-
ads of microorganisms, many of which are metabolically 
active and multiplying, although at very low rates; these 
microbes are confined to the small veins formed between 
ice crystals, where they benefit from the presence of liquid 
water and enough nutrients to sustain their basal metabo-
lism for a long time (Price 2000). Glacier ice also harbor 
a huge diversity of dormant or anabiotic microorganisms 
(Anesio et al. 2017). This means that, even though these 
microorganisms perform basal metabolic functions and 

do not multiply, they may reactivate when the environ-
ment becomes more friendly. The existence of such a vast 
number of microorganisms in glaciers explains why many 
consider them as true repositories of microbial life, both 
ancient and modern (Miteva 2008).

On the other hand, glaciers are not homogeneous 
environments. In fact, at least three different ecosystems 
have been proposed to co-exist in a glacier: a supragla-
cial ecosystem, an englacial ecosystem and a subglacial 
ecosystem. All of them differ in several physicochemi-
cal parameters, including water content, solar radiation, 
nutrient abundance, pH and redox potential (Hodson et al. 
2008; Anesio et al. 2017). Due to the technical and logis-
tic difficulties to reach the subsurface layers of a glacier, 
the englacial and subglacial ecosystems have been much 
less studied than the supraglacial one. This is regretta-
ble, because the great majority of ancient microorganisms 
are immured in the subsurface, from where they can be 
released when water flows downwards through moulins 
and crevasses, and reaches the bedrock (Wilhelm et al. 
2013; Fegel et al. 2016). These microbe-loaded running 
waters quit the glacier as proglacial streams, and can travel 
long distances until they reach aquatic and terrestrial eco-
systems, where they may cause a tremendous impact by 
disturbing their microbial diversity and community com-
position (Sommaruga 2015).

During the past 40 years, most glaciers have shrunk 
and retreated continuously (Pelto and Network 2018; IPCC 
2019). In fact, based on the analysis of satellite imagery, 
Wouters et al. (2019) estimated that, in a 14-year period 
from 2002 to 2016, continental glaciers lost collectively 
199 ± 32 Gt of their global mass per year, contributing 
to an 8 mm rise in the level of the sea. In the Tropical 
Andes, a massive decay of glacier ice has occurred so fast 
that some glaciers have already disappeared (they became 
“extinct”) and many other will vanish in the next few years 
(Rabatel et al. 2017). In this region of South America, gla-
ciers lost 1.0 ± 05 Gt/year between 2000 and 2018 (Dus-
saillant et al. 2019). One of the most dramatic examples 
of the consequences of global warming on the cryosphere 
can be found in Venezuela, the first country in the world 
to have lost all of its glaciers (Braun and Bezada 2013; 
Ramírez et al. 2020) (Fig. 1).

If we consider that the average density of microorgan-
isms in glacier ice varies between  102 and  107 cells/ml, 
approximately 4 ×  1021 microbes are released each year, 
due to the melting of non-polar ice (Edwards 2015). From 
an epidemiological point of view this is disturbing, since 
many of these microbes—closely related to human patho-
gens—are considered “ancient” forms of life that became 
extinct from the surface of the Earth thousands and even 
millions of years ago (see below).
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Permafrost thawing

On May 29th 2020 an oil tank in Siberia collapsed and 
released 21,000 tons of oil, polluting the Ambarnaya River 
and affecting an area of 180.000  m2. More recently, in Sep-
tember 2020, a giant hole of more than 50 m deep formed at 
the Yamal Peninsula and released tons of methane into the 
atmosphere. Both events were linked by a common phenom-
enon: the rapid thawing of permafrost.

Permafrost can be defined as a mixture of soil, sedi-
ment and gravel bound together by ice, whose tempera-
ture remains below 0 °C for at least two consecutive years 
(Brown et al. 1998). It covers approximately one fourth of 
the terrestrial surface on Earth (i.e. 27%) and is found at 
high latitudes in the Northern Hemisphere, particularly in 
Alaska, Siberia, Greenland, and the northern regions of Can-
ada, Norway and Sweden (Schaefer et al. 2012). Permafrost 
can also be found in Antarctica and in alpine regions of 
Asia, South America and Northern Europe. Due to climate 
change, the temperature of permafrost has increased stead-
ily since 1980, melting the superficial layers and shallowing 
the depth of frozen ground (Vaughan et al. 2013). It has 
been estimated that permafrost will melt more rapidly in the 
coming years, a phenomenon that will seriously modify its 
stability (Ding et al. 2019).

