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presently facing.
Methods: Recent literature survey.

microbes.

the various Earth ecosystems.

Background: In this article we would like to touch on the key role played by the microbiota in the maintenance of
a sustainable environment in the entire planet. For obvious reasons, this article does not intend to review
thoroughly this extremely complex topic, but rather to focus on the main threats that this natural scenario is

Results: Despite the relevance of microorganisms have in our planet, the effects of climate change on microbial
communities have been scarcely and not systematically addressed in literature. Although the role of
microorganisms in emissions of greenhouse gases has received some attention, there are several microbial
processes that are affected by climate change with consequences that are presently under assessment. Among
them, host-pathogen interactions, the microbiome of built environment, or relations among plants and beneficial

Conclusions: Further research is required to advance in knowledge of the effect of climate change on microbial
communities. One of the main targets should be a complete evaluation of the global microbial functional diversity
and the design of new strategies to cope with limitations in methods to grow microorganisms in the laboratory.
These efforts should contribute to raise a general public awareness on the major role played by the microbiota on
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In the Anthropocene era that we are presently living, hu-
man activities are affecting the environment as never before
[34]. As a result, scientists are now discussing, among other
issues, how much of climate change we observe is due to
greenhouse gases emitted by industry and transport. In
addition, severe pollution of the oceans, freshwater and
soils generates enormous concern from local governments
and international organizations [32]. Agricultural and forest
activities, in turn, lead to soil degradation and erosion,
while changes in land use threaten terrestrial ecosystems.
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The uncontrolled use of both renewable and non-
renewable natural resources affects biodiversity due to
its impact in climate change and environmental pollu-
tion [10]. In all fairness, we are concerned about the
impact on flora and fauna that have phenomena such as
over-exploitation of mine ores, deforestation of the
Amazon rainforest or pollution of the oceans with plas-
tics [10]. Understandably, we focus primarily on the spe-
cies that our naked eyes can see. For example, in the
case of the Amazon, trees, shrubs, mammals and birds
in danger of extinction [25]. In the oceans, studies focus
on the 100 thousand marine creatures and one million
sea birds that die every year due to plastic entanglement
or consumption [26].

However, little is discussed about the impact of human
activities, climate change and pollution on microbial
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communities. This is paradoxical for two reasons: micro-
bial biodiversity is probably orders of magnitude higher
than biodiversity of plants and animals (1.75 million de-
scribed species) [20]. Additionally, microorganisms from
the three domains of life, i.e. Bacteria, Archaea, and five
out of seven kingdoms of Eukarya [28], play an irreplace-
able role in the maintenance of the healthy global ecosys-
tem that supports all life forms. They do so by being part
of plant and animal holobionts (including humans),
playing roles that are presently far to be completely under-
stood [27]. In addition, they are responsible of the biogeo-
chemical cycling of the main elements required for life
and of the metabolism of the greenhouse gases carbon di-
oxide, methane, nitric oxide and nitrous oxide [5]. In this
context, it should be mentioned that 10 out of the 17 sus-
tainable development goals defined by United Nations
[32], are directly related with phenomena or processes
where microorganisms play a significant role.

A paradigmatic example that illustrates the influence of
microorganisms in determining the planet’s environmen-
tal conditions is represented by oxygenic photosynthesis
initiated by cyanobacteria 2.3 billion years ago, an
innovation that profoundly altered the course of evolution
by allowing aerobic respiration and the appearance of
complex multicellular life [31]. Today, marine phytoplank-
ton, despite representing only 1% of the photosynthetic
biomass of the entire biosphere, contributes about half of
the carbon dioxide fixation that occurs through the Calvin
Cycle [11]. Therefore, cyanobacteria, diatoms and dinofla-
gellates composing the phytoplankton are key players in
the food webs of both marine and terrestrial species. In
turn, highly specialized microorganisms also support the
nitrogen cycle. Exclusively bacteria and archaea conduct
biological nitrogen fixation, whereas bacteria, archaea and
fungi perform nitrification and denitrification. Marine en-
vironments are also important in the turnover of this vital
element. Marine nitrogen fixation is 30% higher than ter-
restrial, whereas denitrification in the oceans more than
doubles the terrestrial [5].

Another interesting case to mention regarding the
exclusive role played by microorganisms in shaping
the environment is that of methane [9]. This simple
hydrocarbon is 30 times more potent than carbon di-
oxide as greenhouse gas. Human activities that pro-
duce methane include fossil fuel production, the
livestock industry, rice cultivation, biomass burning,
and waste management [9]. It is currently estimated
that while about 90% of the methane released into
the atmosphere by these activities plus other natural
processes has a biological origin, its biosynthesis is
conducted only by microorganisms [18]. On Earth,
methane is degraded by aerobic and anaerobic bacter-
ial and archaeal methanotrophs that metabolize this
gas as their only source of carbon and energy,
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whereas atmospheric methane is oxidized by hydroxyl
radical, giving rise to carbon dioxide and water vapor.

