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During this century, a number of reports have described the potential roles of thermophiles in the upper soil layers
during high-temperature periods. Soil thermophiles are able to adapt their extracellular enzyme activities to
environmental conditions. These enzymes can present optimum activity under high temperatures and reduced
water content. Consequently, these microorganisms have been shown to actively process and decompose

substances (including pollutants) under extreme conditions (i.e., desiccation and heat) in soils.

thermophiles soil extracellular enzyme activity enzyme persistence

| 1. Introduction

Soil health and function are strictly linked to microbial activity WIZIBI4IE A |arge number of processes are carried
out mainly or exclusively by microorganisms, and this broad range of activities represents a major asset for soll
maintenance and response to multiple variables leading to changing conditions. One of the main factors influencing
the functional redundancy of soil processes is microbial diversity LIBIEITE Seils are highly heterogeneous, and
they present a huge microbial diversity and abundance 229, Current estimates suggest that 1 g of soil contains
about 1019 prokaryotic cells and includes about 30,000 different microorganisms R The duplicity of metabolic
capabilities allows soils to preserve functionality, maintaining a stable environment, in spite of drastic changes.
Otherwise, a significant decrease in microbial diversity would represent a serious handicap on soils being able to

maintain current balances and activities, which would negatively affect soil health and productivity B,

Within the research on the almost unmeasurable high microbial diversity existing in soils, most work has been
carried out on their major components, while the low-abundance microorganisms have been poorly considered.
This represents a significant limitation because a large number of microbial processes with high relevance to, for
instance, the biogeochemical cycling of elements are performed by minority microorganisms. This is, for example,
the case for ammonium oxidation, denitrification, metal reduction/oxidation, sulfur oxidation, sulfate reduction,
methanogenesis and the decomposition of specific recalcitrant pollutants; these processes are generally carried

out by groups represented within the minorities of the natural microbial communities 12,

Within the vast microbial diversity of soils, a permanent component consists in thermophilic bacteria. Although
thermophiles are expected to inhabit high-temperature environments, such as hot springs, geothermal areas or
compost piles, different reports have confirmed the ubiquitous presence of thermophiles in all examined soils from

a wide range of latitudes [L3I[4I1SIIAGI17I18] Cold and temperate soils hold thermophiles including distinctive taxa,
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but the major representatives are Geobacillus-related genera [13114I115116](18] Thjs study will focus on the potential

role and consequences of these soil thermophiles within a perspective of global climate warming.

A question has arose about the timing available for thermophiles to grow, assuming these microorganisms are
inhabiting the upper soil layers of cold or temperate environments. Previously, an analysis of average number of
hot days against latitude 31281119 syggested the occurrence of a significant number of hot days (e.g., above 100
hot days/year, around 37° N, in Seville, Spain) 2812 when soil thermophiles would have an opportunity to grow
and show significant activity. At higher latitudes (i.e., above 50° N), the number of hot days is generally low (e.qg.,
around 1-2 hot days/year, around 52° N, at Cambridge, UK) 181231 pyt this could be enough to provide time for
maintaining thermophile populations and a minimum extracellular enzyme stock in the soil environment. These soil

thermophiles survive well through low-temperature periods 29,

Another group of microorganisms that must be mentioned when considering microorganisms thriving under periods
of increased temperatures are the thermophilic fungi (21 also present in soils. The role of these fungi in soils during
high-temperature events has not been clearly defined yet [21l and additional research is required. Nevertheless,
thermophilic fungi can have a role in compost piles, where high temperatures are maintained for much longer time
periods than in upper soil layers. Compost piles typically contain a high organic matter load and generate, as a

result of microbial growth, a high-temperature environment [22]123]24][25]