This thawing will certainly have many negative conse-
quences. For instance, soils in the Arctic permafrost store 
about twice as much carbon as the atmosphere (Hugelius 
et al. 2011), and its uncontrolled release will contribute to 
global warming. Permafrost do also immure another impor-
tant threat to humanity: tons of microbes, including many 
pathogens, ranging from  105 to  1010 cells/g (Altschuler et al. 
2017).

Cryosphere as reservoir for past and present 
human pathogens

As we have already mentioned, even though permanently 
frozen environments represent one of the most poly-extreme 
environments for life, they immure an impressive amount of 
microorganisms mostly dormant, but viable (Anesio et al. 
2017). And many of them have been identified as potential- 
or actual human pathogens.

For instance, Cryptococcus yeasts and bacterial coliforms 
have been detected in ice cores or meltwater runoff in dif-
ferent regions (Goodwin et al. 2012; Turchetti et al. 2015). 
Also, emerging pathogens like Aureobasidium melanoge-
num, Naganishisa albida, and Rhodotorula mucilaginosa, 
have been isolated from Arctic environments in Greenland 
and Svalbard (Perini et al. 2019). The yeasts exhibited sev-
eral virulence-associated traits such as hemolytic ability, 
growth at 37 °C, resistance to antifungal agents, and pro-
duction of siderophores. Recently, Mogrovejo-Arias et al. 
(2020) demonstrated the presence of hemolytic bacteria, 
potentially pathogenic, in environmental samples (includ-
ing glacial meltwater) collected in the Svalbard archipelago, 
in the Norwegian Arctic. Further, a Brazilian group have 
also detected drug-resistant fungi, in Antarctic samples of 
rocks, soils, and seawater (Alves et al. 2019; de Menezes 
et al. 2020).

(a)

(b)

(c)

Fig. 1  Glacier retreat in Venezuelan Andes. a La Corona glacier, then 
covering Humboldt and Bonpland peaks, seen from Pico Espejo in 
1910 (Jahn 1925); b Same view in 2019 ( Copyright Luis Daniel Lla-
mbí, with permission). c Surface area for La Corona glacier (covering 
Humboltd and Bonpland peaks) between 1910 and 2019 (Copyright 
Alejandra Melfo, adapted from Ramírez et al. 2020)
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All of these pathogens are closely related to modern 
microbial strains. However, several studies also report on 
the presence of potentially pathogenic microorganisms in 
very old ice samples. While in many cases these ancient 
microbes have been detected only by microscopy (either 
optical or electronic) or by molecular methods, many other 
have been reactivated (“resurrected”) by culturing them in 
the laboratory under controlled conditions. In the case of 
bacteria, the ability to sporulate can account for this long-
term persistence in a dormant state; this is also the case of 
cyst-forming protozoa or spore-forming fungi.

The existence of viable microbes in ancient ice is far 
from new. In 1982, a Russian group led by Sabit S. Abyzov 
reported the finding of numerous and highly-diverse viable 
bacteria in ancient ice cores collected from several kilom-
eters deep above Lake Vostok (the largest subglacial lake in 
Antarctica) (Abyzov et al. 1982). A few years later, Brent 
Christner and his collaborators demonstrated that glaciers 
worldwide are indeed colonized by ancient bacteria, many of 
which can be easily reactivated in the laboratory (Christner 
et al. 2000, 2002). In 2013, Knowlton and his collabora-
tors used culture-dependent and molecular methods (such as 
metagenomics and metatranscriptomics) to detect the pres-
ence of bacteria and fungi in Greenland’s and Antarctica’s 
glacial ice cores, ranging from 500 to 157,000 years old 
(Knowlton et al. 2013).