Perhaps one of the most outstanding characteristics of
microorganisms, especially the prokaryotes, is their
enormous capacity of adaptation and resilience when
facing environmental disturbances [1]. They do so by al-
tering their physiology as well as by changing their ge-
nomes by mutations and gene acquisition by horizontal
gene transfer [30]. Adaptive responses of the microbiota,
such as changes in the regulation of gene expression,
metabolic activity, cell size and growth rate are also ob-
served [4]. Due to their short generation times causing
highly abundant populations, microbes have the poten-
tial to evolve on time scales of months or years [19]. At
an evolutionary scale, this adaptive capacity is evidenced
by microbial communities thriving in a wide range of
habitats, including those exhibiting anthropocentrically
termed extreme conditions, such as high or low temper-
atures, high or low pH, high pressure, etc. For example,
it has been shown that soils in the driest area of the Ata-
cama Desert, which in turn is the driest desert on Earth,
are teeming with microorganisms that proliferate under
high UV radiation, high temperature, very low organic
matter content and with complete absence of liquid
water all year long [3].

Most of the difficulties concerning the prediction of
the effects that human economic activities, climate
change and/or pollution would have on microbial com-
munities arise from the lack of reasonable understanding
of the detailed roles microorganisms play at different
biological levels. For example, how would alteration or
disappearance of natural biocontrol species populations
affect phytopathogen fitness and aggressiveness [12]; or
what would be the consequences on the microbiome of
the built environment (our houses, working places, etc.),
potentially leading to implementation of more strict
health protecting rules [22]; or still, what would be the
changes at the ecosystemic or biome levels arising from
the (potential) alteration, or disappearance of microor-
ganisms performing key processes such as methanotro-
phy, nitrogen or carbon fixation, among others.

For a long time, our lack of understanding about mi-
crobial biodiversity, both in terrestrial and aquatic envi-
ronments, was profoundly underestimated due to the
inability of the great majority of microorganisms to grow
in either liquid or solid cultures in the laboratory [23].
However, in the last two decades, metagenomics has
been offering a powerful tool to unveil the previously
hidden components of microbial ecosystems [14]. Cur-
rently, shotgun metagenomics and high throughput se-
quencing, with the necessary support of bioinformatic
tools, provide information about which microorganisms
are present, what are their main metabolic processes and
what are the mutual interactions taking place in the
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ecosystem. Using bioinformatic approaches to analyze
metagenomic databases from 18 biomes, it has been re-
cently reported that redox microbial reactions, leading
energy transfer, are the best functional predictor for the
organization of global microbial communities, even su-
perior to taxonomic markers [24].

These plus other modern “omic” techniques allow
much more accurate determinations of microbial com-
munity structure, dynamics, and functions, including
biodiversity losses in the various habitats due to human
activities, climate change and environmental pollution.
These improvements are most welcome, since these
various stresses may have profound consequences in the
overall biosphere. Thus, comprehensive studies aimed at
determining changes in microbial community structure
and dynamics in the time frame of years in communities
subjected to disturbances such as elevated levels of car-
bon dioxide, mineral fertilization, temperature changes,
and carbon source amendments, have shown that in the
great majority of cases, the microbial component is al-
tered with respect to those of undisturbed communities
[16, 17, 33]. The main challenge is to determine in what
ways and to what extent, changes in microbial compos-
ition affect ecosystem functioning. This is by no means a
straightforward task, since microbes live in very diverse
communities in which they interact among themselves,
other organisms and the environment in complex and
not fully understood ways. Also, it is necessary to estab-
lish suitable spatial and temporal baselines. An add-
itional challenge is to distinguish between changes that
are transitory from those that are permanent, since only
the latter will have a long-term impact in the proper
functioning of the biogeochemical cycles and the other
aforementioned processes.

Despite of the extraordinary capacity of adaptation of
microorganisms, we are now well aware that photoauto-
trophic species, including microbes, algae and plants, are
not capable of recycling all the carbon dioxide released
by industry and transport, to which should be added the
carbon dioxide provided by global respiration, 50% of it
being microbial [16]. Something similar occurs with me-
thane, whose concentration increases faster than natural
sinks can offset it [18]. It is precisely this adaptive cap-
acity the one that is being affected by human activity
and more specifically by climate change and the increas-
ing contamination of natural habitats.

It could be expected that an adaptive response to ris-
ing carbon dioxide levels in marine environments would
be an increase in phytoplankton primary production, al-
though this may occur only when sufficient nutrients are
available. On the other hand, rising temperatures result
in warming of surface waters and sea and freshwater ice
melting, leading to an increase in stratification that af-
fects microbial dispersal and nutrient transport in the
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water column. Together with a slight acidification (0.1
pH unit) of the oceans due to climbing carbon dioxide
levels and the expansion of oxygen minimum zones, they
represent disturbances that, with regional variability,
have measurable consequences in various processes. The
latter include carbon dioxide fixation, nitrification, de-
nitrification, methane turnover, marine food webs and
carbon export to the seabed [33]. For example, ocean
acidification inhibits nitrification, whereas deoxygenation
favors denitrification [17]. The most straightforward ef-
fect is a change in microbial composition and structure,
a phenomenon that results particularly critical for the
microbiota associated to coral [15].