Soil organic matter is a major reservoir of C with the potential to greatly influence global climate B!, Most organic
carbon is present in the upper soil layers 28], Rich soils contain a high content of organic matter, represented by a
variety of complex compounds. Soil organic matter, besides its carbon content, also includes other elements, some
of them critical for plant and microbial growth, such as nitrogen, sulfur and phosphorous, often required as major
soil fertilizers 271281 Furthermore, complex organics such as humic acids can complex with those elements as well
as with metals [2239, within the soil organic matter, large polymers and humic acids need to be broken into smaller
compounds or monomers for microorganisms to be able to be taken up and processed as sources of energy and/or
biomass [BLB283] This breaking down of complex compounds into smaller ones is mediated by extracellular
enzymes. In fact, the bottle-neck for soil organic matter mineralization is this step involving the extracellular
enzymes BI2B4] - Microbial extracellular enzyme activity is highly related to organic matter mineralization in soils
and has been proposed as a major indicator to evaluate the sink-link issue with the soil-atmosphere C balance

4l a critical parameter for modeling climate predictions [2/[221[36]37][38]

Extracellular enzyme activity has been proposed as an indicator of soil microbial activity BB and it is
commonly measured in ecological studies [BZI4411[42]143144] - 5| thermophiles have been reported as a major
source for extracellular enzymes dominating the pool of enzymes in soils 12 because they present higher total
activity than the corresponding enzymes from mesophiles (Figure 1) L8II19145] Thys, high-temperature events are
expected to enhance soil organic matter processing due to the activation of extracellular enzymes from
thermophiles. In addition, the current scenario of global warming suggests an expected increase in frequency and
duration of high-temperature events in the coming years HEIZ46] As well, high temperature in soil upper layers

implies an increased evaporation and therefore a decrease in water content in soils, leading to increased
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desiccation. Recent reports have also proposed that some soil microorganisms (including some thermophiles)
have adapted to dryness by developing extracellular enzymes and metabolisms able to work optimally under dry
conditions (at water activity, a,, between 0.3 and 0.8) [43l43 The levels of desiccation showing maximum
extracellular activity by soil thermophilic xerophiles can occur at values below the reported limit for microbial growth
(a,, 0.605) 4. Besides extracellular enzyme activity by thermophiles, these cells have been reported to actively
decompose recalcitrant pollutants at high temperature 748149051 5nd under dry conditions [43145]148]
suggesting that cell activity is significant under those extreme conditions in soil upper layers, where these

microorganisms can be potential important bioremediation agents [ZZ1[481[49][50](51][52][53]
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Figure 1. Extracellular enzyme activity in soils over a broad range of temperatures (5 °C to 95 °C). Maximum

activity was observed at temperatures in the thermophilic microorganisms range (55 °C-75 °C).

2. Singularity of Soil Thermophiles and Thermophilic
Extracellular Enzymes

Soil thermophiles represent a singularity in the microbial communities from cold and temperate soils. However,
thermophiles are ubiquitous inhabitants of soils, and their presence as viable cells with an important role and
capabilities to survive under those conditions have been reported 1428l Thus, thermophiles thriving in temperate
environments, depending on periodic/sporadic high-temperature events, can show some growth and produce
extracellular enzymes that are required to process organic matter L8139 These extracellular enzymes might persist
in the environment 24 and become active under heat events. Consequently, these extracellular enzymes actively
participate in soil organic matter decomposition 1214316541,

Mesophilic microorganisms present extracellular enzymes with optimum activity at moderate temperatures (i.e.,

generally measured around 30 °C or below) B3B8 phyt the extracellular enzymes from thermophiles present
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optimum activity at temperatures above 50 °C 1945l Thys, the activity by extracellular enzymes from thermophiles
can be easily detected by carrying out enzyme assays at high temperature (50 °C to 70 °C), and therefore,
mesophilic and thermophilic activities can be differentiated. Results discriminating the activity over a range of
temperatures (from 5 °C to 95 °C) in a variety of soil samples showed unexpected results 22, The results clearly
indicated that thermophilic activities were always higher than mesophilic ones in all soils tested (Figure 1) 18191,
This suggests that thermophilic extracellular enzyme activities are dominant in soils. It is important to note that the
pioneering work 29 and some subsequent studies 23143 included samples from soils exposed to hot temperatures
and others from cold environments. Additional studies have shown significant roles of thermophiles at higher
latitudes LEIA7IM49B0IB1I52] - corroborating that soil thermophiles can also show significant environmental activity in

relatively cold climate zones.