The presence of human pathogens in very old glacial 
ice has also been demonstrated. For example, Dancer et al. 
(1997) reactivated and isolated a wide variety of coliform 
strains from glacial-ice samples estimated to be 2,000 years 
old, collected in the Canadian Arctic.

Even though their viability is highly variable, other 
eukaryotic microorganisms have also been detected in 
ancient ice and resurrected with relative ease. For instance, 
in 2005 a group of Russian researchers found viable proto-
zoa (including amoeboids, ciliates and flagellates) in per-
mafrost samples collected from the Eastern sector of the 
Arctic tundra, with an estimated age ranging between 28,000 
and 35,000 years old (Shatilovich et al. 2005). Since then, 
many more protozoa have been discovered in permanently 
frozen environments and further reactivated. These studies 
confirmed that microbes may survive for long periods of 
time (sometimes, up to one million years) at subzero tem-
peratures, and in the absence of any oxygen and liquid water 
(Shatilovich et al. 2009, 2015; Stoupin et al. 2012; Shma-
kova et al. 2016, 2018; Malavin and Shmakova 2020). Very 
recently, Malavin and co-workers reported on the isolation 
of 35 amoeboid protists from frozen sediments, a discovery 
that motivated them to propose the existence of a so-called 
“frozen zoo” (Malavin et al. 2020). Following a different 
approach, García-Descalzo et al. (2013) detected the pres-
ence of 18S rDNA from protozoan species (Rhizaria) in 
Pyrenean glaciers.

Some of these amoeboids have been shown to be infected 
by giant double-stranded DNA viruses, identified as mem-
bers of previously unknown families (Legendre et al. 2014, 
2015) and potentially infectious to humans and animals 
(Tokarz-Deptula et al. 2019). Incidentally, as strange as it 
may seem, nematodes are also able to survive for thousand 
years in anabiosis, and have been resurrected from ancient 
glacier ice (Shatilovich et al. 2018).

Antibiotic‑resistance genes 
in the cryosphere

Natural ecosystems –including frozen ones- are a vast source 
of genes, particularly resistance genes, some of which are 
supposed to be completely unknown (Wright 2010). In the 
case of glaciers, even the most pristine and remote have 
been shown to contain an astonishing amount of antibiotic-
resistant microorganisms, able to thrive in vitro in the pres-
ence of high doses of antibiotics, once reactivated (Ushida 
et al. 2010; Segawa et al. 2013; Ball et al. 2014; Rondón 
et al. 2016; Tan et al. 2018; Rafiq et al. 2019; Ramírez et al. 
2020).

Antibiotic resistant genes (ARGs) have been frequently 
detected in ancient bacteria isolated from permanently fro-
zen environments. For instance, Mindlin et al. (2008) cul-
tured bacterial strains from Eastern Siberian permafrost 
sediments, estimated to be up to 3-million-years-old; many 
of these strains harbored genes encoding resistance towards 
several antibiotics (e.g. chloramphenicol, gentamicin, kana-
mycin, streptomycin, tetracycline, and mercury compounds). 
Similarly, bacteria recovered and cultured from 3.5-million-
years-old permafrost samples collected at Central Yakutia 
(Russia), were also shown to carry multiple ARGs (Kashuba 
et al. 2017). One of them, a Staphylococcus hominis MMP2 
strain, harbored ARGs > 96% identical to genes conferring 
resistance to beta-lactams, aminoglycosides, phenicols and 
MLS (macrolide, lincosamide, and streptogramin B).

By following a metagenomics approach, D’Costa et al. 
(2011) also detected ARGs in permafrost samples from 
Alaska, aged 30,000 years-old, that encoded resistance to 
β-lactams, tetracycline and glycopeptide antibiotics. Notice-
ably, when cloned in Escherichia coli, a few of these genes 
turned out to be functional.