In terrestrial environments, one of the relevant roles of
the microbiota is to recycle nutrients and organic carbon
stored in soils. Several studies have shown that although
responses may vary according to the conditions of the
soils, both higher temperatures and elevated levels of
carbon dioxide increase the decomposition of organic
matter, the higher release of carbon dioxide to the at-
mosphere resulting in a vicious cycle in favor of climate
change [13, 21]. Eventually, microbial activity slows
down upon carbon depletion. The ways by which or-
ganic contaminants modify carbon decomposing micro-
bial communities is presently poorly understood. In
turn, thawing of permafrost within Artic and sub-Artic
regions, in addition to allowing microbial decay of or-
ganic matter, promotes anaerobic methanogenesis in
water-saturated soils [29]. Changes in the environmental
conditions also affect the multiple beneficial interactions
between microbes and plants, some of which result in
better plant growth and increased resistance to disease
and abiotic stresses [7]. As expected, the response de-
pends on the type of plant, soil and microbiota. How-
ever, the majority of studies show that elevated CO,
levels favor root colonization by mycorrhizal fungi and
symbiotic interaction between legumes and rhizobia is
enhanced [8]. The response to warming appears to be
more variable, with both positive and negative effects in
the composition of the microbiota associated to the
plant roots, some of them driven by changes in the plant
exudates [2].

Another area of active research is the effect of changes
in the environmental conditions on pathogens causing
diseases in humans, animals and plants. It has already
been demonstrated that climate change may affect the
survival, reproduction, life cycle, host-pathogen inter-
action and dispersal of pathogens, although with net
health effects that are still not conclusive [35]. Know-
ledge collected in this field will be essential for the adop-
tion of the proper measures to succeed in the prevention
and control of infectious diseases, with the potential to
become epidemic or pandemic phenomena. In this con-
text, a rather less explored topic is the role of climate
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change and other disturbances on the microbial commu-
nities of the built environment, which have the potential
to both, protect us from pathogens or be a source of
them [22].

Several research needs should be addressed, of which
we want to highlight a complete assessment of the global
microbial functional diversity, which is key for predicting
the effects of microbial diversity losses and the
resilience/recovery potential of microbial communities.
The latter point is crucial to foresee the actual, effective
and permanent effects of human economic activities, cli-
mate change, and/or pollution on composition and
structure of microbial communities. In this context, a
counterintuitive scenario is that such perturbations do
not necessarily produce significant changes in microbial
communities’ performance, as they have been thriving in
our planet for near 4000 million years, being able to
overcome changes on Earth even more dramatic than
those posed by the Anthropocene era.

The scientific community has shown many signs of its
concern about the deep impact that these disturbances
may have on microbial biodiversity, and thus on the
proper functioning of the biogeochemical cycles, spread
of infectious diseases and other microbial driven
processes. Two manifestations of this concern are the
colloquium “Microbes and Climate Change”, jointly con-
vened by the American Academy of Microbiology and
the American Geophysical Union (https://www.
asmscience.org/content/99). At this meeting held in
Washington, DC, in March 2016, experts discussed
about microbial contributions and responses to climate
change across global settings and proposed priority areas
for future studies. Likewise, there is the consensus state-
ment released last year entitled “Scientists’ warning to
humanity: microorganisms and climate change” [6]. This
document, signed by a large number of microbiologists,
emphasizes the crucial role and global importance of mi-
croorganisms in climate change biology and puts for-
ward ten recommendations of which we would like to
highlight the need to reach greater recognition that the
microbial life is the support of the entire biosphere, in-
cluding humans, and the need to incorporate microbial
processes into ecosystem models to improve predictions
under climate change scenarios. Let us hope that public
policy makers and academic institutions join forces to
address this issue that challenges the whole biosphere.

Conclusions

There is no question that the significant role microor-
ganisms play in the maintenance of a sustainable envir-
onment on Earth is interrelated to climate change. A
present challenge in this respect is to assess the effect of
climate change on various microbial communities. For
this purpose, several research needs have to be also

(2021) 94:2

Page 4 of 5

fulfilled. These include a complete evaluation of micro-
bial functional diversity at a global scale, consideration
of microbial functions and processes in ecosystems mod-
eling and new strategies to cope with limitations in
methods to grow microorganisms in the laboratory.
These efforts should contribute to support the task of
policy makers as well as to raise a general public aware-
ness on the major role played by the microbiota on the
various Earth ecosystems.
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