Because soil thermophiles represent a minority fraction of the total microbial community in cold and temperate soils
(L3I[15]118]43] it js required to look for different potential scenarios to explain that large activity measured in the
thermophile temperature range. An easy explanation would be that soil thermophiles show a very high production
of extracellular enzymes and/or these enzymes present higher activity than their mesophilic counterparts. Although
enzymes from thermophiles have been reported to present higher activity than those from mesophiles 5839 the
difference is not likely to be able to explain the much higher total activity measured in soils due to thermophiles (a
minority group) than due to the total mesophilic microbial community, which presents a much higher abundance.
According to previous estimates 22! the fraction of thermophiles in soils is generally below 1% of the total
community. A potential justification for that large activity at high temperatures in soils could be that soll
thermophiles could produce a large amount of extracellular enzymes during hot periods or extreme heat events.
Soil thermophiles, such as Geobacillus related taxa, require extracellular enzymes to access complex organic
matter in soils and grow, so a high production of enzymes is needed for their development. Nevertheless, the
relatively low abundance of thermophiles suggests that the production of thermophilic extracellular enzymes could
not be as high as needed—in relationship to the production by mesophiles showing equivalent metabolism—to
explain the higher activity in the thermophile temperature range. The level of extracellular enzyme production that
could be potentially needed to explain that scenario is likely to be out of reach for the soil thermophilic cells.
Otherwise, during hot periods, thermophiles could respond to heat events by growing and producing a moderate
amount of enzymes that would persist in the environment over time. This could result in a progressive
accumulation of thermophilic enzymes in the environment. These enzymes should be able to persist in the
environment at least until the next hot event, and, at that moment, the thermophilic enzymes will show their full
activity. For this to be a reasonable explanation, the thermophilic extracellular enzymes should show longer
persistence in the soil environment. The potential for accumulation of extracellular enzymes in soils could represent
a singular strategy that would allow thermophilic cells to start growing rapidly when the right growth conditions
arrive in the ecosystem (e.g., an extreme heat event or hot days during the summer period). A rapid response
would take advantage of even the shortest periods at high temperature to recover and grow. During these hot
periods, those thermophilic enzymes could decompose soil organic matter, allowing a variety of organisms (both
microorganisms and plants) to profit from that release of smaller compounds (and monomers) readily available as

substrates for growth and energy 89, A mechanism facilitating a rapid growth response to high-temperature events
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(i.e., extracellular enzyme accumulation) represents an interesting adaptive feature for thermophiles to thrive in

cold and temperate environments. This type of strategy has not been reported before for microorganisms.

For extracellular enzymes to accumulate in the environment, two aspects need to be fulfilled: a relatively long
production of extracellular enzymes and a long persistence in the environment. Generally, enzymes from
thermophiles (as well as from other extremophiles) have been reported to present higher durability than those from
mesophiles, resulting from a higher stability and resistance to external factors (detergents, denaturants,
decomposition, etc.) 8. Assuming enzymes are produced at a relatively high rate and then show a long
persistence in the environment, they could progressively accumulate in soils B4, In this way, thermophilic
extracellular enzymes could generate an active enzymatic pool in soils, readily available to catalyze complex
organic matter decomposition as soon as temperatures rise. A recent report 24 has shown that extracellular
enzymes from thermophiles are able to persist for a longer time in soils than those from mesophiles (Figure 2).
Thermophilic extracellular enzymes maintain their activity in soils even at the highest temperatures and desiccation
levels reached in the upper soil layers (Figure 2). Mesophilic enzymes are rapidly denatured during extreme heat
events, including summer periods, and their persistence is lower than that for soil thermophiles B481 Thus, the
extracellular enzymes from thermophiles are able to persist in the environment, representing a soil asset that could
allow the rapid growth of microorganisms, both mesophiles and thermophiles, and so promote soil health and
functioning. This unique strategy proposed for soil thermophiles represents a singular mechanism to survive in