Particularly relevant (and worrying) is the occurrence of 
bacteria carrying integrons, in samples collected from dis-
tant and remote glaciers. These complex genetic elements 
are capable of capturing genes and gene cassettes, frequently 
encoding for antibiotic resistance; more importantly, inte-
grons can be transferred horizontally within a microbial 
community as part of other mobile genetic elements, like 
plasmids and transposons (Gillings 2014). Further, integrons 
are at the origin of multidrug resistance in bacteria. In 2011, 
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Petrova et al. detected the presence of a transposon in a Pseu-
domonas sp. strain isolated from a 15,000 to 40,000-year-old 
permafrost sample in Siberia. The transposon, conferring 
resistance to several antibiotics and chromate, included a 
class 1 integron, which was considered as the first example 
of its kind that originated in the “pre-antibiotic” era. More 
recently, Makowska et al. (2020) detected the occurrence of 
resistance integrons in the genomes of bacteria isolated and 
cultured from cryoconite holes and supraglacial ice collected 
in two Arctic- and two Caucasian glaciers.

Sequence-based metagenomics has been the preferred 
strategy to detect many of these ARGs or complex genetic 
elements, and to predict the resistant potential of microbial 
communities colonizing pristine ecosystems (Schmieder 
and Edwards 2012). Alternatively, functional metagenom-
ics allowed identifying ARGs whose similarity to nucleo-
tidic sequences in databases might not be obvious, by 
expressing them in heterologous hosts. This experimen-
tal approach, although more laborious, has also helped to 
apprehend the diversity of environmental genes, genetic 
elements and mechanisms behind resistance to antibiotics 
in ecosystems not subjected to anthropogenic disturbances. 
Both approaches had permitted to reveal that ancient ARGs 
predate the use of antibiotics for therapeutic purposes (Perry 
et al. 2016). There is also undisputable evidence that many 
ARGs, found today in pathogenic microorganisms, have 
arisen from the environmental resistome (i.e. the sum of all 
resistance genes present in diverse ecosystems throughout 
the world) (Wright 2010; Schmieder and Edwards 2012; Van 
Goethem et al. 2018).

On the other side, several studies have shown that many 
ancient ARGs retained their function when expressed in 
either homologous or heterologous hosts (D’Costa et al. 
2011; Bhullar et al. 2012; Perron et al. 2015; Perry et al. 
2016). However, the link between environmental ARGs 
and antibiotic-resistant human pathogens is not always 
clear. Hence, it has been proposed that more efforts should 
be made to test the hypothesis that some of these ancient 
ARGs might be transmitted to modern microbes by hori-
zontal gene transfer (HGT); it has also been highlighted the 
importance to measure the rate of these HGT events, as well 
as to assess the environmental factors contributing to such 
genetic exchange (Wright 2010).

A landmark in the study of ancient ARGs was the isola-
tion—in 2008—and subsequent sequencing—in 2014—of 
plasmids extracted from ancient permafrost bacteria, aged 
15,000 to 40,000 years-old (Petrova et al. 2009, 2014). One 
of these plasmids contained streptomycin and tetracycline 
resistance determinants, which were transferred to “modern” 
plasmids, confirming their ability to spread into contempo-
rary natural bacterial populations. More recently, another 
study confirmed the presence of ARG-containing plasmids 
in ancient permafrost bacteria (Kurakov et al. 2016).

Thus, it is believed that, following ice thawing, some of 
these ARG-containing genetic elements might be transferred 
horizontally to modern microbes, giving rise to new strains 
of multi- and pan-resistant “superbugs” (Fig. 2).

Viruses in permanently frozen environments

Viral communities (= “viromes”) colonizing permanently 
frozen habitats exhibit astonishing taxonomic- and func-
tional diversities; they also play paramount roles regulat-
ing the population dynamics of prokaryotic communities, 
and consequently, the biogeochemical cycles occurring 
within frozen environments (Rassner et al. 2016). The 
amount of virus-like-particles (VLP) in different gla-
cial environments have been estimated to range between 
0.9 ×  106  ml−1 (Säwstrom et al. 2008; Rassner 2017) and 
3.1 ×  107  ml−1 (Wilson et al. 2000). Even though some 
of them can survive intracellularly within their natural 
hosts in frozen environments (e.g. the giant viruses of 

Fig. 2  Permanently-frozen environments as vast sources of antimicro-
bial resistance/virulence genes. Once released, these genetic elements 
can be transferred horizontally to contemporary microbes, likely 
transforming some of them into “superbugs”



494 Environmental Sustainability (2021) 4:489–501

1 3

amoeboids mentioned earlier), others can be preserved abi-
otically in ice, as demonstrated by Shoham et al. (2012).

Pioneer studies about ice-immured viruses were pub-
lished more than 20 years ago, and relied on visual detec-
tion of virus-like particles (VLP) by means of electron 
microscopy techniques (Wilson et al. 2000). For instance, 
Castello et al. (1999) detected tomato mosaic tobamovi-
rus particles in  500 to approximately 140,000-year-old ice 
cores. A few years later, Priscu et al. (2006) discovered 
viral particles in ice cores collected from Antarctica, at 
more than 2.5 km depth above Lake Vostok, with an esti-
mated age of several million years. Similarly, Castello 
et al. (2005) detected bacteriophages capable of infecting 
Bacillus subtilis strains in ice cores collected at great depth 
in Greenland, with an estimated age of 500–100,000 years. 
The same year, Zhang et al. (2006) reported on the pres-
ence of influenza-A virus particles in ice and water sam-
ples from three Siberian lakes. This study further dem-
onstrated the ability of viruses to withstand the extreme 
conditions imposed by cold and/or permanently frozen 
environments.

In 2015, the presence of a wide variety of viruses in 
glacial environments was indisputably confirmed. In their 
work, Bellas et al. (2015) used massive parallel sequencing 
techniques to detect the presence of highly novel and diverse 
viral sequences in cryoconite holes, on the surface of Sval-
bard glaciers and also in the Greenland platform. A similar 
study, conducted by Paéz-Espino et al. (2016), allowed the 
identification of 125,000 partial viral genomes from 3,042 
samples collected worldwide, including Antarctica. Further, 
Rassner et al. (2016) demonstrated that viruses carried by 
glacier streams are resilient to variations in temperature, and 
remain active during long periods of time, being able to 
infect bacteria in aquatic environments located downstream. 
Even more recently, Zhong et al. (2020) developed a method 
to concentrate viral particles from glacier ice samples, and 
subsequently to extract and purify viral DNA. This allowed 
them to characterize the viromes present in ice samples 
from the Guliya glacier, on the Tibetan plateau (with an 
estimated age of 500 and 15,000 years), by using massive 
parallel sequencing. Their results revealed the presence of 33 
viral populations (including 28 new viral genera, unknown 
to date), half of which represent bacteriophages likely capa-
ble of infecting bacteria.

Giant viruses infecting amoeboids have also been 
detected and resurrected from frozen environments. Since 
their discovery in 1992, these viruses, able to infect protists 
and microalgae, have been isolated from diverse environ-
ments (La Scola et al. 2003; Aherfi et al. 2016). Noticeably, 
it is increasingly acknowledged that giant viruses could have 
an important impact on human health (Brandes and Linial 
2019). For example, some works associate them with human 
diseases like adenitis, atopic pneumonia, and lymphoma, 

among others (Saadi et al. 2013a, b; Aherfi et al. 2016; 
Brandes and Linial 2019).

In 2014 and 2015, Legendre and co-workers isolated two 
giant viruses, namely Pithovirus sibericum and Mollivirus 
sibericum, from > 30,000-year-old ice samples collected 
in the Siberian permafrost. Both viruses were shown to be 
infective by following their propagation in axenic cultures 
of a modern strain of Acanthamoeba castellanii. Approxi-
mately at the same time, Ng et al. (2014) used metagenomics 
to detect DNA and RNA viruses, preserved in in a subarctic 
ice patch in frozen caribou feces. One of them, a DNA virus 
distantly related to plant- and fungi-infecting viruses, was 
able to infect the plant Nicotiana benthamiana when tested 
using a reverse genetics approach.