environments (i.e., cold and temperate soils) considered adverse for thermophiles.
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Figure 2. Decay rate of natural extracellular enzymes in soils at different temperatures, 20 °C (light colors) and 60
°C (dark colors), corresponding to the mesophilic (blue) and thermophilic (red) microorganisms, respectively, over a
wide spectrum of water contents (water activity, a,) for 3 different enzyme activities: (A), glucanase; (B),
phosphatase; (C), protease. High decay rate indicates short persistence, and low decay rate shows long
persistence.

High temperature of upper soil layers implies increased evaporation, leading to a reduction in water content and
desiccation. It has been generally thought that dried soils present poor or near-null biological activity. Nevertheless,
recent work has shown that specific microorganisms present optimum extracellular enzyme activity under dry
conditions [43143162]63]  Thjs is the case for some soil thermophiles, among other mesophilic bacteria (i.e.,
Deinococcus). Deinococcus radiodurans, a wide spread soil bacterial species, has been reported to be a model
microorganism for resistance to desiccation €4 and some of its extracellular enzymes can present optimum
(maximum) activity under dried soil conditions (a, 0.40-0.55) (Figure 3) 42, Soil thermophiles, those inhabitants of
soils frequently exposed to high temperatures and droughts, exhibit an interesting feature: they present optimum
extracellular enzyme activities at very low water content (aw 0.3-0.7). Some thermophilic enzymes from sites

exposed to hot climate have been shown to reach optimum activities under dry conditions (ayw < 0.7), but
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thermophiles from cooler locations present optima under wet conditions (a,, > 0.9). Most mesophilic enzymes in
those natural soil samples always presented optimum values in aqueous solutions (a, > 0.9). These results
showed that soil thermophiles can adapt to thrive in a variety of environments and have the capacity to adapt their
enzyme activities to extremely dry conditions [23145],
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Figure 3. Natural extracellular enzyme activity from Southeastern Spain soils versus water activity. A couple of
examples showing optimum extracellular enzyme activity under severe desiccation. Red squares and lines, soll
samples collected from Coria del Rio (Seville); blue squares and lines, soil samples collected from Benaocaz
(Cadiz). (A), glucanase; (B), phosphatase; (C), protease.

Furthermore, these thermophiles survive and remain viable under these dry conditions (a, 0.5), as shown by a
comparative study on pollutant decomposition by Geobacillus (showing maximum pollutant decomposition at a,,
0.5) compared to Rhodococcus spp. (showing maximum decomposition at a, > 0.9) & This qualifies soil

thermophiles from hot and dry environments as some of the most xerophilic cells reported on Earth. So far, the

https://encyclopedia.pub/entry/46280 7/13



Soil Thermophiles and Their Extracellular Enzymes | Encyclopedia.pub

lowest water activity allowing growth is 0.6 for the fungus Xeromyces bisporus 44, and most microorganisms do
not show growth below a,, 0.8 85, Some soil thermophiles can show optimum extracellular enzymatic activity 43145
and ability to decompose pollutants 8! at a,, around 0.5. Consequently, singular features of soil thermophiles
include their potential adaptability to extreme drought and high temperatures, which are valued because of their
consequences for the environment 434315541 providing evidence of optimal activity under those extremes (Figure

3), as well as a great potential for biotechnological applications in high-temperature and non-aqueous treatments
and processes [681[67](68][69]
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