Limitations to assess the diversity of glacial 
viromes

As we can see, efforts have been made to try understand-
ing the community composition and ecological niches of 
viruses in glacial ecosystems; unfortunately, we are still far 
from having a comprehensive knowledge concerning the role 
played by glacial viromes in frozen environments. Although 
it does not seem obvious at first glance, it is not an easy task 
to characterize viromes by culture-independent approaches 
(like metagenomics). This is because, contrary to what hap-
pens in the case of prokaryotes and eukaryotes, there are no 
universal molecular markers to perform a targeted search of 
viral genomes.

On the other hand, very limited information has been 
published about the acquisition of viral auxiliary meta-
bolic genes (AMGs) by psychrophilic or psychrotolerant 
microbes. This is particularly relevant from a public health 
perspective because, in addition to improve resistance to 
frozen environments, AMGs could also provide microbes 
with new, potentially virulent genes. For instance, this is the 
case of the genes encoding the Shiga toxins in certain patho-
genic strains of Escherichia coli (Boyd 2012). Giant viruses, 
in turn, do also represent vast reservoir of uncharacterized 
proteins encoded by orphan genes (ORFans), as shown by 
metagenomic approaches (Brandes and Linial 2019). How-
ever, these hypotheses remain to be properly tested.

In addition, efforts should be made to generate critical 
information to distinguish between the persistence and the 
infectivity of ice entrapped viruses. As stated before, an 
increasing number of studies report on the occurrence and 
abundance of viruses in permanently frozen environments. 
However, the information about the infectious potential of 
these viruses is still scarce. In fact, as stated by Rassner 
et al. (2016), frozen habitats are characterized by harsh 
environmental conditions that may strongly affect the abil-
ity of viruses to infect microbes. Also, viral genomes are 
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susceptible to damage caused by high UV radiance and 
extremely low temperatures, two conditions present in 
glacial environments. Therefore, the infectivity of viruses 
entrapped in frozen environments should be demonstrated 
experimentally and without a doubt, by using rigorous and 
accurate laboratory methodologies, and proper biological 
models of infection, i.e. new extremophilic host systems to 
cultivate viruses isolated from extreme habitats (Holmes 
2014; Dávila-Ramos et al. 2019). An example of such exper-
imental approach is the study conducted in 2016 by Filip-
pova and co-workers, to determine the occurrence of bacte-
riophages on the water column of a permanently ice-covered 
and oligotrophic lake in East Antarctica. The authors found a 
high diversity of bacteriophages with the ability to undergo a 
lysogenic cycle on modern bacteria, which indicated that the 
phage populations present in this frozen lake were, indeed, 
infective at extremely low temperatures.

Finally, in all the above mentioned examples and due to 
the methodology used, only double-stranded DNA viruses 
have been targeted, likely leaving aside much of the glacial 
viromes’ diversity. Therefore, new experimental approaches 
should be taken in order to better characterize the actual 

virome entrapped in permanently frozen environments 
(Fig. 3).

Are all these ancient microbes really so old?

Following publication of the discovery of influenza-A 
viruses in Siberian lakes’ ice (Zhang et al. 2006), some con-
cerns were raised that disputed the validity of these results. 
Indeed, by performing a rigorous phylogenetic analysis, 
Worobey (2008) concluded that these viruses were contami-
nants derived from the same laboratory and argued against 
considering glaciers as virus reservoirs or repositories. Even 
though it was shown later that avian influenza viruses are 
markedly cryostable (Shoham et al. 2012), the debate high-
lighted the importance of implementing rigorous protocols 
to avoid false conclusions concerning isolation and reactiva-
tion of ancient microbes.

In fact, when dealing with permanently frozen environ-
ments, contamination of ice cores with modern DNA (or 
modern microorganisms) can be really hard to prevent. It 
is therefore essential to follow some strict rules in order to 

Fig. 3  Harnessing the glacial virome by contemporary methods (Photography Copyright José Manuel Romero, with permission)
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authenticate results from studies of ancient DNA, recov-
ered from any kind of samples. In 2000, Cooper and Poinar 
summarized nine essential criteria to be followed by any 
researcher working with this type of genetic material. Even 
though others called for a more cognitive approach (Gilbert 
et al. 2005), nowadays it seems obvious to include appro-
priate controls aimed at detecting accidental contamination 
with modern DNA or modern microorganisms, and to look 
for independent replication of the results.

Processing very old ice samples is also a major issue 
that requires to follow stringent protocols that guarantee the 
absence of any undesirable contamination. Several decon-
tamination procedures have been developed by Rogers et al. 
(2004a) and Christner et al. (2005) to remove all possible 
contaminants from the sample’ surfaces; these protocols 
have been further used by different groups (D’Elia et al. 
2008; Knowlton et al. 2013; Miteva et al. 2016). However, 
no approach is meticulous enough and, recently, some modi-
fications have been introduced to improve the performance 
of these protocols. For example, a new ultra-clean protocol 
for ancient glacial ice decontamination was developed by 
Zhong et al. (2020). The three-step procedure included band 
saw scrapping, ethanol washing and sterile water washing 
of the ice cores, before reaching non-contaminated-, “inner 
ice” layers. The same year, Saidi-Mehrabad et al. (2020) 
proposed a slightly different procedure to remove contami-
nants and extract DNA from permafrost samples with low 
biomass. Again, it combined bleaching, washing, and scrap-
ing of the samples, before conducting further experiments.

The future that awaits us …?

Continental glaciers and permafrost are vanishing. In some 
parts of the world, this process often occurs in front of our 
eyes, rapidly. As we have seen, microbes immured for mil-
lennia, are being released massively from their confinement, 
and run downhill with meltwater streams.

In 2004, Alvin Smith and his colleagues raised the wor-
rying hypothesis that glacial environments could act as res-
ervoirs of viruses pathogenic for humans. At the time it was 
formulated, the experimental evidence supporting this pro-
posal was rather circumstantial, and based on the following 
arguments: (1) the detection of microorganisms in glacial ice 
cores; (2) the enormous density of viral particles in water 
and its close interaction with glaciers (particularly at the 
poles); and, (3) the constant release of micro-droplets con-
taining viral particles, from the sea surface into the atmos-
phere, and their subsequent transport by the wind over long 
distances. Nowadays, there is almost no doubt that Smith 
et al. were right.

According to Rogers et al. (2004b) and Edwards (2015), 
the interaction which is currently taking place between 

ice-released ancient microorganisms and modern living 
beings may pose serious threats to other forms of life. Not 
only because pathogenic microbes are released from melt-
ing glaciers and permafrost, but also because their genes 
and genomes are also being disseminated in natural ecosys-
tems; these genetic elements can be subsequently acquired 
by horizontal gene transfer by other contemporary species 
(Fig. 4). This exchange of genes and mobile genetic elements 
(plasmids, transposons, integrons, etc.) between ancient and 
modern microorganisms, has been termed “genome turno-
ver” (Rogers et al. 2004a). This turnover normally occurs 
at a very high rate among microorganisms that co-exist in a 
given habitat, and may even trespass the barriers that exist 
between the three domains of life (Soucy et al. 2015). How-
ever, even though the scientific evidence is outstanding, the 
information concerning the potential threat posed by this 
“global resistome” is still scarce (Perry et al. 2016). Also 
limited is our knowledge about the role played by glacial 
environments as natural reservoirs of resistomes. Therefore, 
there is an urgent need to increase our efforts to better under-
stand the possible consequences of the release of such mas-
sive amounts of ARGs (Surette and Wright 2017).

A few outstanding examples, that clearly illustrate the 
threat posed to native communities by non-native patho-
gens, have been recently highlighted by Howenhyuse et al. 
(2018). In all of them, the effects on animal biodiversity 
(e.g. amphibian, crustacean), or else on human health were 
catastrophic. However, almost nothing is known concerning 
the consequences of biological invasions of native micro-
bial communities by ice-released microbes. Thus, micro-
cosm and mesocosm experiments—designed to mimic the 
natural conditions these microbes will encounter once liber-
ated from their confinement—are crucial to characterize the 
infectivity and virulence of these extremotolerant microbes, 
as well as their potential to act as donors of genetic elements. 
Looking for past events of HGT by means of bioinformatics 
can also bring some important clues to understand genetic 
exchanges within natural communities colonizing glacial ice, 
as already suggested by Klassen and Foght (2011). In turn, 
this information would be fundamental to anticipate the fate 
of mobile genetic elements once the ice-entrapped microbes 
are released, reactivated and enter modern communities.

Not long ago, the concern about the potential threat posed 
to global public health by the glacial pathome (that is, all 
potentially pathogenic microorganisms trapped in glaciers 
worldwide) (Roossinck and García-Arenal 2015) received 
unexpected support from a fortuitous event. In July 2016, an 
outbreak of Anthrax took place in Yamal, Russia, that deci-
mated a population of reindeers, killed a child and forced 
the hospitalization of more than a hundred pastors (Hueffer 
et al. 2020). The Bacillus anthracis strain at the origin of this 
outbreak was shown to be identical to other strains isolated 
from the tissues of dead animals immured for centuries in 
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the Siberian permafrost, until it thawed due to global warm-
ing (Timofeev et al. 2019).

Since then, several authors have alerted about the resur-
rection of ancestral pathogens in documents ranging from 
prudence to alarm (Houldcroft and Underdown 2016; Barras 
2017; Houwenhuyse et al. 2018; Miner et al. 2020). From a 
more rational and objective point of view, the occurrence of 
outbreaks caused by pathogens hitherto unknown, has high-
lighted the need to implement new surveillance strategies. 
In this regard, it is critical to complement the surveillance 
of “animal reservoirs” of pathogens (both natural and acci-
dental) with the study of “ecosystem reservoirs”. Therefore, 
studies of microorganisms in glaciers and permafrost could 
help us to take a glimpse into the future, by understand-
ing and anticipating the potential threats we will face when 
the confined pathomes, viromes and resistomes are released 
from their confinement.

Conclusion

Melting of the Earth’s cryosphere is occurring at an unprec-
edented rate, since the beginning of the 21st century. 
Despite repeated warnings by international organizations, 
the tendency of this global disaster seems unstoppable. 
Thus, tons of microbes immured for millennia in glacial 

ice or permafrost, many of which are either closely related 
to human and animal pathogens, are being reactivated and 
released into aquatic and terrestrial environments. Hence, as 
shown by recent outbreaks of diseases caused by supposed 
to be extinct microbial pathogens immured in glacial ice for 
centuries, there is a serious risk for future epidemics (or even 
pandemics) to happen more often.

In the past three decades, great scientific efforts have 
been made to better understand the diversity of the glacial-
immured microbiome, as well as to predict the potential 
threats it might pose to humans (and other live beings), once 
resurrected and liberated from their glacial imprisonment.

Only four years ago, a scientific hypothesis related the 
extinction of Neanderthal populations with an infection 
of either viral or bacterial origin (Houldcroft and Under-
down 2016). Although this hypothesis was received with 
skepticism at first, it is gaining an unexpected support at a 
time when humanity faces a pandemic of dramatic conse-
quences. This further reinforces the concern that many feel 
about the possible re-emergence of infectious diseases, 
coming from the depths of thawing glaciers and perma-
frost, and thought to be eradicated from the Earth’s sur-
face thousands or millions of years ago. Without reaching 
such extremes, it cannot be excluded that if we continue 
to disturb the stability of these ecosystems by modifying 
the global climate, the possibility of coming into contact 

Fig. 4  Potential threats posed by release of ancient pathogens from 
permanently-frozen environments. Ancient pathogens (or microbes 
carrying potentially harmful genetic elements, such as antibiotic-
resistance plasmids or integrons), are released massively when ice 

melts, due to global warming. Once reactivated (or resurrected), these 
microbes enter natural environments, close to human settlements, 
posing serious threats to plant-, animal- and human health
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with any of these ice-entrapped pathogens will increase 
substantially. This will also happen if we continue to go 
deeper, farther and for longer periods into the frozen ter-
ritories for scientific, commercial or touristic reasons. 
Since this seems impossible to avoid, we shall be at least 
prepared for what might happen.
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